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ABSTRACT Coordinated control methods involving a wind turbine (WT) and an energy storage sys-
tem (ESS) have been proposed to meet several objectives, such as smoothing wind power (WP) fluctuations,
shaving peaks, enabling power scheduling, and allowing low-voltage ride-through (LVRT). LVRT require-
ment is defined by grid operators, and it should be satisfiedwhenever grid faults occur. Severalmethodologies
have been proposed for the LVRT both with or without the use of an ESS. Furthermore, using an ESS is
more advantageous for several WP applications. By using an ESS, WTs can be operated in a more economic
and reliable way. However, the installation cost of an ESS is high and it has operation range constraints
for charging and discharging. Moreover, the WT operation condition and ESS state-of-charge (SoC) can
be different when a grid fault occurs. Therefore, it is necessary to coordinate both units, WT and ESS, for
reliable and economic operation during a grid fault. Thus, we propose a coordinated fuzzy-based LVRT
method that considers the different operation conditions of a WT and an ESS. From the proposed method,
the effective reference powers of a WT and an ESS are evaluated by considering the rotor speed and SoC in
the fuzzy control algorithm. The effectiveness of the proposed method is validated by considering two case
studies on ESS SoC and WT rotor speed violations.

INDEX TERMS Coordinated controller, DC link regulation, energy storage system, fuzzy-logic controller,
inertial response, low-voltage ride-through, rotor speed violation.

NOMENCLATURE
- ESS: Energy storage system
- LVRT: Low-voltage ride-through
- MPPT: Maximum power point tracking
- MSC: Machine-side converter
- GSC: Grid-side converter
- PCC: Point of common coupling
- PMSG: Permanent magnet synchronous generator
- SoC: State-of-charge
- WPS: Wind power system
- WT: Wind turbine

I. INTRODUCTION
Generally, as wind power (WP) increases in proportion to the
total grid power, several issues related to the economic and

The associate editor coordinating the review of this manuscript and

approving it for publication was Manoj Datta .

reliable operation of an integrated power grid become appar-
ent. There are several types of wind power systems (WPSs),
and the permanent magnet synchronous generator (PMSG)
wind turbines (WTs) are one of the popular WPSs. The dou-
bly fed induction generator (DFIG)WT is also a popularWPS
along with the variable speed WT (VSWT); however, PMSG
WTs have several advantages over DFIG WTs. The most
advantageous feature of a PMSG WT is its large operation
range as it fully uses the power converters of machine-side
converter (MSC) and grid-side converter (GSC) [1], [2]. As
the size of aWTgrows, this advanced power converter control
method affects the economy and reliability of its operation
significantly. From the converter control methods, WPS can
produce maximum available power [3] and control the active
and reactive powers according to certain operating condi-
tions. As the use of WP in the power networks increases,
its impact on grid operations becomes more significant [4].
For the reliable and economic operation of a WPS, it should
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FIGURE 1. Limit curves for voltage to allow generator disconnection.

switch between maximum power point tracking (MPPT) and
grid support operations [5], [6]. Grid operators require WTs
to remain connected to a grid when the grid voltage sags,
which is important for grid integration of a WPS. As shown
in Fig. 1, grid operators have their own grid codes, which
define grid requirements differently in the case of a grid
voltage event. The duration of a forced connection according
to the voltage sag profile varies based on the characteristics of
the WPS [7]. The grid characteristics can be changed as the
WPS penetration level increases, and consequently the grid
code is redefined.

Various methods have been proposed for LVRT control.
A proportional-integral (PI) current controller for DC-link
voltage regulation using current feed-forward methods
was proposed for better transient response. Furthermore,
the impact of unbalanced voltage sags on the controller per-
formance was studied [8]. A feedback linearization controller
was proposed in [9] for the nonlinear control of the GSC in a
PMSG. Using this controller, the performance of GSC current
control during voltage sag could be improved by maintaining
its current rate in a given range. This method is complex
to implement; thus, feedback linearization was implemented
using sliding mode control [10]. A sliding mode control algo-
rithmwas applied to GSC control for regulating DC-link volt-
age. This results in a better performance as compared to linear
controller because DC-link voltage dynamics are nonlinear
and the GSC follows nonlinearity in its switching operation.
A combined control for pitch and MSC was proposed in [11].
The researchers used a breaking resistor to ensure that the
WPS does not breach the current limit or rotor speed limit
during LVRT. In some previous studies [12], [13], MSC was
used to handle DC-link regulation instead of a GSC during
grid fault, because the latter should control its active and
reactive power supports during a grid fault. Thus, changing
the roles of GSC and MSC in terms of DC-link regulation
may be more advantageous. In this case, the rotor speed can
be increased by storing the remaining mechanical power as
WT inertia, which is similar to that observed during grid
fault. In [12], a feedback linearization method was designed

for MSC control. For LVRT operation, some researchers
considered methods that involve additional device installa-
tion. In recent years, energy storage systems (ESSs) have
been connected to WPSs for achieving many objectives by
modulating the wind power [5]. This helps the integration of
WP into the grid and also makes theWPSmore cost-efficient.
According to one strategy, an ESS can help a WT as an
LVRT solution. This methodology resulted in a better LVRT
response as compared to that when using converter control.
In addition, an ESS stores the power instead of just dissipating
it. In [14], the researchers proposed an energy storage-based
LVRT method with direct-drive WPS with no power control
capability. In [15], [16], LVRT methods were proposed using
an ESS to improve the LVRT response. In these cases, an ESS
was interconnected with wind farms to help voltage restora-
tion at the point of common coupling (PCC). In [17], for
better reactive power support during grid faults, the optimal
reactive control method was proposed for production cost
minimization.

In this study, we propose a coordinated fuzzy-based LVRT
method that considers the inertial response capability of a
WT and an ESS SoC. Previous studies have focused on the
ESS LVRT control method, which regulates DC-link voltage
during a grid fault. However, an ESS can have different SoC
values when the grid fault occurs. When the ESS approaches
its SoC limit before the grid fault is cleared, the DC-link volt-
age can vary significantly. Thus, it is important to coordinate
the LVRT control between the WT and the ESS during a grid
fault. We formulate the fuzzy-based LVRT control method by
considering the LVRT capabilities of the WT and the ESS. In
the proposed method, the LVRT control is properly divided
between these devices. Thus, LVRT control is successfully
achieved without violating the device constraints. When
implementing the proposed method, the required reserve
capacity of the ESS can be significantly reduced, because
the inertial response of the WT is determined using the
maximum rotor speed limit. This inertial response capability
differs according to the rotor speed at the time of a grid
fault. To validate the effectiveness of the proposed method,
case studies on SoC limit problem and rotor speed violation
during a grid fault are considered in MATLAB/Simulink
SimPowerSystems considering topological circuit model. We
also validated the proposed method in real time simulation in
Scalexio which is developed by DSPACE. From the simula-
tion results, the proposed method effectively achieve reliable
operation without violating the constraints. Compared to the
previous works of LVRT, the benefits of the proposed method
can be described as follows.
• The proposedmethod can enhance LVRT response guar-
anteeing the stability.

• The proposed fuzzy logic control method is easy to be
applied to physical system since it uses measurement
data from a WT and an ESS.

• The proposed method can effectively avoid the stability
problem due to inappropriate control gains of a WT and
an ESS for dc link voltage regulation.
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II. PMSG WPS
In this section, we discuss the mechanical power of the WT,
MSC and GSC models, DC-link voltage and ESS dynamics.

A. MECHANICAL POWER OF WTs
The mechanical power of a WT can be described by defining
the power coefficient, Cp which is modulated by the rotor
speed, pitch angle, β. The tip speed ratio, λ, can be modulated
by controlling the rotor speed and pitch angle; and when
the tip speed ratio maintains its optimal value, the maximum
available mechanical power of the WT can be achieved using
the following equation [11]:

Pt =
1
2
ρACp(λ, β)v3wind ,

λ =
ωmR
vwind

, (1)

where ρ denotes the air density and A is the blade-swept
area that increases with the increase in the rotor radius, R.
Cp is a function of the pitch angle and tip speed ratio, and
the parameters of this function are obtained from the WT
experimental data. vwind is the wind velocity, which affects
the mechanical power by affecting the cubic value and tip
speed ratio. Therefore, the power coefficient indicates the
ratio of the electric power produced by the WT to the total
power available from the wind speed. Its theoretical limit is
mathematically defined to be 0.5926. The achievable value
is less than this limit because of the loss experienced by
mechanical systems in aWT. Therefore, we used a maximum
Cp value of 0.5 in this study.

B. MSC MODEL
To describe MSC power production, PMSG electrical equa-
tions involving the voltage and current are used; the electrical
and mechanical torque of theMSC can be calculated from the
following equations [13]:

vdg = Rsidg + Ls
didg
dt
− ωsLsiqg,

vqg = Rsiqg + Ls
diqg
dt
+ ωsLsiqg + ωsλf ,

Te =
3
2
pλf iqg,

Tm − Te = J
dωm
dt

, (2)

where vdg and vqg denote the stator voltages of the PMSG,
and idg and iqg denote the stator currents. Ls and Rs denote the
stator inductance and resistance, respectively, and ωs denotes
the rotor flux electrical speed. ωm denotes the speed of the
PMSG mechanical rotor; λf denotes the rotor flux; and p
denotes the machine pole pairs, which represent the ratio
of electrical speed to mechanical speed. Te and Tm denote
the electromagnetic and mechanical torques, respectively. J
denotes the rotor inertia. The rotor speed can be calculated
using equations that describe the relationship between Te,
Tm, and J . A surface-mounted PMSG with similar d- and

q-axes inductances was used in this investigation. A reluc-
tance torque, which is induced by the difference between
these inductances, does not exist. Therefore, we can use
Eq. (2) to calculate the electromagnetic torque.

C. GSC MODEL
The GSC dynamic model in the direct-quadrature (DQ) rotat-
ing reference frame can be described as follows [18]:

vd = vid − Rid − L
did
dt
+ ωLiq,

vq = viq − Riq − L
diq
dt
+ ωLid , (3)

where L and R denote the grid inductance and resistance,
respectively; vd and vq denote the grid voltages in the DQ
frame. id and iq denote the grid currents in the DQ frame. vid
and viq denote the GSC voltages in the DQ frame. We assume
that the d-axis of the DQ rotating reference frame is aligned
with the grid voltage. Thus, the active and reactive powers
from the GSC to the grid can be expressed as follows [18]:

Pgrid =
3
2
vd id ,

Qgrid =
3
2
vd iq, (4)

where Pgrid and Qgrid are the active and reactive powers,
respectively. From the aforementioned assumption, the GSC
active and reactive powers can be modulated independently
using id and iq.

D. DC-LINK VOLTAGE MODEL
A DC link is an energy buffer between the MSC and GSC.
Its voltage can be described as the difference in power pro-
duction between the MSC and GSC using the following
equation [12]:

Pc = CVdc
dVdc
dt
= Pg − Pgrid , (5)

where Pg and Pgrid denote the MSC and GSC power, respec-
tively; Pc describes the power stored in the DC link; Vdc
denotes the DC-link voltage; and C denotes the DC-link
capacitor. According to Eq. 5, the DC-link voltage model is
nonlinear.

E. ESS MODEL
ESS power model describes the ESS power and its SoC. ESS
has a physical constraints that it should keep the SoC value
between 0 to 1 since both values denote empty and fully
charged energy, respectively. The conventional method of the
ESS power output reference is defined as follows.

P∗ESS = KP(V ∗dc − Vdc)+
∫
KI (V ∗dc − Vdc) (6)

P∗ESS denotes the ESS power reference. The above conven-
tional ESS power reference for LVRT does not consider
the ESS physical limitation and it can result in significant
stability issue during LVRT operation. We handled this issue
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FIGURE 2. Overall control block diagram of the proposed method.

in simulation & experimental results section and we proposed
a fuzzy logic control method to define proper ESS power
reference by considering ESS constraint in the fuzzy logic
algorithm. We described it in the following section. From the
ESS power the SoC can be modelled as follows.

WESS (t) =
∫ t

0
PESS (u)du+WESS (0) (7)

SoC(t) = WESS (t)/WMax (8)

WESS indicates the ESS stored energy. WMax denotes the
maximum ESS energy capacity.

III. PROPOSED LVRT CONTROL SYSTEM
For coordinated LVRT control between a WT and ESS,
the power references of the devices are different according to
their operation status at the time of a grid fault. The ESS SoC
changes based on the past operations before the grid fault,
and theWT rotor speed varies based on its previous operation
mode and past wind speed conditions. Thus, the operation
conditions of the devices are usually different at the time of a
grid fault, and the LVRT power reference should be defined
according to these conditions. Therefore, the power reference
during a grid fault is defined using a fuzzy-logic algorithm
that considers the ESS SoC and WT inertial energy capacity.
Further, theMSC, which is dependent on the power reference,
is controlled by regulating the DC-link voltage. The MSC
and ESS operate at a specific active power level from the
fuzzy-logic controller, and the GSC can produce reactive
power for grid voltage restoration, independent of the MSC
and ESS. The overall control structure is shown in Fig. 2.

A. GSC ACTIVE AND REACTIVE POWER REFERENCES
The required LVRT power variation should be defined before
we use the fuzzy logic-controller for the MSC and ESS. The

grid code requires a certain level of reactive power for grid
voltage support. The required reactive power is generally
proportional to the amount of grid voltage sag. Therefore,
the reactive power reference for the GSC can be defined as
a per-unit (pu) value, and can be expressed as the following
equation:

I∗q,GSC = 2Vsag, (for I∗q,GSC ≤ 1 pu)

Q∗GSC = I∗q,GSCVd , (9)

where I∗q,GSC is the reactive current reference for grid voltage
sag, Vsag.Q∗GSC denotes the reactive power reference which is
obtained from I∗q,GSC and PCC d-axis voltage, Vd . According
to Eq. 9, the GSC should produce full reactive current when
the voltage sag is larger than 50% and many grid codes
require WPS to support reactive power as much as twice of
the voltage sag during grid fault [7]. By using the reactive
current reference, the active power reference of the GSC can
be obtained by following equation:

I∗d,GSC =
√
1− (I∗q,GSC )

2,

P∗GSC = I∗d,GSCVd , (10)

where, I∗d,GSC is active current reference and P∗GSC denotes
the active power reference. The total available current is
limited by the converter capacity; thus, the active current
reference is limited by the reactive current reference. The pri-
ority of the GSC control during a grid fault is reactive power
production for grid support. The reactive power reference is
defined according to voltage sag, and then the active power
reference is defined.

B. FUZZY-LOGIC-BASED LVRT CONTROL OF MSC AND ESS
After defining a GSC power reference, the required power
references for the MSC and ESS can be determined by con-
sidering the GSC active power reference and inertial response
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FIGURE 3. Membership functions of the proposed method.

capacity, and the ESS SoC. First, we calculate the required
power reduction for LVRT using the GSC active power refer-
ence. To maintain the DC-link voltage, the sum of the MSC
power and ESS discharge power should be equal to the GSC
active power reference. Thus, the following relationship can
be obtained:

P∗MSC + P
∗
ESS = P∗GSC , (11)

where P∗MSC and P∗ESS are the MSC and ESS discharge power
references, respectively. When the grid voltage sag is larger
than 50%, P∗GSC becomes zero, and P∗MSC and P∗ESS should
have the same absolute value with different signs. That is,
when the grid voltage sag is larger than 50%, all the power
from the MSC should be stored in the ESS to regulate the
DC-link voltage as the GSC cannot produce any active power.
Thus, when P∗MSC is large, the ESS charge power should
also be large in case of a large voltage sag (> 50%). The
reference value for P∗MSC should be determined based on the
operation status at the time of a grid fault. The fuzzy-based
controller can be used for determining an appropriate value
for P∗MSC . The input and output membership functions
should be defined for the fuzzy-logic control. We define
the membership functions as shown in Fig. 3. Using these

FIGURE 4. Fuzzy rule of the proposed method.

membership functions, we defined the fuzzy rule for proper
power management of the MSC and ESS, as shown in Fig. 4.
The overall rule based fuzzy logic controller is described
in Fig 5. We defined maximum value of the WT rotor speed
and ESS SoC operation ranges to 1.2 pu and 1 pu, respec-
tively. These rotor speed and SoC membership functions
are used to obtain fuzzy membership values, µ(ωm) and
µ(SoC). We used Takagi-Sugeno method for defuzzification
by using membership function of P∗MSC . After the defuzzifier,
the MSC power reference can be obtained from its member-
ship value as described in Fig. 5. Therefore, we defined the
fuzzy rule so that the burden of LVRT is divided between
the WT and ESS, thereby resulting in reliable reserve power
management.

IV. SIMULATION AND EXPERIMENTAL RESULTS
In this study, we validated the effectiveness of the proposed
method using the MATLAB/Simulink SimPowerSystems
toolbox. After obtaining simulation results, we also validated
the proposed method in real time simulation using Scalexio.
The overall system parameters are presented in Table 1 for
validation. We compared the performance of the proposed
method during an 80% grid voltage sag, which means that the
GSC should produce full reactive power and no active power.
The three phase voltages at the PCC during grid fault are
described in Fig. 6 and the d-axis voltage in dq synchronous
frame is described in Fig. 7. The grid fault is occurred at
1 second and grid voltage is reduced its value to 20% of its
nominal value. In this case, the PMSG WT should reduce
its active power production to zero using the MSC and ESS
LVRT controls. The conventional methods regulate the DC
link in the MSC and ESS, whereas the proposed method uses
fuzzy-based LVRT. In case of conventional method, we used
PI control method for DC link voltage regulation. More
advanced nonlinear control can be used to regulate DC link
voltage. However, it is hard work to find proper control gain
for satisfying both transient and stability performance even
in case of applying advanced nonlinear control. To evaluate
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FIGURE 5. Fuzzy logic controller.

TABLE 1. System parameters used in simulation.

FIGURE 6. PCC three phase voltages during a balanced voltage sag (80%)
(case 1 & 2).

the effectiveness of the proposed method, we considered the
case when the ESS SoC approaches its maximum value, and
no additional LVRT controls are available in the conventional
method.

The proposed method effectively handles this situation
with efficient power management of the WT and ESS during
a grid fault.

A. CASE 1: ESS SoC REACHES ITS MAXIMUM VALUE
To highlight the effectiveness of the proposed method,
we considered a case with the ESS SoC limit violation, which

FIGURE 7. PCC d axis voltage during a balanced voltage sag (80%)
(case 1 & 2).

FIGURE 8. Grid active power during a balanced voltage sag (80%)
(case 1).

can occur in a conventional method. The ESS effectively
mitigates the DC-link voltage variation during grid faults;
thus, there is a significant problem in DC-link regulation
when the ESS SoC approaches its limit. In Fig. 8, the grid
active power was reduced to zero to produce full reactive
power. As the grid fault has an 80% voltage sag, the reactive
power can be 0.2 pu for the full reactive current (1 pu reactive
current) as shown in Fig. 9. Figure 10 and Fig. 11 illustrate
active and reactive currents during the grid fault, respectively.
Since the q-axis voltage is zero, d-axis current is the active
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FIGURE 9. Grid reactive power during a balanced voltage
sag (80%) (case 1).

FIGURE 10. PCC d-axis (active) current during a balanced voltage
sag (80%) (case 1).

FIGURE 11. PCC q-axis (reactive) current during a balanced voltage
sag (80%) (case 1).

current and q-axis current is reactive current. Thus, d-axis
current is similar with grid active power curve. Reactive
current is similar with reactive power curve. Since the voltage

FIGURE 12. Generator active power during a balanced voltage sag (80%)
(case 1).

FIGURE 13. DC-link voltage during a balanced voltage sag (80%) (case 1).

is 0.2 pu during the grid fault, the reactive power is only 0.2 pu
even though the reactive current is as high as 1 pu during the
grid fault. In the proposed method, the generator power has
less power production as compared to that of the conventional
method, as shown in Fig. 12. By considering the ESS SoC
and WT rotor speed, the effective power reference values
were evaluated from the proposed method. The GSC active
and reactive powers obtained from the two methods had
similar responses; with the only difference being that the GSC
active power had a slightly larger value in the conventional
method immediately after the grid fault occurred, because
of the DC-link voltage, as shown in Fig. 13. As the GSC
is controlled to regulate the DC-link voltage when the grid
fault is cleared, the GSC produces a large amount of active
power to reduce the DC-link voltage. The DC-link voltage
increased because the ESS failed to regulate it when the SoC
approached its maximum value, as shown in Fig. 16. The
ESS SoC violated its limit because its charging reference
is determined by DC-link voltage variation and there is no
consideration about the ESS reserve capacity in the conven-
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FIGURE 14. Rotor speed variation during a balanced voltage sag (80%)
(case 1).

FIGURE 15. ESS power during a balanced voltage sag (80%) (case 1).

tional method. Figure 15 describes ESS output power. ESS
power is controlled to take a part of LVRT burden. Negative
value means that ESS charges power to regulated dc link
voltage. Different rotor speeds that do not violate constraints
are shown in Fig. 14. The rotor speed of the conventional
method had a smaller value as compared to that of the pro-
posed method. In the conventional method, theMSC and ESS
failed to appropriately divide the burden of LVRT operations
when the SoC approached its limit. Furthermore, the power
coefficient had different profiles for various rotor speeds,
as shown in Fig. 17.

B. CASE 2: ROTOR SPEED LIMIT VIOLATION
We also considered the case when the rotor speed violation
occurs to highlight the effectiveness of the proposed method
compared to conventional method. In this case, the rotor
speed violation can result in a mechanical component prob-
lem and reduce its life span. Compared to the previous
case study, the DC-link voltage was regulated efficiently
in conventional method. However, it resulted in mechanical

FIGURE 16. SoC during a balanced voltage sag (80%) (case 1).

FIGURE 17. Power coefficient during a balanced voltage sag (80%)
(case 1).

FIGURE 18. Grid active power during a balanced voltage sag (80%)
(case 2).

stress because of rotor speed violation and it produced worse
performance in DC-link voltage regulation as compared to
that by the proposed method because the burden of LVRT
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FIGURE 19. Grid reactive power during a balanced voltage sag (80%)
(case 2).

FIGURE 20. PCC d axis voltage during a balanced voltage sag (80%)
(case 2).

operation was not proper. In Fig. 18, the grid active power
is reduced to zero to produce full reactive power. As the
grid fault has an 80% voltage sag, the reactive power can be
obtained as 0.2pu for the full reactive current (1pu reactive
current) as shown in Fig. 19. Figure 20 and Fig. 21 illustrate
active and reactive currents during the grid fault, respectively.
Active current was reduced its value during the grid fault
to reduce the active power from GSC and reactive current
was increased to support reactive power to the grid during
the grid fault. The GSC active and reactive powers of the
two methods had similar responses. However, the generator
active power was significantly reduced in the conventional
method, as shown in Fig. 22. This can occur when theDC-link
voltage controller gain in the MSC is high. Consequently,
the MSC reduced its power excessively at the time of the
grid fault, thereby resulting in poor DC-link regulation at that
moment, as shown in Fig. 23. Moreover, the rotor speed in
the conventional method violated the constraints, as shown
in Fig. 24. Figure 25 describes ESS output power. In this case,
the ESS charged less power in conventional method since

FIGURE 21. PCC d axis voltage during a balanced voltage sag (80%)
(case 2).

FIGURE 22. Generator active power during a balanced voltage sag (80%)
(case 2).

WT reduced large power taking almost burden of the LVRT.
It resulted in reduced burden in the ESS. It increased up to
nearly 1.45 pu during the grid fault, which can induce severe
mechanical problems. The ESS SoCs of both methods had
less values than its limit, as shown in Fig. 26. Furthermore,
the power coefficient had different profiles for various rotor
speeds, as shown in Fig. 27. In this case the conventional
method had less power coefficient value because it used large
inertial power during the fault. We considered 80% voltage
in this paper. If the voltage sag is 50% it is same condition
since grid codes require same reactive power current (100%)
from wind power system. If the voltage sag is less than 50%,
the burden of LVRT is getting less than that of 50% voltage
sag. Thus, WT can take overall LVRT burden without the
need of the ESS LVRT control.

C. EXPERIMENTAL RESULTS
We investigated the performance of the proposed method
in real time experimental environment. We used Scalexio
which is developed by DSPACE. The WP and ESS
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FIGURE 23. DC-link voltage during a balanced voltage sag (80%) (case 2).

FIGURE 24. Rotor speed variation during a balanced voltage sag (80%)
(case 2).

FIGURE 25. ESS power during a balanced voltage sag (80%) (case 2).

integrated power system model is simulated in Scalexio and
we compared the results with the simulation results of the
case studies. The sampling frequency of real time simulation

FIGURE 26. SoC during a balanced voltage sag (80%) (case 2).

FIGURE 27. Power coefficient during a balanced voltage sag (80%)
(case 2).

FIGURE 28. DC-link voltage during a balanced voltage sag (80%)
(experimental results).

is 50 kHz. Using the real-time simulation, we validated the
performance of the proposed method without any issues
about real time computation. In Fig. 28, the dc link voltages
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FIGURE 29. Rotor speed variation during a balanced voltage sag (80%)
(experimental results).

FIGURE 30. SoC during a balanced voltage sag (80%) (experimental
results).

of the three cases are described. Overall tendency of the
dc link voltages is similar with the simulation results and
the case when ESS reaches its maximum SoC value has
the worst response among three cases. The transient per-
formance can be improved by using more advanced control
algorithm, the poor response due to the SoC constraint cannot
be improved without solving energy perspective problem.
Figure 29 illustrated rotor speeds of the three cases. Con-
ventional method can result in these rotor speed violation
issue even though it does not have ESS SoC constraint prob-
lem as illustrated in Fig. 30. Therefore, the conventional
method which is formulated in dc link regulation can result
in stability problem due to these ESS SoC and WT rotor
speed constraints. Moreover, it is difficult to find the proper
control gains considering the system parameter variations.
By accounting these constraints during LVRT control in
terms of fuzzy logic algorithm, the proposed method can
effectively improve the LVRT response without constraints
violation.

V. CONCLUSION
In this study, we proposed a coordinated fuzzy-based LVRT
method that considers the inertial response capabilities of
a WT and an ESS SoC. Previous studies have focused on
the ESS LVRT control for regulating the DC-link voltage
during a grid fault. However, an ESS can have different SoC
values when a grid fault occurs. The DC-link voltage can vary
significantly when an ESS approaches its SoC limit before
the grid fault is cleared. Thus, it is important to coordinate
the LVRT control between the WTs and ESSs during a grid
fault. We devised a fuzzy-based LVRT control method in part
by considering the LVRT capability of the WT and ESS.
Using the proposed method, the LVRT control burden was
divided between the WT and ESS, as illustrated by the sim-
ulation results. Thus, the LVRT control method was success-
fully implemented without violating the constraints on either
devices. As demonstrated by the simulation results, the pro-
posed method was more reliable as compared to the con-
ventional method. Using the proposed method, the required
ESS reserve capacity can be effectively reduced as the WT
inertial response considers the maximum rotor speed limit.
The proposed fuzzy-logic-based LVRT method can be easily
applied to aWTwith constraints and other control objectives.
To validate the effectiveness of the proposed method, we con-
sidered case studies on SoC limit and rotor speed violations
during a grid fault using MATLAB/Simulink SimPowerSys-
tems considering a topological circuit model. We also val-
idated the results using Scalexio for real-time simulation.
From simulation and experiment results, we confirmed that
the proposed method can help achieve the successful LVRT
operation in energy management between the WT and ESS,
and even improve the DC-link voltage regulation. Further
research could include the WT and ESS coordinated fuzzy
control method for handling frequency fluctuation and its
stability impact. It can be expected that it can effectively solve
this issue in terms of operation reliability of theWT and ESS.
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