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ABSTRACT Low-voltage ride-through (LVRT) requirements are defined by grid operators, and they vary
based on power system characteristics. Coordinated LVRT control methods have been proposed for wind
turbines (WTs) and energy storage systems (ESSs). ESSs can successfully help achieve LVRT by regulating
DC-link voltage during a grid fault. During LVRT, WTs cannot transfer power to a grid because of their
low voltage and current limit. Moreover, as grid operators typically require reactive power support during a
grid fault, active power cannot be properly transferred to the grid. This results in fluctuation in the DC-link
voltage in wind power generators and it can induce significant damage in the systems. ESS have been used
for achieving better LVRT response to protect WT systems and meet LVRT grid requirements. Previous
coordinated control methods have mainly focused on DC-link voltage regulation based on ESS charging
and discharging control. As ESSs have high installation cost and limited charging capacity, it is better to
coordinate the LVRT response properly considering the state of charge of ESSs and the rotor speed and pitch
angle of WTs. In this work, an enhanced coordinated LVRT control method is proposed based on a fuzzy-
logic algorithm. Fixed torque of the rotor control and a fixed ramp rate of the pitch control are employed
for power analysis which is used in formulating fuzzy-logic controller. The effectiveness of the proposed
method is validated by modeling a WT and an ESS topologically and performing simulations using the
MATLAB/Simulink SimPowerSystems toolbox.

INDEX TERMS Enhanced coordinated controller, DC link voltage, energy storage system, fuzzy-logic
controller, rotor inertia, low-voltage ride-through, rotor speed limitation, pitch angle control.

I. INTRODUCTION

The usage of wind power (WP) has increased in recent years.
However, this has resulted in several issues in the integra-
tion of WP in power systems. There are several different
types of wind power systems (WPSs). Permanent magnet
synchronous generator (PMSG) wind turbines (WTs) are
one of the widely used WPSs. Other WPSs include dou-
bly fed induction generator (DFIG) WTs and variable speed
WTs. However, PMSG WTs provide several advantages over
DFIG WTs. The major advantage of a PMSG WT is its
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large operation range because it fully uses power convert-
ers, i.e., machine-side converters (MSCs) and grid-side con-
verters (GSCs) [1]-[3]. Advanced power converter control
methods are necessary for effectively utilizing this advan-
tage [4]. These methods enable WPSs to generate the maxi-
mum WP [5] and control active and reactive power according
to power grid conditions.

As WP capacity is increasing, the integration issues of WP
have become more important. There are multiple integration
issues in WPSs such as wind power fluctuation, LVRT, and
the forecasting and scheduling of WP according to wind
conditions. For the reliable and economic operation of a
WPS according to power grid conditions, it should switch its
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FIGURE 1. Limit curves for voltage to allow generator disconnection.

operation between maximum power production and grid sup-
port [6], [7]. Each type of operation is important for several
reasons. LVRT is one of the main issues in the reliable and sta-
ble operation of WPSs, even in a grid fault condition. During
a low-voltage fault, the active power from a WPS is reduced
owing to low grid voltage and its current limit. Moreover,
a WPS should produce a certain amount of reactive current
according to its grid code [8]. Owing to the reduction in grid
voltage and the reactive current requirement, WP cannot be
transferred to the grid properly and is stored in a DC-link
capacitor. Consequently, DC-link voltage is increased. This
can result in the undesirable control response of the WPs.
Thus, to protect a WT and provide reactive current to the
power grid during a grid fault, an LVRT control method is
required with or without the use of additional devices. Grid
operators require WTs to remain connected to a grid when
grid voltage sags; this is important for integrating a WPS with
a grid. As shown in Fig. 1, grid operators have different grid
codes, which define grid requirements in the case of a grid
voltage event.

To enhance LVRT response, many LVRT control methods
have been introduced. For better transient response during
a fault, a proportional-integral (PI) controller was designed
for DC-link voltage regulation using current feed-forward
methods and the impact of unbalanced voltage fault was
discussed in [9]. By considering nonlinear dynamics of DC-
link voltage, a nonlinear controller based on feedback lin-
earization was introduced in [10] To reduce its complexity,
a feedback linearization based on sliding mode control algo-
rithm was introduced [11]. It results in better performance
and robustness of controller performance for parameter vari-
ations. The WT LVRT controller using an MSC and pitch
angle was introduced in [12]. The researchers used a breaking
resistor to ensure that a WPS did not exceed its current limit
or rotor speed limit during LVRT. An MSC was controlled
for regulating DC-link voltage and GSC was controlled for
active and reactive current supports during a fault in [13],
[14]. In a few studies, additional devices were used for
helping LVRT response. Among various active and reactive
power supporting devices, energy storage system (ESS) is
getting more interest for LVRT and other WP applications [6].
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It can help WPS to be more stable and cost-efficient system by
supporting its variability. The LVRT method of a direct-drive
WPS using ESS control for DC-link voltage regulation was
introduced [15]. LVRT methods using an ESS in wind power
plant were introduced to support voltage restoration at the
point of common coupling (PCC) during grid fault [16], [17].
In [18], a non-linear adaptive control for the ESS embedded
dynamic voltage restorer in enhancing the LVRT capability
of wind power plant. An optimal reactive power control
method considering cost reduction was introduced in [19]. A
coordinated control method of WPS and ESS was introduced
in [20]. However, the method did not consider the pitch
control action of WPS.

In this study, we propose an enhanced coordinated fuzzy-
based LVRT method considering the inertial response capa-
bility and pitch angle control response of a WT in addition
to the SoC of an ESS. Previous fuzzy-based LVRT methods
focused only on the rotor inertia response of a WT and
an ESS SoC operation limit. However, pitch angle control
can significantly affect LVRT response, particularly at high
wind speed. Previous studies focused on high wind speed
conditions because they can result in undesirable response
according to the limit of the rotor speed of a WT and the SoC
of an ESS. In high wind speed conditions, the rotor speed is
close to the rated speed and there is a small amount of reserve
energy in the form of rotor inertia. The ESS SoC can vary with
time, and it might contain a small amount of reserve energy
for charging at the moment of a grid fault. To handle this
issue and obtain more reserve energy for LVRT, we included
pitch angle control response in fuzzy-based LVRT control.
We analyzed reserve energy based on pitch angle control and
rotor inertial response. We used fixed torque control in rotor
and fixed ramp rate control in pitch system. The fixed torque
control value is determined through fuzzy-logic controller
considering reserve energies of a WT and an ESS. We vali-
dated the effectiveness of the proposed method by performing
simulations using the MATLAB/Simulink SimPowerSystems
toolbox considering a topological circuit model. The sim-
ulation results show that the proposed method effectively
achieves reliable operation without violating constraints. The
benefits of the proposed method over previous fuzzy-based
LVRT methods are as follows.

o The proposed method can enhance LVRT response by
ensuring more stable operation with additional reserve
energy through pitch angle control.

« LVRT response is a combination of pitch angle and rotor
speed controls, and it is formulated using fuzzy-based
control by analyzing total reserve energy of WPS.

o The reserve energy of a WT is analyzed based on the
combined control response with fixed torque control in
rotor and fixed ramp rate control in pitch angle.

Il. PMSG WPS
The mechanical power model of the WTs and the electrical
power model of MSC and GSC are discussed in this section.
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Moreover, we consider the DC-link voltage model of con-
verter system. Lastly, the ESS model is described to consider
the SoC of the ESS.

A. MECHANICAL POWER OF WTs
The mechanical power of the WTs can be evaluated by con-
sidering some WT parameters and wind speed. These WT
parameters are power coefficient, Cp, tip speed ratio, A, pitch
angle, B, and blade swept area, A. C, is obtained from the
performance experimental data and A is defined using rotor
speed,w,,, rotor radius, R, and wind speed, vying. The tip
speed ratio can be described by following Equation.

o= ol (1)
Thus, the value of tip speed ratio is proportional to rotor speed
and rotor radius and inverse proportional to wind speed. WT
can produce maximum available power at the optimal tip
speed ratio, which is a fixed value according to WTs. The
mechanical power of WTs can be evaluated by using these
parameters as following Equation [12].

Pt = 5pAC) (s BYVy g @
where p denotes the air density. Therefore, WT mechanical
power can be produced by controlling A and 8. By controlling
these values, WT mechanical power can be modulated to any
power less than the maximum available WP which is decided
by a given wind speed.

B. MSC MODEL

Mechanical power of WT is translated into electrical power
from PMSG by controlling MSC. Since the electrical power
of MSC has an effect on rotor speed, MSC control is impor-
tant to modulate both electrical and mechanical powers. The
PMSG voltage, current equations and electrical torque and
rotor speed dynamics can be described as follows [14].

. didg .
Vdg = Ryige + Ls? — wyLyiyg,

. dige .
Vge = Rsigg + LSW + wsLsige + wshf,

3.
T, = EP)‘f’qga
dw
Tp—Te=J=—=, 3

where v, and vy, indicate the stator dq axis voltages, and
igg and iy, indicate the stator currents of the PMSG. L; and
Ry indicate the stator inductance and resistance, respectively.
wy indicates the rotor flux electrical speed. w,, indicates the
mechanical rotor speed. Ay indicates the rotor flux. p indicates
pole pairs of the machine. 7, and 7, indicate the electro-
magnetic and mechanical torques, respectively. J is the rotor
inertia. From above equation, both the WP power and torque
can be obtained. By controlling MSC, electrical torque and
mechanical rotor speed can be modified.
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C. GSC MODEL
The GSC can modulate power translation to grid side and the
dynamic model can be illustrated as follows.

. dig .
Vg = Vig — Rig — LE + wlig,

: diy ,
Vg = Vig — Rig — LE + wliy, (@3]
where L and R indicate the grid side line inductance and resis-
tance, respectively; vy and v, indicate the grid side DQ-axis
voltages. iy and iy indicate the grid side DQ-axis currents. vy
and v;4 are the GSC DQ-axis voltages. The DQ-axis rotating
reference frame is assumed to be aligned with the grid voltage
which is alread introduced in [21].

3
Pgria = S vaid,
3
Qgrid = Evdlqv (5)

where Pyg,iq and Qgrig denote the active and reactive powers,
respectively.

D. DC-LINK VOLTAGE MODEL
A DC-link voltage regulation is important for controlling
both MSC and GSC, which is described as following equa-
tion [13].
dvy

PCZCVdCTCZPg_Pgridv (6)
where P, and P,,;q indicate the power of the MSC and GSC,
respectively; P, is the power stored in the DC-link and it is
determined by the difference between MSC and GSC powers.
C is the DC-link capacitor. V. indicates DC-link voltage.

E. ESS MODEL

ESS is used for voltage reguation in WPs application and it
gives good performance when the ESS has enough reserve
operation ranges for charging and discharging. Unfortunately,
ESS has operation constraints as the SoC should remain
between O to 1. Thus, it is better to consider ESS SoC for
stable and efficient operation. In this section, we described the
ESS power reference of the conventional DC-link regulation
method and the way how the SoC is evaluated. Conventional
ESS power reference can be defined by following equation.

Piog = Kp(Vi. — Vao) + [ Ki(V}. — Vac) (7

P} is the ESS power reference for DC-link voltage reg-
ulation. This ESS power reference is defined based on the
error of DC-link voltage and its PI control. Since it does not
consider ESS SoC and it can induce severe problem when
the ESS SoC reaches to its constraints values. Therefore
we proposed fuzzy-based method considering ESS SoC and
WP response including rotor inertia and pitch angle controls.
The details of the proposed method is described in the next
section. After measuring ESS power, the SoC can be evalu-
ated as following eqaution.

t

Wess(t) = /0 Pgss(u)du + Wess(0) (8)
SoC(t) = Wess(t)/ Wamax 9
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FIGURE 2. Overall control block diagram of the proposed method.

Wess and Wy, are the ESS energy and the maximum ESS
energy capacity, respectively.

Ill. PROPOSED LVRT CONTROL SYSTEM

To coordinate the control of WT and ESS during a grid fault,
we considered rotor inertia and pitch angle controls of WT.
Pitch angle control is significant impact on LVRT response
especially in high wind speed. We use the fixed ramp rate
control in pitch angel and fixed torque control in rotor inertia
control. From these control methods, we defined modified
power coefficient which is varying with time. By using mod-
ified power coefficient, a maximum available reserve energy
from WT is evaluated. We use this value and SoC in fuzzy-
logic controller to obtain the MSC power reference during
a grid fault. Therefore, rotor inertia and pitch angle controls
are included for coordinating with ESS control. The overall
control structure is illustrated in Fig. 2.

A. GSC ACTIVE AND REACTIVE POWER REFERENCES

In proposed method, GSC controls active and reactive power.
During grid voltage fault, grid code requires reactive power
support according to grid voltage condition. Thus, the reac-
tive power support is more important than active power con-
trol. The reactive power reference is defined by following
equation.

2Vyg, (for IJ,GSC < 1pu)

* %
O6sc = 14.65¢Vas

IyGsc =
(10)

where / ; asc denotes the reactive current reference according
to the grid voltage sag, Vyug. Qg is the reactive power
reference, which is obtained from 1 *’ Gsc and the grid d-axis
voltage, V. In Eq. 10, the GSC supports full reactive current
when the grid voltage sag is larger than 50% as numerous
grid codes required to WT [8]. After defining reactive power
reference, the active power reference is defined considering
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maximum current constraint.

Ijgsc = /1 =} gsc)™

* _ g%
Pgse = 15,6scVa-

(1)

* s %k :
where,.I 4.GSC denotes the active current reference. Pq. is
the active power reference.

B. FUZZY-LOGIC-BASED LVRT CONTROL OF MSC AND ESS
The ESS and WT MSC powers references can be obtained
from the GSC power reference, according to the following
relationship.

Pysc + PEss = Péses (12)

where Py ¢~ and Pp¢q denotes the MSC and ESS discharge
power references, respectively. We can obtain ESS reserve
power from its SoC and fault time duration. The fault time
duration is defined by grid codes, and it differs according to
grid codes. The reserve energy capacity of rotor inertia, Einer
can be obtained using following equation.
Einer = lJ(a)2 — w2 ),

m,max m

(13)

Einer is determined from the rotor inertia, J, and the rotor
speed, w;,. And we can also obtain the total energy generation
of WT, Ewr, as follows.
n
Ewr = / P.dt, (14)
n

where, #; and t, denote the times when the grid fault occurs
and clears, respectively. To simplify the calculation of the
Ewr, the WT torque is controlled to be constant value and the
acceleration of rotor speed is fixed. The pitch control system
is activated when the sum of Einer and reserve energy of
ESS, Eggsg is less than Eyr. Figure 3 shows that pitch control
can help reduce the WT mechanical power and obtain more
reserve energy during a grid fault. When there is no pitch
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FIGURE 3. Analysis of combined pitch angle and rotor speed control
response.

control action, the surplus energy corresponding to surface
A and B is stored in rotor inertia and it induces rotor speed
increase. However, when using pitch control, the surplus
energy corresponds to surface B. Thus, it has more reserve
energy (A surface) when using pitch angle control compared
to that of when there is no pitch control. Ramp rate of pitch
angle variation is fixed as 10 degree/s which is typical control
value of a pitch system. From these conditions of rotor speed
acceleration and ramp rate of pitch angle control, we can
obtain the modified power coefficient from Eq. 2. Since the
power coefficient is a function of rotor speed and pitch angle,
it can be transformed as a function of time. The maximum
available reserve energy of WT, E,., can be obtained by
increasing pitch angle and rotor speed to be maximum value.

Epes = [;2(Pt mpps — P})dt + Einer, (15)

where, P} is the WP when the pitch angle is controlled to
its maximum available vaule and P; ;pp; is the MPPT power
output which is the power produced in normal condition.
Thus, we can obtain both reserve energies of WPS from
Eq. 15 and reserve energy of ESS from SoC value. We use
these two reserve energies in fuzzification process.

We can obtain the WP profile during a grid fault from
the above equation. Additionally, we can obtain the required
ESS energy capacity according to pitch angle and rotor speed
controls. We formulated the enhanced coordinated fuzzy-
based LVRT controller using the available reserve powers
of the WT and ESS. We defined the input and output mem-
bership functions for fuzzy-logic control as shown in Fig. 4.
Then, we utilized these membership functions to define fuzzy
rule for the appropriate power management of the MSC and
ESS, as shown in Fig. 5. The overall fuzzy-logic controller is
described in Fig. 6. The maximum available reserve energy
of WT and SoC membership functions were used to obtain
fuzzy membership values, w(E,.s) and u(SoC).

IV. SIMULATION RESULTS

We validated the effectiveness of the proposed method by
performing simulations using the MATLAB/Simulink Sim-
PowerSytems toolbox. The parameters of the WP and ESS
used in simulations are listed in Table 1. We compared the
performance of the proposed method and a conventional
method during a grid voltage sag of 80%, which implies
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FIGURE 6. Fuzzy logic controller.

that the GSC should produce only reactive power and no
active power. Conventional method is that both WT and ESS
are controlled to dc link voltage regulation and does not
considered about their operation limit during grid fault. It
focused only on dc link voltage regulation during grid fault
for stable operation, but does not consider how to coordinate
and share the burden between WT and ESS. In conven-
tional method, WPS has inertial response for LVRT, however,
it does not consider the effective coordination with ESS
control during grid fault. The grid fault occurred at 1 s,
and grid voltage reduced 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 method used PI controller for the DC link
voltage regulation, whereas the proposed method used fuzzy-
based LVRT control. Firstly, we illustrated the simulation
results of conventional method with and without usage of
pitch control. We compared the results focusing on pitch
control can reduce the burden of LVRT during a grid fault.
Secondly, we compared the results between conventional
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12 Grid active power

= w/ pitch control

0 0.5 1 1.5 2 25 3
time(sec)

FIGURE 7. Grid active power during a balanced voltage sag (80%) using
conventional LVRT method.

TABLE 1. System parameters used in simulation.

Parameter Value Unit
Rated power 1.63 MW
Rated wind speed 12 m/s
Max. power coefficient 0.5
Optimal tip speed ratio  9.9495
Blade radius 33.05 m
Air density 112 kg/m®
Max. rotor speed 4.335 rad/s
DC-link voltage 1150 \Y%
Turbine inertia 6500 kgm?
ESS capacity 1 kWh

Grid reactive power

0.25
--------- w/o pitch control
02f = w/ pitch control ||
0.15 8

Qgrid (pu)
o

0.05 - |
o AN P
005 ‘ ‘ ‘ ‘ ‘
0 0.5 1 1.5 2 2.5 3
time(sec)

FIGURE 8. Grid reactive power during a balanced voltage sag (80%) using
conventional LVRT method.

method and the proposed method. Both method has pitch
control during a grid fault. From these two simulation results
we illustrates the effectiveness of the proposed method. The
proposed method effectively handled these cases with effi-
cient power management of the WT and ESS during the grid
fault.
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FIGURE 9. PCC g-axis (reactive) current during a balanced voltage sag
(80%) using conventional LVRT method.

Generator power
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w/o pitch control
w/ pitch control
i
= 081
e
c
Q
o
o 06F
0.4r
0.2 . . . . .
0 0.5 1 15 2 25 3

time(sec)

FIGURE 10. Generator active power during a balanced voltage sag (80%)
using conventional LVRT method.

DC link voltage
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1100 . . . . .
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FIGURE 11. DC-link voltage during a balanced voltage sag (80%) using
conventional LVRT method.

A. MOTIVATIONAL EXAMPLE

Several previous studies focus on the LVRT control of WT
during a grid fault with and without the pitch angle control.
Since the main contribution of this paper is inclusion of pitch
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FIGURE 12. Rotor speed variation during a balanced voltage sag (80%)
using conventional LVRT method.

ESS Power

w/o pitch control
0.1 = w/ pitch control | |

Pegs (PU)

0 0.5 1 1.5 2 25 3
time(sec)

FIGURE 13. ESS power during a balanced voltage sag (80%) using
conventional LVRT method.

State of charge

ch control

0.95 ——w/ pitch control

09r

SoC (pu)
o
&

0.75 1

0.7 . . .
0 0.5 1 15 2 25 3

time(sec)

FIGURE 14. SoC during a balanced voltage sag (80%) using conventional
LVRT method.

control in coordinated control of ESS and WPS, this section
describes why the pitch angle control should be included to
reduce the burden of inertia control and ESS control during
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Cp value

0.1 w/o pitch control |
= w/ pitch control
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FIGURE 15. Power coefficient during a balanced voltage sag (80%) using
conventional LVRT method.

12 Grid active power

P grig (PY)
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FIGURE 16. Grid active power during a balanced voltage sag (80%).
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FIGURE 17. Grid reactive power during a balanced voltage sag (80%).

the grid fault. Rotor speed and ESS SoC level can be reduced
due to pitch control. The pitch angle can change the power
coefficient value and it has significant impact especially when
there is high wind speed. Since energy management of WPS
during a grid fault is important especially in high wind speed,

212563



IEEE Access

C. Kim, W. Kim: Enhanced LVRT Coordinated Control for PMSG Wind Turbines and Energy Storage Systems

Reactive current
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FIGURE 18. PCC g-axis (reactive) current during a balanced voltage sag
(80%).

Generator power
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Conventional
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1
= 081
£
c
Q
o
o 06f
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FIGURE 19. Generator active power during a balanced voltage sag (80%).

DC link voltage

0.5 1 1.5 2 25 3
time(sec)

FIGURE 20. DC-link voltage during a balanced voltage sag (80%).

the pitch angle control can be effectively used. To illustrate
this perspective, we simulated the LVRT response of the con-
ventional method with and without the pitch control. Figure 7
shows that grid active power is reduced to zero and only
reactive power is produced. As there is a voltage sag of 80%
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FIGURE 21. Rotor speed variation during a balanced voltage sag (80%).
ESS Power
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FIGURE 22. ESS power during a balanced voltage sag (80%).
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FIGURE 23. SoC during a balanced voltage sag (80%).

in the grid fault, reactive power is 0.2 pu for the full reactive
current (1 pu) as shown in Fig. 8. Figures 9 illustrate the
reactive currents during the grid fault. As the g-axis voltage is
zero, q-axis currents are the active and reactive currents. As
the voltage during the grid fault is 0.2 pu, reactive power is
only 0.2 pu even though reactive current is as high as 1 pu.
Both methods have similar response in reactive power since it
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FIGURE 24. Power coefficient during a balanced voltage sag (80%).
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FIGURE 25. Generator power in the case study with different initial SoC
values.

only depends on GSC reactive power control. Active power is
slightly different feather due to the pitch angle response dur-
ing and after the grid fault. The generator power is less with
pitch angle control during a grid fault as shown in Fig. 10.
and it can be more advantageous for the LVRT. Figure 11
shows that both methods regulated DC-link voltage. How-
ever, it does not mean that both cases effectively handle LVRT
since the rotor speed is violated as shown in Fig. 12. As shown
in this figure, both methods violated maximum rotor speed
(1.2 pu) during the grid fault. To solve this problem, control
gain can be tuned. However it can induce other problems
such as the ESS SoC reaches its maximum value or DC-link
voltage can be significantly fluctuate. Thus it is difficult to
find proper gain for LVRT. Figure 13 and 14 show that ESS
power output and SoC variation, respectively.

Both methods have similar ESS power and SoC value
during a grid fault. Figure 15 shows power coefficient of both
cases and has less value when pitch angle control is employed.
From these motivational simulation results, it is more effi-
cient to employ pitch angle control especial in high wind
speed during a grid fault and we compared the performance
with the proposed method in the following section.
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FIGURE 27. SoC profile in the case study with different initial SoC values.

B. SIMULATION RESULTS OF PROPOSED METHOD

We compared the LVRT performance with conventional
method with pitch angle control. The pitch angle control
could help LVRT performance reducing LVRT burden in rotor
inertia response as shown in previous section. However, it is
hard to get proper gain of each control device such as rotor,
pitch systems of WT and ESS. We simulated in the same
grid fault condition as of previous section and compared the
performances between the proposed method and the conven-
tional method. Figure 16 shows that the grid active powers
and has similar response during a grid fault. As there is a
voltage sag of 80% in the grid fault, reactive power can
be obtained as 0.2 pu for the full reactive current (1 pu),
as shown in Fig. 17. Figure 18 illustrates the reactive currents
during the grid fault. The GSC active and reactive powers
obtained using the two methods are similar. However, the
generator active powers are different in both methods since
the proposed method is fixed torque control in the generator
as shown in Fig. 19. Figure 20 shows that DC-link voltage and
the proposed method has less voltage fluctuation compared to
the conventional method. Figure 21 shows that the proposed
method does not violate the constraint. Figure 22 shows that
the ESS output power and has more charging value when
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FIGURE 28. DC link voltage in the case study with different initial SoC
values.

the grid fault occurs. Figure 23 describes ESS SoC and both
method does not reach its maximum value as 1pu. Figure 24
illustrates power coefficient and the proposed method has
a little bit large during a grid fault. Therefore, we obtained
better performance of LVRT response from the proposed
method ensuring the stable operation without complex gain
tuning process. To understand the behavior of the proposed
method with different condition, we changed the ESS SoC.
We considered the case when the SoC value is reduced.
Figures from Fig. 25 to Fig. 28 show that simulation results
with different initial ESS SoC value. The generator power is
increased since the ESS can charge more power when the ESS
has lower initial SoC value as described in Fig. 25. Since large
power is transferred to MSC, generator rotor speed has less
peak value during grid fault as described in Fig. 26. The ESS
SoC changes its value more when the initial SoC is 0.6 (pu) as
described in Fig. 27. DC link voltage regulation performances
are similar in both cases as described in Fig. 28. Therefore,
The proposed method properly share the burden of LVRT in
the case of different initial ESS SoC values. Similarly, the
proposed method changes its operation when the wind speed
is changed according to fuzzy-based LVRT algorithm.

V. CONCLUSION

We proposed an enhanced fuzzy-based LVRT method con-
sidering the rotor inertial response and pitch angle control
of a WT and the reserve power of an ESS. Previous fuzzy-
logic-based LVRT control considered the reserve energy
stored in the rotor inertia of a WT and the ESS SoC. The
proposed method achieved more stable LVRT control com-
pared to conventional methods by adding pitch angle control
and analyzing the combined response of pitch angle and
rotor inertia controls in the WT. The WT provided more
reserve energy during a grid fault by utilizing the proposed
method. We formulated fuzzy-logic control by analyzing
WP curve characteristics. The proposed method reduced the
required energy capacity of the ESS and made the ESS
more economically viable. We validated the effectiveness of
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the proposed method by performing simulations using the
MATLAB/Simulink SimPowerSystems toolbox considering
topological circuit model. Simulation results showed that the
proposed method achieved more stable LVRT response by
providing more reserve power from the WT.
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