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ABSTRACT Low-voltage ride-through (LVRT) is important for the grid integration of wind power systems
(WPSs). Each grid operator defines a grid code, including the LVRT requirement, considering their power
system characteristics. During grid faults, LVRT is needed for the protection of WPS because the over current
can induce damage to the power converter system. An important issue in the LVRT method of WPS is the
energy capacity because sufficient reserve energy capacities of wind turbine inertia and an energy storage
system (ESS) are needed for a successful LVRT operation. Although ESS can store excess energy of the
WPS during a grid fault, it is physically limited considering its energy capacity. Moreover, WPS has a low
reserve energy capacity, especially when the WPS operates in high wind speed conditions. Thus, we propose
the deloaded operation of WPS for the preparation of LVRT by reducing the power generation of WPS.
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 Deloaded control, DC link voltage, energy storage system, fuzzy-logic controller, rotor
inertia, low-voltage ride-through, rotor speed limitation, pitch angle control.

NOMENCLATURE
- ESSs: Energy storage systems

- DFIG:  Doubly-fed induction generator
-LVRT:  Low-voltage ride-through

- MPPT: Maximum power point tracking
- MSC: Machine-side converter

- GSC: Grid-side converter

- PCC: Point of common coupling

-PL: Proportional-integral

-PMSG: Permanent magnet synchronous generator
- SoC: State-of-charge

- WP: Wind power

- WPS: Wind power system

- WTs: Wind turbines

I. INTRODUCTION
As more wind power is installed in power systems, grid
integration methods become more important to protect both
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the power system and wind power system (WPS). Permanent
magnet synchronous generator (PMSG) wind turbines (WTs)
are widely used for this purpose as they offer better control
responses than that of other WPSs. Although doubly fed
induction generator (DFIG) WTs can be controlled using a
power converter system, they have a lower control range com-
pared to that of the PMSG WT because the former has a lower
power capacity of power converter system. Thus, the major
advantage of a PMSG WT is its large operation range because
it fully uses power converters, that is, machine-side convert-
ers (MSCs) and grid-side converters (GSCs) [1], [2]. There-
fore, we consider the control of PMSG WT for low-voltage
ride-through (LVRT) by modulating the amount of power
generation which is less than maximum available WP at a
given wind speed [3] before a grid fault occurs.

WP integration issues become more important issue as
the wind power (WP) proportion among entire power sys-
tem capacity. There are many issues about WP integration
in power system, however, the LVRT is one of the most
important integration issue. LVRT is a control methodology
to protect WPS and to remain connected to power system
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FIGURE 1. Limit curves for voltage to allow generator disconnection.

for stable operation of power system after the grid fault is
cleared. During LVRT operation, WPS switch the control
mode from maximum power point tracking (MPPT) control
into low power production control mode. By reducing the
power generation level, WPS can be protected from over
current in power converter system and WPS can support
power grid stability by producing reactive power to the grid
during fault. Thus, the objective of reliable operation during
grid fault is achieved from LVRT operation with reduced
power generation which is different to MPPT control in nor-
mal operation condition [4], [5]. Each power system defines
the reactive power support during grid fault in its grid code
to support the grid voltage regulation [6]. Because of grid
voltage reduction during the grid fault and current limit of the
power converter system, WP should be controlled properly
to protect the power converter system and produce reactive
power to the grid. As shown in Fig. 1, grid operators have dif-
ferent requirement to WPS about LVRT and more advanced
LVRT control method is required as WP penetration level is
increased.

Several methods have been studied to improve the LVRT
performance. A proportional-integral (PI) linear controller
was introduced to regulate DC-link voltage for transient
response. Details of performance comparisons considering
unbalanced voltage fault was described in [7]. For better tran-
sient response, nonlinear dynamics were considered using
feedback linearization in [8]. For further reduction in con-
troller complexity, sliding mode control was introduced for
effective consideration about nonlinear dynamics [9]. From
this method, better transient response was guaranteed with
robustness about the WPS parameters variations. A coor-
dinated control of an MSC control and a pitch angle con-
trol without additional device was studied in [10]. However,
extreme case with high wind speed was not included in this
study. By switching functions of power converter systems,
the MSC controls for DC-link voltage regulation and the
GSC controls both of active and reactive power in [11], [12].
In [13], the asymmetrical grid fault was considered espe-
cially with the most serious fault condition. The DFIG was
controlled to supply the positive-sequence reactive current
to support the power grid. Other studies of LVRT controller
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using additional devices were introduced. In respect to energy
efficiency during grid fault, energy storage systems (ESSs)
are one of the best solution for LVRT. Since ESSs can be used
various WPS applications besides LVRT, it can be considered
there is no additional cost when using ESSs for LVRT [4].
By using ESSs with coordinated control of WPS, a more
reliable and economic operation can be achieved. In [14],
ESS is used for DC-link voltage regulation of WPS. In [15],
[16], ESS controllers were designed for voltage at the point
of common coupling (PCC) by supporting LVRT during grid
fault. Reactive power control methodology of wind power
plant was introduced in [17].

In this study, we propose a de-loaded operation for the
LVRT of WPS during a grid fault. We analyze the reserve
power of the WPS and ESS under certain wind condi-
tions. Under high wind speed conditions, there is a low
reserve power capacity in the WPS. If the ESS has sufficient
reserve (charging) capacity under high wind speed condi-
tions, it can result in reserve energy capacity issues during
grid faults. Thus, by using wind speed and ESS state of
charge (SoC) data, we obtain a proper de-loaded operation
defined from the WP analysis. From the de-loaded opera-
tion, WPS can handle LVRT successfully without any energy
capacity issues and minimize the reduction of power pro-
duction. Compared to the previous work [18], the proposed
method can effectively solve the problem due to the insuf-
ficient reserve energy of WPS and ESS for LVRT. 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 ensures successful LVRT control
without any energy capacity limitation problem.

o The proposed method minimizes the power reduction
involving the LVRT preparation.

« the proposed method can effectively solve the problem
due to the insufficient reserve energy of WPS and ESS
for LVRT.

Il. PMSG WPS

In this section, the overall mechanical model of WTs is
introduced. Moreover, mathematical model of the MSC and
GSC of PMSG are described. Dynamic model of DC-link
voltage is also introduced considering generation power and
transferred grid power. Lastly, ESS model is introduced con-
sidering SoC and conventional linear controller for DC-link
voltage regulation.

A. MECHANICAL POWER OF WTs

Using WT parameters, the mechanical power generation
model of the WTs can be described. The WT parameters
include the tip speed ratio A, WT rotor speed w,,, rotor
radius R. Tip speed ratio can be described as following
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equation using the WT parameters and a wind speed vyying.

wmR

A= , 1)

Vwind
Since the wind speed is a given value, the tip speed ratio
can be modulated by controlling rotor speed. The tip speed
ratio and pitch angle B are main control variable and it
defines the power coefficient of WT, C,. A is a blade swept
area. Maximum available WP can be obtained by controlling
rotor speed properly according to given wind speed. That is,
WT can produce maximum available power for given wind
speed by maximizing power coefficient using rotor speed
control. Following equation describes the mechanical power
of WT [10].

P = %pAC,,(A, B)Vyina 2
where p is the air density. Thus, mechanical power of WT
is controlled by rotor speed and pitch angle. Pitch angle is
used only when reducing the wind power and rotor speed is
controlled to modulate the WP to certain amount correspond-
ing generation and grid condition. Rotor speed is indirectly
controlled by power converter system such as the MSC.
The difference between mechanical WP and electrical power
transferred to the grid by the MSC.

B. MSC MODEL
One part of the mechanical power is transferred to electrical
power grid by the MSC and the other part of the mechanical
power is transferred to rotor inertia. Because of it, MSC
model is important to control the WT and WP corresponding
to various situations. That is, MSC control is very important
for stability of both WT and power converter system, such as
DC-link voltage. For LVRT, DC-link voltage regulation is the
main issue to protect converter system. However, we propose
the de-loaded control method which considers mechanical
power by modulating rotor speed since some extreme case
such as high wind speed can result in out of control. The MSC
model can be described as following equation [12] including
PMSG voltage, electrical torque, and rotor speed.

digg

dt

. diqg .
ng = Rslqg “+ LY? —+ a)sleqg + Cl)s)\,f,

Vdg = Ryigg + Ly — wsLgigg,

Te = 5phyige,
dw,
T —Te = d—t’", 3)

where v4, and v, are the stator DQ axis voltages. ije and ize
are the stator currents of the PMSG. L; and Ry are the stator
inductance and resistance. w; denotes the electrical rotor flux
speed. w,,; denotes the mechanical rotor speed. Ay denotes the
electrical rotor flux. p denotes pole pairs of the generator. 7,
and T, indicate the electromagnetic and mechanical torques,
respectively. J denotes the rotor inertia. By using WP and
torque of the WT, we can control the rotor speed of WT. There
is energy buffer between WT and MSC, it is important to
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use this energy buffer according to various objectives such
as MPPT and LVRT.

C. GSC MODEL

In WPS, the GSC mainly regulate the DC-link voltage and
MSC power is transferred to the grid from this control
method. The overall GSC model can be described by follow-
ing equation [19].

. dig .
vg = Vig — Rig _LE + wLiy,

) diy :

Vg = Vig — Rig — LE + wlLiy, @)
where L and R are the grid side line inductance and resistance,
respectively; v and v, are the grid side DQ-axis voltages.
iqg and i, denote the grid side DQ-axis currents. vy and
vig denote the GSC DQ-axis voltages. We assume that the
DQ-axis rotating reference frame is aligned with measured
value of the grid voltage [19]. Following equation describes
the active and reactive powers of the GSC.

Pgria = EVdid,

3.
Qgrid = Evdlqv ©)
where Pgrig and Qgrig are the active and reactive powers,

respectively.

D. DC-LINK VOLTAGE MODEL

For proper operation of the power converter systems such as
the MSC and the GSC, it is important to regulate DC-link
voltage even in grid fault situation [11]. Following equation
describes DC-link voltage according to power relationship.

davy
P. = CVyg dtC:Pg_Pgridv (6)

where P, and Pgi¢ denote the power of the MSC and GSC,
respectively; P, is the power transferred to the DC-link capac-
itor. C denotes the DC-link capacitor. V. denotes DC-link
voltage. Since the DC-link voltage regulation is important for
the MSC and GSC controls, one of these converters takes the
role of the voltage regulation.

E. ESS MODEL

Nowadays, ESS is interconnected to WPS for several objec-
tives. It can charge and discharge the energy for improving
power quality, supporting grid stability and protecting WPS.
For reliable operation of ESS, physical constraints such as
SoC should be accounted. The SoC should be between O to 1
and it is better to have marginal stable region for better control
performance. When the ESS interconnected with WPS, ESS
is controlled for DC-link regulation and the power reference
of the ESS can be defined by following equation.

Pigs = Kp(Vi — Va) + / K(VE—Ve) ()

Py denotes the ESS power reference. To regulate the
DC-link voltage, P} is determined using the DC-link volt-
age error. This conventional control method of the ESS has a
limitation when the ESS SoC reaches its maximum value as 1,
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FIGURE 2. Overall control block diagram of the proposed method.

which can result in severe problem transient response. Thus,
we considered de-loaded operation of WPS when coordinated
with ESS control. We introduced this coordinated control
considering WPS de-loaded control in the next section. In the
proposed method, we used SoC value for evaluating reserve
energy of the ESS. The SoC can be determined as following
equation.

t
Wess(6) = /0 Prss ()i + Wiss(0) ®)

SoC(t) = Wess(t)/Wpax )
WEgss and Wy, denote the ESS energy and the maximum
ESS energy capacity, respectively.

Ill. PROPOSED LVRT CONTROL SYSTEM

For stable operation during a grid fault, we proposed a
de-loaded operation method with lower rotor speed than that
of MPPT operation. From the de-loaded operation method,
the reserve energy of rotor inertia is increased considering its
maximum speed limit. Even though the de-loaded operation
can be accomplished both with lower and higher rotor speed
compared to the MPPT rotor speed, the proposed method
utilizes lower rotor speed operation for more reserve energy
from rotor inertia. The overall control structure is illustrated
in Fig. 2. The current controllers are composed of inner
and outer loop controller and the inner loop controllers are
designed to have faster response compared to outer loop
controllers for proper transient response. The control mode
transition between no-fault and normal (MPPT) operation
occurs when the grid voltage is reduced to less than 80% of
its normal value.

A. GSC ACTIVE AND REACTIVE POWER REFERENCES

GSC controls active to regulate the DC-link voltage and
reactive power to support the grid voltage restoration. In nor-
mal operation, GSC controls to regulate the DC-link power.
However, GSC should focus on controlling the reactive power
to support the grid voltage when the grid voltage fault and
the requirement about reactive power is defined in grid code.

66602

When the grid voltage reduces to less than 50%, GSC should
produce full reactive power current to the grid. Therefore,
the DC-link voltage regulation performance could be poor.
Thus, WPS needs improved LVRT control strategy to satisfy
both grid requirement and WPS protection. The require-
ment about reactive power support during grid fault can be
described as following equation.

I;GSC = 2Vyqq, (for I;GSC <1pu)

Qsc = I;,GSCVdv (10)
where [ q*,GSC indicates the reactive current reference cor-
responding to the grid voltage sag, V. Vg is a voltage
difference between the normal grid voltage and reduced grid
voltage due to the grid fault. It can be described as follows.

Vsag = Viorm — Vfuult (11)
Q?;sc denotes the reactive power reference, which is deter-
mined using I;’ Gsc and the grid d-axis voltage, V. As shown
in Eq. 11, the GSC gives full reactive current when the
grid voltage is less than 50% of normal value as grid codes
require [6]. Since GSC should satisfy grid code requirement,
reactive power reference is determined first according to the
grid voltage at the grid fault. After that, GSC active power
reference is determined according to the reactive power ref-
erence.

1 - (1;,050)21
Gsc = 13 gscVa (12)

* . . "
where,.l 4.GSC 18 the active current reference. Py~ denotes
the active power reference.

* J—
Ijcsc =

B. MSC ACTIVE POWER REFERENCE

Since the GSC should focus on reactive power control during
grid fault, the MSC should take the role of DC-link regulation
coordinating with the ESS. Before determining MSC power
reference, we can consider following relationship between

pOWer references.
Pysc + Prss = Pses (13)
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where Py ¢~ and Py, are the MSC power reference and ESS
discharge power reference, respectively. The reserve power of
the ESS can be obtained by using the SoC value and fault time
duration. The fault time duration is determined according
to the grid codes corresponding to voltage sag. The reserve

energy capacity of rotor inertia, E)¥! can be defined by using
following equation.
1
wT 2 2
Eres = z‘l(a)m,max - wm,del)’ (14)

E'T is defined from the rotor inertia, J, and the rotor speed in

de-loaded operation, wy, 4.;. To evaluate the required reserve
energy and corresponding wy, 4o, We considered the WT
mechanical power production using MPPT power at a given
wind speed.

e
A (15)
ts
where, t; and 7, denote the times when the grid fault starts and
clears, respectively. By considering the mechanical power
production of a WT as described above, more power reserve
can be prepared with de-loaded operation. That is, E ,,VZYT is the
reserve energy which can be stored in the inertia as a kinetic
energy when reducing the MSC power output and EmWeTCh is
the mechanical energy when the WPS operates in the MPPT
control. The mechanical energy can be transferred to the grid
through the MSC or stored in inertia as the kinetic energy.
To ensure stable operation of WPS during a grid voltage
fault, we defined the required reserve energy (from WPS)
by considering mechanical energy when the WPS operates
in the MPPT control which is higher than actual mechanical
power produced from WPS during LVRT. Therefore, there is
sufficient reserve energy margin from the proposed method
to ensure the stable operation of WPS during the grid fault.
Using above energy production during a grid fault, ENT, .

we can obtain the rotor speed reference for proper de-loaded

operation.

Eoey — Erss = Epyy | (16)
where, Eggs is reserve (charging) energy considering SoC
value at the time of a grid fault. Thus, we can obtain the rotor

speed for the de-loaded
operation.
2Emt;, — EEss)
Om et = \| = (17)
wm,max

Thus, the de-loaded operation corresponding to Wy, ger 1S
determined according to the wind speed and ESS SoC. When
the E,‘Zgh — Egss < 0, for example, there is no need for
de-loaded operation from WPS and it operates in MPPT
operation without the loss of power reduction. From the pro-
posed method, a proper de-loaded operation can be achieved
considering ESS SoC status. Since ESS can be controlled for
DC link voltage regulation, the ESS control algorithm could
be simple and have more freedom in its operation. Therefore,
ESS can be used for various grid support applications with
less restriction in its SoC management. Thus, the ESS power
reference and WT MSC power reference are can be obtained
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FIGURE 3. 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
Rated rotor speed 10 rpm
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 v
Turbine inertia 6500 kgm?
ESS capacity 1 kWh
as following equations.
" EEss
Prgs = P (18)
wT
Plsc = EFL (19)
fe — Iy

IV. SIMULATION RESULTS

We considered a grid fault condition in case of 80% grid
voltage sag. It is significant impact in LVRT operation since
GSC should reduce its active power to zero and produce full
reactive current during the grid fault according to the grid
code. We considered two case studies. Firstly, we compared
the results of the conventional LVRT method and the pro-
posed LVRT method. In conventional method, WT is con-
trolled for MPPT during normal state and both WT and ESS
are controlled for the LVRT during grid fault. Next, we con-
sidered the different SoC condition at the time of the grid
fault. As described previous section, the proposed de-loaded
LVRT operation is determined according to SoC status for
reliable LVRT operation. When ESS has enough reserve
energy for LVRT operation, WT can be controlled as MPPT
operation. We used MATLAB/Simulink SimPowerSystems
toolbox for the LVRT simulation. From the simulation results,
we validated the reliable operation of the proposed method
considering rotor speed limit and SoC management.
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FIGURE 4. Generator active power during a balanced voltage sag (80%)
using conventional LVRT method.
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FIGURE 5. DC-link voltage during a balanced voltage sag (80%) using
conventional LVRT method.
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FIGURE 6. Rotor speed variation during a balanced voltage sag (80%)
using conventional LVRT method.

A. COMPARISON OF LVRT PERFORMANCE

Previous studies focus on the LVRT control for better dc
link voltage regulation. ESS is also used for LVRT method
since ESS is connected to WT for various objectives. Both
WT and ESS can be coordinately controlled for better LVRT
operation. However, it is needed to prepare the LVRT oper-
ation before the grid fault occurs for reliable operation of
a WT. Figures from 3 to 8 shows the comparison of LVRT
performance during the grid fault. Figure 3 shows grid active
powers of both methods. In both methods, GSC power is
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FIGURE 7. SoC during a balanced voltage sag (80%) using conventional
LVRT method.
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FIGURE 8. Power coefficient during a balanced voltage sag (80%) using
conventional LVRT method.
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FIGURE 9. Grid active power during a balanced voltage sag (80%).

zero during the grid fault. However, the proposed method
reduced its power less than MPPT value considering SoC
and rotor speed limit. Figure 4 shows the generator power
during the grid fault. Similar to GSC power, the proposed
method reduced its power which is less than MPPT value.
In both methods, the powers were reduced for LVRT during
the grid fault. Therefore, the proposed method has larger
reserve energy capacity and can avoid the problem of unstable
operation of the WPS. The proposed method obtains proper
reserve capacity and finds de-loaded operation point when
the Eess is less than required reserve capacity for LVRT.
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FIGURE 10. Generator active power during a balanced voltage sag (80%).
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FIGURE 11. DC-link voltage during a balanced voltage sag (80%).
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FIGURE 12. Rotor speed variation during a balanced voltage sag (80%).

Figure 5 shows the DC link voltage. both method successfully
regulated the voltage during the grid fault. Figure 6 shows
the rotor speed response during the grid fault. Since the rotor
speed limit is 1.2 pu, there was violation in the conventional
method which overs maximum rotor speed limit. However,
the proposed method has less value without violating its
speed limit. Figure 7 shows the SoC of the ESS during the
grid fault. Both methods has similar SoC variations. If the
conventional method uses more charging power reference to
solve rotor speed violation, the ESS SoC could reach to one
and it could result in very poor DC link regulation since SoC
reach its maximum value. Figure 8 shows the WT power
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FIGURE 13. SoC during a balanced voltage sag (80%).
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FIGURE 14. Power coefficient during a balanced voltage sag (80%).

coefficient value during the grid fault. Conventional method
had maximum value as 0.5 before the grid fault occurred. In
the proposed method, the power coefficient was increased as
the rotor speed is increased. After reaching MPPT operation
point, the power coefficient was reduced as the rotor speed is
increased.

B. DIFFERENT SoC VALUES

We considered the case with different SoC values. Since the
de-loaded operation for the LVRT is controlled according to
SoC value, the de-loaded operation is different with given
SoC value. Thus, we compared the response of the proposed
method with different SoC values as 0.7 and 0.8. Figure 9
shows that the grid active powers. When the SoC is 0.7,
the GSC power was MPPT value. It means that the ESS
can afford whole LVRT burden. Figure 10 shows that the
generator powers. Since the ESS reserve can afford whole
LVRT burden, generator produce the WT MPPT value even
during the grid fault. When the SoC is 0.8, however, WT was
controlled in de-loaded operation and it reduced its power
during the grid fault. Figure 11 shows the DC link voltages
and both cases had similar responses. Figure 12 shows the
rotor speeds during the grid faults. Unlike to previous results,
rotor speed is remained in MPPT point when the SoC is
0.7. Figure 13 shows the SoC values during the grid fault.
When the SoC is 0.7, the ESS charged more power and took
more burden for the LVRT operation. In both cases, the SoC
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values are less than the maximum value. Figure 14 shows
the power coefficient value of the WT. When the SoC is 0.7,
the power coefficient value was remained in the maximum
value according to the rotor speed response. According to
equation 16, The references of both WT and ESS output
powers are determined. Therefore, both cases had different
response according to the ESS SoC values. When the ESS has
enough charging reserve energy, WT can produce maximum
power during grid fault. However, both cases showed that the
proposed method can effectively control the WT operation
considering the ESS SoC for the reliable operation for the
LVRT.

V. CONCLUSION

We proposed a de-loaded operation method for LVRT for
solving reserve energy limitation problem during grid fault.
We analyzed power characteristics of WPS and defined
proper de-loaded operation by reducing power production
from WPS. From the proposed method, the successful LVRT
response is guaranteed and simulation results showed the
effectiveness of the proposed method. Moreover, the amount
of power reduction is minimized from the proposed method
by analyzing WP characteristic. In simulation results, we val-
idated the effectiveness of the proposed method in different
fault conditions. The proposed method can be extended to
further integration issues about WPS integration. As a future
work, we will further research on the scheduling of the WPS
and the ESS by considering both economic dispatch and
LVRT. we will consider the ESS lifecycle as a cost function
in scheduling problem by considering the impact of charging
and discharging profile on the ESS lifecycle. Furthermore,
we will study about these issues through experimental imple-
mentation and analyze the transient response under unbal-
anced fault.
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