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Abstract: Variable speed wind turbine with partial-scale power converter commonly known as
Doubly Fed Induction Generator (DFIG) has a stator winding directly coupled with grid and rotor
winding connected to the grid via a fault-prone back to back power converters. Grid failures are
well-known to constitute a threat to DFIG. In early times, when a fault occurred, these generators
were required to disengage from the grid in order to protect the generator and power converters.
However, due to the increased penetration of wind turbines into the power system, grid operators
demanded that the wind turbines remain connected to the grid, as disconnecting them would further disrupt the grid. When a failure occurs at the grid terminal, it causes a spike in stator current,
which leads to a rise in rotor current. This high stator and rotor currents triggers the DC-link voltage
to rise and eventually cause harm to the converters. Thus, this paper work integrates crowbar protection with a Battery Energy Storage System (BESS) to improve FRT capability. Moreover, the proposed protection system is compared to the crowbar protection system to demonstrate the effectiveness of the proposed method in improving the performance of the machine. MATLAB-Simulink
software is used for modeling and simulation. All system parameters are obtained from ADAMAII Wind Farm.
Keywords: Battery Energy Storage System; Crowbar; Fault Ride Through Capability; Vector control; Wind turbine

1.

Introduction

One of the attractive characteristics of the a Doubly Fed Induction Generator (DFIG)
is that it can provide decoupled active and reactive control of the generator through a
variety of control techniques [1]. In DFIG, the winding of the stator is attached directly to
the grid while the rotor is connected to the grid by the back-to-back converter. The Rotor
Side Convertor (RSC) is used to control both the active and the reactive power as well as
the torque and speed of the generator. While the Grid Side Convertor (GSC) is used to
preserve DC-link voltage and deliver reactive power to the grid when necessary. These
bidirectional power converters allow power to flow from the grid to the machine and vice
versa. Thus, the machine can operate as a generator as well as a motor in both sub-synchronous and super-synchronous modes of operation. However, only the generator mode
at both speeds is of great interest in wind power generation. Moreover, the GSC can function as an inverter (when the rotor supplies active power to the grid) or a rectifier, (when
the rotor absorbs active power from the grid), depending on the mode of operation [1-2].
The power converter of DFIG can tolerate just 25-30% of the generator capacity, rendering the DFIG Wind Turbine (WT) highly susceptible and vulnerable to grid disturbance. When a grid fault causes a voltage drop, an increase in rotor voltage is expected to
compensate for the stator voltage and stabilize the rotor currents. Nevertheless, due to the
limited voltage of the converter, when the required rotor voltage exceeds this limit, it is
no longer possible to regulate the current. This indicates that a voltage drop will result in
a high induced voltage and current in the rotor circuit. Furthermore, the strong current
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triggers the DC-link voltage to increase [3]. For decades, if such faults existed, generators
had to be removed immediately from the grid to protect the generator, power converters,
and the dc-link capacitor. However, as wind turbines are gradually being integrated into
transmission systems, grid transmission and distribution operators and wind turbine
manufacturers have introduced regulations for connecting generators to the grid even
during faults [3]. These current grid codes enable the generator to remain connected to
the grid even though faults occur. The capability of WT to remain attached to the grid
during voltage dips is referred to as low voltage ride through (LVRT) and the key purpose
of these requirements is to ensure that the operation of the power grid is not affected by
wind farms in terms of protection of supply, reliability, and quality of power. A variety
of experiments have been carried out over the past years to enhance the Fault Ride
Through (FRT) capability of the DFIG wind turbine using different techniques [4].
FRT capability can be improved using three different methods, such as the installation of reactive power injection systems under transient conditions, protection circuits,
and the deployment of controllers both under steady-state and transient conditions. Using
the protection circuits and various controllers, it is possible to restrict over-current and
surplus DC-link voltage produced by the rotor during grid disturbance [3-4]. Besides, the
reactive power-injection system exceeds any reactive power deficit to improve the transient output of the DFIG based WT and to automatically align the rotor current and the DClink voltage [4]. In this paper work, twoPower
methods
are utilized to improve fault ride through
converters
capability of DFIG. The crowbar protection system is first employed to observe how the
machine performs during a grid fault condition and later on for better enhancement of
fault ride-through capability crowbar integrated with the BESS is analyzed. Figure 1(a)
indicates the variable-speed configurations with reduced-capacity converters [5] and Figure 1(a) described the system with the intended crow bar connections.
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(b)
Figure 1. (a) variable-speed system with dual converters

(b) Crowbar protection system

1.1. Related Work
Several researchers have employed various methods such as Crowbars, DC-Choppers, Series Dynamic Resistors (SDRs), Static synchronous compensator (STATCOM), Dynamic Voltage Restorer (DVR), Super Capacitors (SC), and Energy Storage Systems (ESSs)
to improve FRT capability [6-7]. To enhance FRT capabilities, the authors in [6] proposed
a crowbar protection method. When a fault occurs, a high stator and rotor current is generated, resulting in a high DC-link voltage. When the crowbar is engaged, it creates a lowresistance path that allows high currents to travel through it. However, because the rotor
side converter is blocked during crowbar activation, control over speed and torque is lost,
and torque is observed to fluctuate, causing mechanical stress on the drive train. Furthermore, when crowbar is turned on, the DFIG becomes a squirrel cage induction generator,
collecting reactive power from the grid and further weakening it. The authors in [7] recommend employing a crowbar in combination with additional protective mechanisms
such as SDR and SC for better enhancement of LVRT capability. The authors stated that
when the crowbar is activated inhibiting the RSC for safety purposes, the speed and
torque control of the machine is lost. Thus, by utilizing the crowbar with SDR it is possible
to maximize the operation time of the RSC, thereby reducing torque fluctuation. SDR can
also retain the current during disturbance and reduce the frequent use of crowbar. The
DC link-chopper is another LVRT safety circuit that is discussed in depth in [8]. DC-chopper is a resistance circuit linked in parallel to the DC-link capacitor. This braking resistor,
connected in series with the converter is used to maintain the DC-link voltage within acceptable operating voltage. However, after a fault, this method takes a longer time than
the crowbar protection system to disengage the converter and return to normal operation.
The authors in [11] have proposed DVR to mitigate sags, swells, and other power quality
issues there by improving the FRT mechanism. This approach, however, has the downside
of being costly, increasing the device complexity and expense while jeopardizing the reliability of the DFIG system. In [10], STATCOM is proposed in order to improve the performance of the machine during transient condition. STATCOM injects maximum reactive
current to stabilize the electrical grid, accelerating voltage recovery and maintaining voltage stability. Furthermore, it also can generate both lagging and leading reactive power.
However, STATCOM is quite expensive. The authors in [9] claim that the battery energy
storage system is critical for sustaining a steady DC-link voltage. When the produced
power taken from the wind system is more than the average power, it is frequently utilized to store energy at higher wind speeds. Furthermore, when the wind speed is lower
and electricity from the grid is necessary, the battery drains and supplies the required
power to the system, resulting in a constant DC-link voltage and a reliable and efficient
grid supply. The authors, on the other hand, overlooked the fact that BESS can only maintain the DC-link voltage and has no control over the currents. As a result, an extra protective mechanism is required to prevent currents from harming the power converters. This
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paper integrates the crowbar protection system with BESS for the crowbar to restrict the
currents from damaging the converters and for BESS to maintain the DC-link voltage constant. Furthermore, combining BESS with crowbar can eliminate the shortcoming of crowbar protection systems, which is the loss of control and the machine's failure to deliver
reactive power.
Table 1 Comparative analysis of different methods employed by to improve FRT capability

Ref

Methods

Merits

Demerits

[6]

Crowbar

Protects the power converter by
restricting the currents.

Control over torque is lost. DFIG do not
supply reactive power to the grid

[7]
[8]

Crowbar with
SDR and SC
DC-chopper

Maximizes the operating time of
RSC so control will not be lost
maintain DC-link voltage by dissipating excessive energy

voltage output in the protection scheme
was unsatisfactory.
the time taken for restoration is longer
than crowbar protection system

[9]

BESS

The DC-link voltage can be maintained constant

[10]

STATCOM

Support the voltage at the grid
terminal by providing reactive
power to the grid.

BESS can only maintain the DC-link voltage and do not have control over the currents
Higher cost

[11]

DVR

mitigate sags, swells, and other
power quality issues there by improving the FRT mechanism.

costly, increasing the device complexity
and expense while jeopardizing the reliability of the DFIG system.

1.2. Significance of the research
The main objective of this paper is to improve the FRT capability or performance of
the machine during transient condition. The proposed method to achieve the objective of
this work is crowbar integrated with BESS. Integrating crowbar with BESS eradicates the
drawback that the crowbar has and improves the performance of the machine. When using a merely crowbar, as already discussed in section 1.1, the control over torque is lost
and the machine does not deliver a reactive power to the grid. Thus, by combining the
crowbar with BESS the performance of the machine can be improved in such a way that
the BESS can maintain the DC-link voltage constant, provide reactive power to the grid,
reduces the torque fluctuation and restore control over torque more promptly.
2.

Fault Ride Through Capability Analysis of Wind Turbine with Doubly Fed Induction Generator

Fault ride-through capability refers to the capability of the generator to stay attached
to the grid during voltage dips and swells. When a transient failure incident occurs, LVRT
provisions mandate generation facilities to maintain contact to the grid network to provide post fault voltage [12]. The following sections describes the two FRT schemes used
in this paper to improve the transient response of DFIGs-based wind turbines.
2.1. Crowbar Protection
Crowbar is a protection mechanism used to protect the power converters against
high currents that arises due to grid faults by creating a low resistance path and by allowing the high currents flow through it [13]. Once the stator and rotor currents decay and the
power converters gain control of the machine, the crowbar is deactivated. In crowbar protection system, the activation timing of crowbar and the value of resistance is critical. To
fulfill the purpose of converter protection, the crowbar must be activated for an appropriate time [14]. When choosing the value of crowbar resistance, two major issues have to be
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considered. If a high value of resistance is selected, large peak of electromagnetic torque
will occur and with a low value resistance large currents are observed. Thus, appropriate
value of resistance must be selected. The main concern with this protection method however is that continuous use of the rotor crowbar causes loss of control over the torque and
the DFIG to operate as a squirrel cage induction machine and draw stator side magnetization. This results in a high-slip reactive power demand, which degrades stator voltage.
2.2. Battery Energy Storage System
During a fault, a voltage dip at the grid terminal prohibits the grid side converter
from transferring power to the grid. Thus, excess energy is deposited in the DC-link capacitor, resulting in DC-link overvoltage. To prevent this issue, BESS is integrated with a
crowbar to maintain a DC-link voltage constant [15]. Furthermore, the main drawback of
the crowbar system is that, while it protects the RSC by ensuring that high currents circulate through it, machine control is lost due to RSC inhibition, and the DFIG operates like
a squirrel cage induction generator, only absorbing reactive power from the grid, resulting
in grid voltage degradation. As a result, integrating BESS with crowbar protection is crucial since during a failure, the stored energy in the battery discharges, supplying power
to the GSC [16].
3.

Modelling of Doubly Fed Induction Generator

This section presents a dynamic model of DFIG-based wind turbine to gain full insight into the dynamics performance of the system and to design the control system in
any particular situations [17].
3.1. Dynamic Model of Doubly Fed Induction Generator
A dynamic model can provide the continuous performance of the variables of the
machine, such as torque, currents, and fluxes, under certain voltage supply conditions. In
that way, it is possible to identify dangerous behaviors, such as volatility or strong transient currents by identifying the transition from one state to another [18].
3.1.1.

α, β Model

For simplification purpose, it is essential to transform three-phase machines into twophase stationery, rotor, and synchronous reference frame as shown in Figure 2 [19].

Figure 2. Different reference frames to represent space vectors of the DFIM [19]

Stator and rotor voltage, stator and rotor flux, active and reactive power, and torque
in (α, β) is given as:

v s = R s i s +
vs = R s i s +

d s
dt
ds
dt

(1)
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d r
+ m  r
dt
d
vr = R r ir + r − m  r
dt

v r = R r i r +

(2)

 s = Lsi s + Lmi s
  s = Ls i s + L m i s

(3)

 r = Lmi r + Lr i r
  r = L m i r + L r i r

(4)

Ps = 1.5(vsi s + vsis )
Qs = 1.5(vsi s − v sis )

(5)

Pr = 1.5(vr i r + vr ir )
Q r = 1.5(vr i r − v r ir )

(6)

 Lm
Tem = 1.5 
 Lr Ls

(7)


 p Im  r .s 


Where, Vαs, VαR, VΒs, VΒr, Iαs, Iαr, IΒs, IΒr, and Ψαs, Ψαr, ΨΒs, ΨΒr are voltages, currents and flux
linkages of the stator and rotor in α, β axis respectively. Rs and Rr are the stator and rotor
resistances, Ls and Lr and Lm are the stator, rotor, and mutual inductance respectively, ωm
and ωs are the rotor electrical speed and the stator frequency, Ps, Pr, Qs and Qr are the active
and reactive powers of the stator and rotor of the DFIG in the (α, β) frames, P is the pole
pair of the machine and σ = (1 - Lm2) / (Ls - Lr) is the leakage coefficient.
3.1.2.

d-q Model

The stator and rotor voltage and stator and rotor flux in the d-q reference frame is
expressed as:

d ds
− s  qs
dt
d
vqs = R si qs + qs + s  ds
dt

vds = R si ds +

d dr
− r  qr
dt
d
vqr = R r i qr + qr + r  dr
dt

(8)

vdr = R r i dr +

(9)

 ds = Lsi ds + Lmi dr
 qs = Lsi qs + Lmi qr

(10)

 dr = Lr i dr + L mi ds
 qr = Lr i qr + L mi qs

(11)

Where, Vds , Vdr , Vqs , Vqr , i ds ,i dr ,i qs ,i qr and  ds ,  dr ,  qs ,  qr are voltages, currents, and
flux linkages of the stator and rotor in the d-q axis.
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4.

Control System for Doubly Fed Induction Generator

The control strategy utilized in this study for controlling DFIG is vector-oriented control in the synchronous reference frame. It has numerous pros such as a good dynamic
response, robust to parameter variation and measurement noise, and a set switching frequency [20-21].
4.1. Rotor Side Control
The RSC has the ability to control the active and reactive power separately by regulating the rotor current. The direct rotor current is aligned with the stator flux orientation
as shown in Figure 3 which enables the active and reactive power control by regulating
the d-axis and q-axis rotor current [20].

Figure 3. Vector control of the d-q reference aligned with stator flux space vector [21]

The flux, current and voltage in d-q axis is given as:

 ds =  s = i ds Ls + i dr L m
0 = i qs Ls + i qr L m

i ds =

(12)

1
( s − L mi dr )
Ls

i qs = −

 dr =

Lm
i qr
Ls

(13)

Lm
 ds + L r i dr
Ls

 qr = L r i qr

Where,



is

(14)

(1 −

Lm 2
)
Ls

In the absence of a small drop in stator resistance, the voltage of the stator and the relationship between the voltage of the rotor and the current can be expressed as follows:

vds = 0
vqs = vg = s  s

d
i dr
dt
d
v qr = R r i qr + r L r i dr + L r i qr
dt

(15)

v dr = R r i dr − r L r i qr + L r

(16)
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The stator active, reactive power and the electromagnetic torque can be written as:

Ps = −
Qs =

3L m
(vqsi qr )
2Ls

3vqs
2Ls

(17)

( ds − L mi dr )
(18)

3 L
Te = − p m ( dsi qr )
2 Lm

(19)

The rotor angle is obtained from (20)

v 
v = tan −1   
 v 
s = v − 900
r = s − (p.m )elec

(20)

4.2. Grid Side Control
GSC is used to control the DC-link voltage and provides reactive support to the grid
as demanded by the grid codes [18]. A voltage-oriented vector control is utilized for the
control of the machine. The d-axis rotor current is used to regulate the DC-link voltage
and the q-axis current is used to regulate the reactive power [21].
The balance across the inductor is as follows:

 vag 
i ag 
i ag   v ag _ conv 
 
 

d  
 v bg  = R g i bg  + Lg i bg  +  v bg _ conv 
dt   
v 
i 

 cg 
 cg 
i cg   v cg _ conv 

(21)

Where, i ag ,i bg ,i cg indicates the three-phase grid-side converter currents, v ag , v bg , v cg
are the three-phase grid voltages, v ag _ conv , v bg _ conv , v cg _ conv are the three-phase
grid-side converter voltages,

R g and Lg are the inductor resistance and inductance re-

spectively.
Converting the three-phase in to two phase stationary and rotating reference frame ( , 
and d-q)

v g = R g i  g + L g
v g = R g i  g + L g

di g
dt
dig
dt

+ v g _ conv
+ vg _ conv
(22)
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vdg = R gi dg + Lg
vqg = R gi qg + Lg

di dg
dt
di qg
dt

− e Lgi qg + v dg _ conv
+ e Lgi dg + v qg _ conv
(23)

Where, v dg , v qg are the grid voltages in d-q axis,
converter voltages in d-q axis,

v dg _ conv , vqg _ conv are the grid-side

i dg ,i qg are the grid-side converter currents in d-q axis,

e is the electrical angular velocity of the grid voltage.
The active and reactive power is expressed as:

Pg = 1.5 ( vdgi dg + vqgi qg )

Qg = 1.5 ( vqg i dg − vdgi qg )

(24)

The angular position of the supply voltage is computed as follows:

v 
e =  edt = tan −1  g 
 vg 

(25)

4.3. Maximum Power Point Tracking Control
At the point when the wind speed is over the cut-in speed and below the rated
speed, the speed control is fundamental as it ceaselessly adjusts the speed of the rotor to
sustain the tip speed ratio steady at the level that provides ideal power coefficient and
high proficiency. The speed control strategy used in this work is indirect speed control.
The indirect speed control relies upon the association between the electromagnetic torque
and the angular velocity [22].
5. Results and Discussions
This section presents a simulation analysis to evaluate the performance of DFIG during three phase symmetrical fault conditions. During a failure condition, simulation
results are first assessed with just a crowbar protection, and then with a crowbar combined
with BESS to enhance the operational performance of the machine and meet grid code
criteria.
5.1. Under Grid Fault Condition with the Crowbar
The subsequent section presents how DFIG operates during three-phase symmetrical fault condition with crowbar protection system employed.
5.1.1.

RSC Under Grid Fault Condition with Crowbar Protection System

As depicted in Figure 5 (a), the voltage dropped to 0.1 pu and remained at that
level for 150 ms. When the voltage drop is identified, the crowbar protection is triggered
for 100 milliseconds to block RSC by enabling the high currents to travel through the
crowbar and protect the converter against excessive currents. Figure 5 (c, d, e) illustrates
that the high stator and rotor currents flows through the crowbar. The torque and flux, as
illustrated in Figure 5 (b, f), are impacted by the grid fault. The flux and the torque are
observed to be reduced to zero. In Figure 5 (b), it is recognized that the torque does not
reach the reference value even after the error has been removed. This is due to the fact
that when the crowbar is activated, torque control is lost and up to 5 sec the torque control
is not recovered. Once the flux and torque return to its rated value and the converter control is gained, the crowbar is deactivated. The d-axis and q-axis rotor current is shown in
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Figure 5 (g, h). When a dip occurs, increasing d-axis rotor current, as required by grid
code, will gradually supply reactive power via the stator. However, no reactive power can
be achieved during the activation of crowbar as the crowbar blocks the RSC. Consequently, reactive power is delivered through the stator only after some time (2.14 seconds).

(a) Stator voltage

(b) Torque

(c) Stator current

(d) Rotor current
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(e) Crowbar current

(f)

Stator flux

(g) Rotor current (d-axis)

(h) Rotor current (q-axis)
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(i)

Rotor speed

Figure 4. Performance of DFIG with crowbar at RSC

5.1.2.

GSC Under Grid Fault Condition with Crowbar Protection System

Due to the restricted value of the rotor voltage that the power converter generates, the GSC loses its capacity in the event of a malfunction. Through the use of the protective mechanism at time the control is lost, the performance of DFIG at the GSC is assessed. Figure 6(a) shows how the grid current after activation of the crowbar is kept constant. Figure 6(b) indicates that no energy is transmitted to the DC-link capacitor when
Crowbar is activated and hence the DC-link voltage drops. However, the DC-link voltage
is found to be back into stable condition once the crowbar is disabled and the fault is removed. After the fault clearance the grid current across d-axis and q-axis as shown in
Figure 6 (c, d) remains at its nominal value.

(a) Grid current

(b) DC-link voltage
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(c) Grid current (d-axis)

(d) Grid current (q-axis)
Figure 5. Performance of DFIG with crowbar at GSC

5.2. Under Grid Fault Condition with Crowbar Protection Integrated with BESS
Although the crowbar protection system is critical for securing the converters, it
has some drawbacks. The negative aspect of the crowbar system is that, while it protects
the RSC by ensuring the high currents flow through it, machine control is lost as a consequence of RSC inhibition. Besides, the DFIG acts like a squirrel cage induction generator,
only absorbing reactive power from the grid, resulting in grid voltage degradation. As a
result, BESS implementation is vital since, in the event of a loss, the stored energy in the
battery discharges, powering the GSC.
5.2.1.

RSC Under Grid Fault Condition with Crowbar Protection Integrated with BESS

By incorporating BESS with Crowbar, the BESS ensures that control over the machine is not lost. When the crowbar is enabled, speed and torque control is lost because
the crowbar blocks the RSC. As seen in Figure 7 (c, i), once the BESS is merged with the
protection system, after some time, the speed observed to return to its normal operation.
Following the reference value, the torque is also retained at its nominal value. As displayed in Figure 5 (g), raising the direct current provides for reactive power only after the
crowbar was disabled. However, when BESS is integrated with crowbar, as depicted in
Figure 7 (d), even with crowbar protection stimulated, BESS allows reactive power to be
supplied via the stator, which improves the performance of the machine. Figure 7 (b, f, g)
indicates how the high value of stator and rotor current enters the crowbar.
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(a) Stator voltage

(b) Stator current

(c) Torque

(d) Rotor current (d-axis)
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(e) (Stator flux

(f)

Crowbar current

(g) Rotor current

(h) Rotor current (q-axis)
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(i)

Rotor speed

Figure 6. Performance of DFIG with crowbar integrated with BESS at RSC

5.2.2.

GSC Under Grid Fault Condition with Crowbar Protection Integrated with BESS

The battery, following a power converter, aids in maintaining a constant DC bus
voltage. Figure 8 (a, b) depicts that the grid current and DC-link voltage is nearly constant
owing to the BESS. In Figure 8 (c), the grid current across the d-axis, which is in charge of
regulating the DC-link voltage, is also shown to be constant. Figure 8 (d) illustrates that
the grid currents across the q-axis remain stable.

(a) Grid current

(b) DC-link voltage
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(c) Grid current (d-axis)

(d) Grid current (q-axis)
Figure 7. Performance of DFIG with crowbar integrated with BESS at GSC

5.3. Comparative Analysis of the Results
This section provides a thorough comparison of various parameters at the RSC
and GSC with the crowbar protection mechanism, and crowbar integrated with BESS.
5.3.1.

Comparative Analysis at RSC

A detail comparison of various parameters observed at RSC with the crowbar
protection system, and crowbar incorporated with BESS is performed. Figure 9 illustrates
various parameters at RSC which were used for comparative purposes. A distinct number
is assigned to each figure in order to differentiate it. The parameters with the crowbar
protection system are denoted by ‘1', and the parameters with the crowbar integrated with
BESS are denoted by ‘2'. Figure 9 (a1, and a2) demonstrate the torque value with a crowbar
protection, and crowbar integrated with BESS. Sub Figure (a1) displays that with the
crowbar activated, even though the fluctuation of torque is minimized, control over
torque is lost, and the torque takes time to follow the reference value even after the crowbar is deactivated. With the activation of crowbar, the value of torque is zero and it takes
more than 5 sec for it to recover. However, in sub Figure (a2), the torque fluctuation is
lowered to a considerably lower value, and the torque is likewise observed to restore to
its nominal level after 3.4 seconds. The torque is observed to return to nominal value after
3.2 sec. Sub Figures (c1, d1, f1) and (c2, d2. f2) demonstrate that when the crowbar is activated, high currents flow through it. As a result, the converters are shielded from large
currents caused by faults. In sub Figure (e1), it is proven that rising rotor current across daxis to 1100A supplies reactive power to the grid; however, it is also noted that reactive
power is given to the grid only after the crowbar is deactivated (i.e. 2.14sec). With a BESS
integrated with crowbar, as shown in sub Figure (e2), the machine is observed to be delivering reactive power the instant the fault occurs at the grid terminal, which is 2 seconds.
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Figure 8: Comparative analysis at RSC

5.3.2.

Comparative Analysis at GSC

Figure 10 depicts a comparison of various parameters at GSC with a crowbar
protection system, and crowbar merged with BESS. Sub Figure (a1, and a2) demonstrates
the current at the grid side converter. In sub Figure (a2) the current at the grid terminal
returns to normal around 2.6 seconds which is faster restoration than the crowbar protection. Sub Figure (b1) demonstrates that when the crowbar is utilized to the system, the dclink voltage drops to a low level (775v). This is due to the fact that the crowbar prevents
all energy from passing through the DC-link capacitor causing the DC-link voltage to
drop. The lower value of DC-link voltage (775v) will result in power instability at the grid
as the GSC can only supply less power stored in DC-link to the grid. Thus, in order to
improve power stability, the DC-link voltage must be maintained constant.
In sub Figure (b2), with BESS combined with crowbar, the DC-link voltage is shown to
remain at its nominal value (1150 V) with a small variation, and these fluctuations, which
are totally removed after 2.5 sec, are not high enough to harm the power converters. As
illustrated in sub Figure (c1), the d-axis grid current is observed to reduce to a value of 350A when the crowbar protection system is applied to the system and kept fluctuating
even after crowbar is deactivated. Sub Figure (c2) depicts the current across the d-axis
fluctuates for few seconds but later after 2.7second it is shown to settle down to its nominal
value which is zero. Thus, with the proposed method (crowbar integrated with BESS) it is
observed that fault ride through capability is enhanced.
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Table 2 comparative analysis of the result

Crowbar protection
Parameters

Crowbar integrated with BESS

Values and settling time

DC-link voltage

Voltage reduced to 775v and recovers
after 3.45seconds

Voltage is maintained at 1150 with
few fluctuations. Settles at 2.9 seconds
The fluctuation of grid current reduces and settles down to nominal
value after 2.9 seconds

Grid current across the
d-axis

The grid current kept fluctuating between -350 and -200 and even after 4.5
sec it does not settle down to its nominal value.

Rotor current across daxis

Due to the activation of crowbar DFIG
do not supply reactive power for
140ms. It can only supply after 2.14
seconds

Reactive power is provided to the
grid at 2 seconds until the voltage
completely recovers which is 3.65
seconds

Torque and speed

Control over the torque and speed is
lost and didn’t return to nominal
value after 5 seconds

Fluctuation of the torque is reduced
and the torque control recovers after
3.3 seconds. The speed also recovers
after 3.5 sec.

The comparative analysis of the result is shown in Table 2. As a result of the comparison analysis, the suggested protection system outperforms the crowbar in terms of fault
ride through capability. FRT capability refers to the ability of generator to stay connected
to the grid even when there are faults. In this analysis the proposed method performs
better in riding through the fault and safeguarding the machine from harm. For instance,
the settling time for DC-link voltage using simply a crowbar protection system is 3.45
seconds, whereas the settling time utilizing the suggested technique is 2.9 seconds. This
implies that the system rides the fault quickly and preserve its nominal value. As a result,
the suggested technique outperforms relying just on the crowbar protection mechanism.
6.

Conclusion

A severe grid terminal fault causes reduced stator and rotor flux, increased stator and
rotor current, which may influence the converter, DC-link overvoltage, and torque fluctuation, which increases mechanical tension. In order to solve this issue, the crowbar protection is integrated with BESS. The proposed scheme is contrasted to a crowbar to
demonstrate the effectiveness of the outcome. The use of a crowbar protects the power
converters from being damaged by the high stator and rotor currents. However, since it
blocks all energy, the dc-link voltage drops to 775 volts. The lower the voltage, the more
power instability there is on the grid. Furthermore, the simulation results show that when
the crowbar protection mechanism is used, the machine does not provide reactive power
to the grid. Reactive power is provided by raising the rotor current across the d-axis only
after 2.14 seconds. As a result, to address this problem the proposed approach is utilized.
The new approach was demonstrated to increase the performance of the machine over the
previous one (crowbar). The DC-link voltage is nearly steady (1150v), the stator and rotor
currents are regulated to appropriate levels, and the reactive power is fed to the grid by
raising the current at the d-axis to a value of 1100A, as shown in the simulation results. At
the instant the fault occurs, which is at 2 seconds, the machine is shown to deliver reactive
power to the grid. As a result, merging crowbar protection with BESS enhances machine
performance by quickly riding through faults, maintaining DC-link voltage constant, and
delivering reactive power to the grid.
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Appendix A
Table A: Wind Turbine and Controller parameters
Parameters

Values

Rated Power

1.5MW

Number of Pole Pairs

2

Rated Stator Line-to-line Voltage

690V

Rotor voltage of open circuit

1650V

Rated Stator Current

1110A

Frequency

50HZ

Rated speed

1800rpm

Speed range

1000-2000rpm

Cut-in speed

3.5m/s

Rated speed

12m/s

Cut-out speed

25m/s

Cpmax.

0.4865

Lambda opt

8.1

Rated Slip

0.2

Inertia

67

Gearbox ratio

94.7

Blade length

37m

Rotor diameter

77m

DC-link voltage

1150V

Kp_ir

2.2037

Kp_ig

0.3642

Kp_wn

5360

Ki_wn

21440

Kp_vdc

-1000

Ki_vdc

-300000

Kpg

0.0012

Kqg

-0.0012
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