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Abstract: A significant electromotive force is induced in the rotor circuit of a doubly fed induction generator
(DFIG) due to its high vulnerability to grid faults. Therefore, the system performance must be increased with
appropriate control actions that can successfully offset such abnormalities in order to provide consistent and
stable operations during grid disturbances. In this regard, this paper presents a solution based on a
combination of an energy storage-based crowbar and a rotor-side crowbar that makes the effective transient
current and voltage suppression for wind-driven DFIG possible. The core of the solution is its ability to restrict
the transient rotor and stator overcurrents and DC-link overvoltages within their prescribed limits, aiming to
protect the DFIG and power converters, and consequently, improve the system” ability to ride-through faults.
Further, the capacity of an energy storage device for transient suppression is estimated. Finally, simulation
results show that the proposed approach is effective in achieving transient control objectives precisely and
maintaining a stable grid connection during the faults.

Keywords: wind turbine system; doubly fed induction generator; low-voltage ride-through; active
crowbars

1. Introduction

With an increased interest in achieving the electrical energy requirements from renewable
energy sources, massive integration of wind power is rising worldwide. However, at the same time,
it has opened new research areas in respect of successful integration of wind-power plants (WPPs) to
the electrical power network [1], stable system operations [2], and to assist the grid during transients
[3]. Thus, the improved system reliability can be achieved if the WPPs continue to be coupled to the
grid during grid disturbances and assist transient voltage suppression. This has compelled many
power companies to updates their grid codes on account of grid integration and operation of the
wind turbines (WTs) [4]. Among them, the main concern is the successful implementation of the low-
voltage ride-through (LVRT) ability of the wind-power systems [5].

Significant developments in high efficiency and reliability have been achieved since the variable-
speed concept emerged in WT operations [6]. Presently, doubly fed induction generators (DFIGs) are
the widespread choice for wind-turbine-generators (WTGs) due to flexible speed operation, high
efficiency, and low-rating converters [7]. A DFIG is highly prone to grid disturbances because of
having a direct connection to the grid via its stator circuit. Due to low rated rotor-side converter (RSC)
and DC-link voltage restrictions, the rotor circuit experiences a significant electromotive force (EMF)
during faults [8]. Thus, it is anticipated that the wind-power converters (i.e.,, RSC and grid-side
converter (GSC)) will experience overcurrents that induces transient overvoltages in the DC circuit
that links them.

To enable the WPPs to successfully ride-through grid disturbances, many power companies
have updated their grid codes. Exhaustive efforts have been made to ensure this, and several
solutions have been provided to boost the LVRT potential of the DFIG-based wind-energy conversion
systems (WECSs). To highlight the contributions of the present study, it is therefore, necessary to
present a critical analysis of the start-of-the-art techniques proposed for the successful handling of
LVRT. The conventional vector controls are incapable of properly controlling the DFIGs under grid
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faults because a sizable EMF caused by voltage dips may initiate substantial transient currents in the
RSC and the DFIGURE Besides, the stator-natural flux caused by grid-voltage dips declines
sluggishly with typical vector controls, lengthening the transient process.

Several studies are available in literature that provided various technical solutions to deal with
the power-system stability problems and improve the LVRT capability of DFIG-based WECSs. These
solutions can largely be divided into two subgroups: (1) improved control structures for DFIGs and
(2) enhanced external hardware-based solutions. Numerous modified control schemes have been
presented in [7,9-20] such as feedforward current-references control [7], flux-linkage control [9],
demagnetization control [10], modified controls for RSC [11], flux magnitude and angle control [12],
sliding-mode control [13,14], negative-sequence current regulation [15], an enhanced reactive power
support [16], and an improved control design for wind-power converters [17]. A double impedance-
substitution control approach to expand the LVRT capability of a DFIG was suggested in [18]. A
study of the transient stability of DFIG-based WT system was presented in [19], in which phase-
locked loop and current control loops were considered. Lyapunov’s methods were used to examine
the stability of the system. The authors of [20] proposed a method in reference to feedforward control
loops to alleviate the negative effects of transient rotor currents and stator voltages on DFIG during
grid disturbances. The improved WTG controls performed effectively in suppressing the transient
currents and voltages of the DFIG and the power converters, in addition to accelerating the flux-
decaying process so as the transient phenomenon can be short.

Modern WTs most frequently include assisting hardware, like crowbar protection [8,21,22], to
mitigate DC-link voltage variations. Presently, the application of fault-current limiters (FCLs) such
as an inductive bridge-type FCL [23] and a capacitive bridge-type FCL [5,24-26], has attracted special
attention as a prospective solution for LVRT enhancement. Other hardware applications, such as a
STATCOM [27], an energy storage device (ESD) [22,28], and a dynamic voltage restorer [29], have
also been recommended. To overwhelm the negative-sequence voltage during faults, the authors of
[30] developed a control scheme based on an active voltage equalization dynamic control. An
analytical method based on the fault current characteristics to handle the ride-through capability of
DFIG was established in [31] in which a switching mechanism between RSC control and crowbar was
proposed.

Under serious grid faults, large transient rotor overcurrents are generated, which also flow into
the DC-link, rendering the DFIG uncontrollable. The decoupled control of the RSC and GSC may be
destroyed by the DC-link voltage fluctuations. Further, large fluctuations in the electromagnetic
torque will be originated. These undesirable effects may result the failure of mechanical and electrical
components, as well as may disastrous for safe system operation and worsen the power quality.

To accommodate the massive integration of wind energy successfully, suitable changes in the
system and its control mechanism are required. Concerning this, the authors intended to establish a
control design based on employing active crowbars, embedded into the WTG controls that can
facilitate improved system performance during transient conditions and could ensure stability and
quality operations.

The ultimate objectives of this study and the proposed technical solutions to achieve them can
be classified into two sets and are briefly stated as follows: Enhancing the LVRT operation of a DFIG
by developing control schemes based on auxiliary crowbar controls. To limit the transient rotor
currents, an active crowbar at the rotor-side is designed, in which a set of resistors is paralleled with
a rotor circuit breaker (RCB) and are connected to the RSC. At the DC-link, another crowbar
comprises an ESD, a battery in this study, is proposed and inserted in parallel to it. The proposed
combined control scheme of active crowbars effectively enhanced the DC-link behavior in support of
the grid during faults.

The contributions of this study are as follows:

o  Efficient and effective control schemes based on crowbar controls were designed to cater to the
transient effects of rotor current and DC-link voltage throughout grid instabilities, strengthening
the LVRT capability of the DFIG and improving the transient performance of the system.
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e  The proposed method is a promising solution for realizing the LVRT capability, owing to its
ability to mitigate the transient effects in generator electromagnetic torque. Moreover, the
proposed design is suitable for wind-energy systems due to its the practical implementation.

The rest of the paper is organized into six sections. Basic explanation of the wind-driven DFIG
system is presented in Section 2. A comprehensive mathematical modeling and analysis of a DFIG is
reviewed in Section 3. Exhaustive mathematical formulation, designed procedures, and evaluations
of the proposed control schemes are provided in Section 4. The capacity estimation of ESD required
for LVRT is provided in Section 5. To examine the performances of proposed control schemes,
simulation studies for a 1.5 MW DFIG system are presented and addressed in Section 6. Further, a
comparison of the proposed scheme with the DC-chopper is performed. Finally, the paper is
concluded in Section 7.

2. Overview of a DFIG-WT System

A comprehensive diagram of a DFIG-based WT system is shown in Figure 1. It comprises a WT,
a DFIG, a coupling transformer, an RSC, a DC-link circuit, a GSC, and an allied control structure.

Doubly-fed Stator

Induction Generator Circuit Breaker Coupling .
- Transformer Grid

.

Rotor (
Circuit Breaker!

Controller Controller

Figure 1. Overall diagram of a DFIG-based WECS.

As previously mentioned, the stator winding of a DFIG is directly coupled to the grid through a
transformer and a circuit breaker. Whereas, the rotor winding is indirectly connected via power-
electronics converters.

3. Modeling and Analysis of a DFIG

Before discussing the proposed scheme designed for suppressing transient currents and voltages
and improving the LVRT capability of the DFIG, it is advantageous to establish the key aspects of the
modeling of the DFIG and to emphasize both its steady-state and transient behaviors from the control
point of view.

3.1. DFIG Dynamical Model

The dynamical behavior of a DFIG under steady-state conditions is investigated using Park’s
transformation, and for convenience, all parameters are stated to the stator side. For both stator- and
rotor-current space vectors, the motor convention is adopted. Synchronous reference frame (SRF) is
used to describe the dynamical model of a DFIG, and the formulations for voltage and flux-linkages,
expressed as complex vectors, are described as [32-34].

_od _
=—y, +jo 1
VS dt WS J SWS (a)
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v,=R,z,+Ej+j(a)s—a),)z/7, (1b)

W, =L +L,i (22)

W, =Li +L, (2b)

L=L+L, , L=L+L , 0,=0-0 3)

Whereas, vs and vr are the stator voltage and rotor voltage, respectively; is and ir are the stator
current and rotor current, respectively; 1s and ¢ are the stator-flux linkage and rotor-flux linkage,
respectively; Rr is the rotor resistance; Ls and Lr are the stator and rotor inductances, respectively; Li
and Li are the stator- and rotor-leakage inductances, respectively and ws, @r, and ws are the electrical
angular frequency, rotor angular frequency, and slip frequency, respectively.

The stator winding resistance (Rs), which is usually negligible in large-scale grid-connected
DFIGs, can be neglected. The stator voltage equation (1a) consequently becomes

ood
v\‘:_wﬁ‘-’_]a)SWS 4
= (4)
The stator voltage predominantly determines the stator-flux linkage, according to (4). Now,
efforts are made to establish A direct relation between stator- and rotor-fluxes is now being
developed. In this context, from 2(a)

= ©)

Substituting (5) into (2b), the expression for the rotor-flux linkage is
L = L
y =2y +oli ;,0=1—-—2 6
l//r L yjs r r} Ler ( )

s

In (6), o being the leakage coefficient. The rotor voltage (1b) in the SRF can also be expressed as

v —L—’"(ilﬁ + ’swy7)+Rf+aL (i+ ‘swjf
r L dt’ S ] s s rr r dt ] s r

s

?)

é, U
From (7), it is clear that the rotor voltage might be separated into two terms: (1) er is the rotor
EMF caused by the stator-flux linkage, and (2) Ur: is the voltage drop across the rotor transient

inductance (0Lr) and the rotor resistance. Based on (7), it is possible to realize the equivalent model
of the DFIG from the rotor-side, which is illustrated in Figure 2.
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Figure 2. Equivalent model of DFIG from the rotor-side.
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3.2. Steady-State Analysis of DFIG

Since the stator-flux linkage in the SRF is constant, the transient process of the flux under normal
operating conditions. The rotor EMF can therefore be simplified to

é —L—’” NOR
P =IOV, (8)

s

From (4), the analytical expression for the stator voltage will be given by
v, =0y, ©)

Putting (9) into (8),
e Ly sV
P=7 (10)

The amplitude of the rotor EMF is given by

=2sV
7 s (11)

s

E

r

Here, V; is the rated stator voltage. From (11), it is clear that er is proportional to slip (s), which
varies between -0.3 and 0.3. According to (11), it is obvious that the rotor EMF amplitude under
normal conditions is quite small and at most 30% of the specified stator voltage. Thus, it will provide
about 30% output of the generator rating; however, some safety margin must also be considered.

3.3. Transient Analyses of DFIG

This subsection discusses into extensive depth about the transient analyses of a DFIG under grid
faults (i.e., symmetrical and asymmetrical). After a grid disturbance, the stator-flux behaviors after a
grid fault can be segmented into its positive-sequence, negative-sequence, and transient components
as

—

l)”x = l/7sp + l/7sn + l)ﬁsdc (12)

3.3.1. Symmetrical Grid Faults

The stator-flux linkage will include a transient component in the case of symmetrical fault and

is given by
l/7s — (1 _.d ) Vs + st e—t/z;e—ja)xt
J O J @ (13)
Ve Vde

In (13), d is the voltage dip level and 7 (=Ls/Rs) is designated by the stator time constant of the
flux linkage. Equation (13) can be decomposed into two terms: the positive-sequence component (Wsp)
and the other is the dc (natural) component (W), which decays with 7s. The negative-sequence
component (Ws:) will not exist in case of a symmetrical fault. Then, according to (8), the transient rotor
EMF generated by the stator flux under symmetrical faults can now be represented by

N Lm —tlt, —jot
é =L—[s(1—d)Vs—(1—s)ste T ] (14)

I
s

It is obvious that the preliminary magnitude of transient EMF during under grid faults is
comparatively larger than its normal value. Thus, the extreme amplitude of the transient rotor EMF
is given by
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£,

Considering the most serious scenario of a maximum voltage dip (4 =1) and s =-0.3, the starting

L
oo =V [Il(1=d) = (1=5)d ] (15)

s

strength of the rotor EMF during symmetrical faults can be approximated by using (16)

E

r

Lm
max —sym ~1.3 ZVs (16)

which is several times higher than its normal value and far exceeds the DC-link voltage from its
rated value. The DC-link voltage will continue to surpass during serious grid voltage dips unless the
Psic does not decay to some specific extend.

3.3.2. Asymmetrical Grid Faults

Based on the above analysis, it is understood that the stator affects the dynamic behavior of the
rotor by injecting an EMF by the stator-flux linkage. The stator-flux linkage will also have negative-
sequence components in case of asymmetrical faults. Expanding the expression (12)

Y, V. :
P, = =ty e (17)
J —J @,

In (17), Vg and Vi represent the amplitudes of the positive- and negative-sequence components
of the stator voltage, respectively. Wi is the amplitude of the initial stator dc flux, and its value is
determined by the angle (p¥) between the Wy and Wsu., The initial dc flux for asymmetrical grid
faults differs from symmetrical grid faults in that it relies on the fault type and the time of occurrence.
This induced dc component has the maximum value for ¢W = 1t and no dc component appears if ¥
= 0. Transforming (17) into the stationary rotor-reference frame, then

V ) V ) —t[LJrjw,,j
e L (18)
ja)s _ja)S
From (18), the expression of the rotor EMF can be substituted as:
L, d L . oer 1 (o)
el =——yl =5V & +(2-5)V e TV - —+ jo. ¥, e " 19
l; LS dt l//s Lx sp ( ) sn TS J [ Wsdc ( )

The term (1/ ts) can be ignored due to the large time constant of the stator flux. Considering the
most serious scenario, i.e., phase-to-phase fault and the worst condition of a full voltage dip (d =1,
@Yo =), Wac is given by

Ve = £ 20
sdc ]a) ( )

s

The amplitudes of the Vi and Ve will be

-2
2

Substituting (20) and (21) into (19), the rotor EMF caused by the stator flux during asymmetrical
faults will be expressed as

V

sn

Ve,

= EVS (21)

I .
—+jo,

&= i_m 0.55V,e" +0.5(2—5)V,e /% —(1-5) eit[’s ) (22)

r
s
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The positive-sequence, negative-sequence, and transient components are related to s, (1-s), and
(2-s), as can be seen from (22), respectively. Thus, the peak magnitude of the rotor transient EMF is
given by

7 Imax

= Loy [05)[+0.5(2-5)~(1-5)] )

s

Considering the worst scenario when s = 0.3, the initial amplitude of the rotor EMF can be
approximated by using (24)

I3

L
~2.6-2,
. (24)

s

max—asym

Obviously, the rotor EMF’s initial amplitude is high under asymmetrical grid faults, mainly as
a result of its negative-sequence component. Based on the above analysis and from (16) and (24), it is
simple to realize that the deepest asymmetrical fault (phase-to-phase) is far more pronounced
compared to the symmetrical fault of the same voltage dip level.

4. Proposed Control Schemes

This section explains the proposed control scheme developed for the improved transient
performance of the DFIG. As was stated in Section 1, the objectives of this study are to improve the
ride-through operation of the DFIG by lowering transient rotor and stator currents, reducing
electromagnetic torque oscillations, and improving DC-link voltage response. In this context, a
combined control of active crowbars employed at the rotor-side and DC-link is proposed. Detailed
theoretical explanation, designed procedures, mathematical formulations, and analyses of each active
crowbar control scheme are provided in this section. A detailed explanation of control systems for
RSC and GSC is here not included for conciseness; however, it can be found in [1,11,17]. The focus of
this study is to investigate the impacts of active crowbars on the transient performance of the wind-
driven DFIG system.

4.1. Proposed Control Scheme for LVRT Enhancement

The following subsections provide a detailed discussion and design of the proposed control
strategies intended to facilitate the ride-through operations of the DFIG during grid faults. The
primary objectives of an LVRT control strategy are to protect the RSC from transient currents and
DC-link from overvoltages. The requirements for the successful implementation of the LVRT strategy
are as follows:

|lr| S 151r rated ® is S 1519 rated
’ ’ (25)
0.85V,,_,,, <v, <115V,

A combination of an active crowbar at the rotor-side and other parallel to DC-link is proposed
and implemented in the next subsections to satisfy the aforementioned requirements (25) for LVRT.

4.1.1. Control Structure of Crowbar at Rotor-side

Crowbar protections are designed and put into place to safeguard the RSC from overcurrents.
The crowbar is activated by isolating the RSC [21] when an aberrant situation is detected; its
functionality effectively reduces transient rotor currents. Crowbar activation results in the loss of the
controllability of the DFIG since it short-circuits the rotor windings during grid faults to limit the
transient current. In this situation, the DFIG receives reactive power from the grid that results DC-
link overvoltages. Furthermore, the reduced capacity of the RSC is a key obstacle, which can handle
a limited transient current.

A parallel combination of the RCB and the rotor-crowbar resistors (RCR) is put in series between
the DFIG’s rotor and the RSC. During the steady-state operations, the RCB is connected to the circuit.
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However, in case of a fault, the control system turns off the RCB and the rotor current starts to flow
via Rrer to limit the fault current. The benefit of this setup (see Figure 3) is that it allows for
interrupted control of the DFIG even when the operating conditions are abnormal. To determine the
value of Rrcr, the following expression is used.

Rpcp = 1R, (26)

Here, 1 is a multiple of Rr. The Rrcr should be carefully chosen as it has a direct impact on DFIG’s
transient performance. It should be high enough to prevent the RSC current from exceeding its limits;
however, selecting too large a value may increase the transient rotor voltage beyond its acceptable
range and can cause huge ripples in the DC-link voltage. Therefore, a suitable selection of this
resistance is important. According to [35], ‘n’ can be selected between 20 — 50. The total rotor
resistance (Rrtans) during the fault becomes

R

r—trans.

= Rr + RRCR = Rr + nRr = Rr (1 + n) (27)
In this context, the transient rotor time constant during fault will be

7’-rfl‘r./,um‘. = — (28)

r—trans.

Here, Lr-trans. is the transient rotor inductance and is given by (29).

L L
L, s =L, + m (29)
Circuit
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\ | AC // |
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Figure 3. Schematic of the crowbar control system at rotor-side.

4.1.2. Control Structure of Crowbar at DC-link

The active-power regulation of the system is the ultimate objective of integrating the ESDs [22],
however that is outside the focus of this study. This work is limited to the application of an ESD for
improved transient performance of the generator, and it is already available in literature [22,28]. In
this paper, a battery is taken as an ESD. The schematic is presented in Figure 4, which comprises a
DC-DC converter and a battery model. The ESD can provide power to the DC-link based on the
voltage at the grid side. The type and control scheme of a battery-based ESD affects how well it
performs for LVRT enhancement during grid faults. The authors used a battery model from
MATLAB/Simulink library.
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Figure 4. Schematic of DC-DC converter.

A switching function for activating the switch S1 is defined as

Fo=1 , v, <090V, .,
‘ (30)
F,=0 , v, >095V, .,
A switching function for activating the switch S1 is defined as
RSC | GSC ave N,
(mmmmng, DClink o Signal A
' /1 l /1
[ AC /| | DC 2 W 4+
I / I — I / | ) g
| / T | / | et Close 9
(R | (R | ® | Signal
| / DC | | / AC | < - -
17 : l L7 ) 1
RDC

=]

The schematic of the crowbar control structure at the DC-link is shown in Figure 5. It has two
cascaded PI regulators for voltage and current controls, which tracks, respectively, the DC-link
voltage (vic) and ESD current (ivet). The ESD manages the DC-link voltage and regulates the voltage
variations by being charged and discharges to guarantee a consistent DC voltage. The current
regulator’s output is compared with the carrier waveform (i.e., repeating sequence of triangle
waveform). When exceeding the compared waveform, the output is sent to the switch S1, if Fs =1.

ON 50.3 Output =-1
“|OFF 503 Output =0

S1

|
. | .
! -
! , @ E\ EClose Signal
PN\ Y
] B .
@—i— 'Close Signal : i

ON 503 Output=—1
" |OFF 503 Output=0

Figure 5. Schematic of the crowbar control system at DC-link.
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The proposed control scheme also realizes the battery-charging process when both the two
conditions are met.

F =0 , 0, <98% (31)

N

However, the process can be interrupted at any stage. For a fully-charged battery, the state-of-
charge will be 100%. Upon fault detection, the ESD will be triggered to provide the transient EMF
and facilitate voltage regulation.

5. Estimation of BESS Capacity for LVRT

The ESDs with appropriate storage capacity are normally installed inside the WECSs controls to
improve its LVRT capabilities. The energy capacity of an ESD is determined in accordance to the
system’s power regulation, as its primary function. However, it is beyond the scope of this paper.
Here, the emphasis is on determining the suitable energy capability of an ESD for the ancillary control
that can firmly support the transient conditions.

The mathematical expression describing the power flow of the DFIG-based WECS is given by

Pgrid = R‘tator + Protor (32)

In (32), Pgrid, Pstatr, and Proor are the grid-side active power, stator power, and rotor power,
respectively. Voltage dips at the grid side impede the delivery of entire generated output power
which leads to an imbalance in the mechanical and electrical torques. Accordingly, the rotor speed
will temporarily expedite during voltage dips, and its peak depends on d. The over-speeding of the
rotor from its rated value is prevented and compensated for by activating the pitch-angle controller.
Furthermore, the increased rotor speed converts a portion of the wind energy into mechanical energy,
presenting the rotor KE which heavily depends on the wind-speed conditions. The energy flowing
through the RSC consists of two parts: energy that is held in the DC-link and energy that is transferred
to the grid through RSC.

During a severe fault, however, the Ps is restricted to zero. The required energy capacity of a
battery energy storage system (BESS) is estimated as follows

PBESS = Ijrotor = 1)dc—link + I)gsc
L final t final ! final (33)
Eppss = j Bygss = _[ B * J. Lo

t

start

t

start

12

start

In the above expression, tiiia and tma are the instants of the fault occurring and clearing,
respectively. Now, the complete expression for assessing the capacity of the BESS can be computed
as

1 2 2
EBESS - 5 Cdc |:vdc (tﬁnal) - Vdc (tstart ):| + dVg]gSc,maX |:t_final - tstart :| (34)

In (34), Lsse max is the maximum current-carrying capacity of the GSC, and Vj is the rated voltage
at the point of common coupling. Using the above expression, the basic energy capacity of the BESS
is approximated around 140 KW including some margins using the parameters given in Appendix-
A, when d = 1; (tfina - tstart) = 0.6 s are considered.

6. Results and Discussions

This section examines the performance of the proposed control schemes designed in Section 4
for enhancing the transient performance of a wind-power system during different grid faults and
observing their effects on the system. The DFIG parameters had been taken from [11]. Simulation
studies using MATLAB/Simulink are conducted to highlight the performances of the proposed
control schemes.
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6.1. Performance of the Proposed Control Scheme for Symmetrical Grid Fault

By applying a three-phase fault (step change) on the LV-side of the transformer from 6 s to 6.25
s, the system behavior is analyzed. Meanwhile, the grid-side voltage, which can be seen in Figure
6(a), instantaneously decreases to less than 10% of its normal operating value. Figure 6b-h presents
the simulation results for the rotor speed, generator torque, DC-link voltage, rotor dgq voltage
references, stator current, and rotor current, respectively.

Figure. 6(b) illustrates that the effects of the fault on the rotor speed are negligible. The proposed
controls efficiently reduce the oscillations of the generator torque, as demonstrated in Figure 6(c).
Moreover, as seen in Figure 6(d), the DC-link voltage remains consistent within limits (25). Observing
Figure 6(e)—(f), it is evident that the rotor dq voltage references contain transient components both
during and after the fault; however, such transients are effectively limited by the proposed control
schemes.

The analyses of Figure 6(g)-(h) show that the stator- and rotor-current transients are restricted
to their acceptable current ranges (25). It is noteworthy that during a symmetrical grid fault, there is
no possibility of stator- and rotor-current transients during grid fault, as the activation of active
crowbars provide relief in dampening them effectively. Furthermore, it has been proved that the
proposed control schemes work to successfully implement the LVRT operation while greatly
reducing the effects of grid disturbances.
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Figure 6. Simulation results of the selected waveforms via proposed control schemes under

symmetrical grid voltage fault.

6.2. Performance of the Proposed Control Scheme for Asymmetrical Grid Fault

In this subsection, the implications of an asymmetrical grid fault are discussed, and its impacts
on the system are examined herein. This is accomplished by applying a single-phase-to-ground fault
is applied (see Figure 7(a)), with the same operating conditions as in the prior scenario. The
simulation results are used to emphasize the behavior of the proposed control method, which are
depicted in Figure 7. However, due to the higher DC stator-flux linkage [9], the variations in the
selected waveforms (see Figure 7) are higher than they are for the symmetrical grid fault.

It has been noted from the analyses that the system performance using the proposed schemes is
significantly improved in terms of reduced levels of transient rotor and stator currents as well as
variations in the DC-link voltage, ensuring reliable power-system operation.
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Figure 7. Simulation results of the selected waveforms via proposed control schemes under

symmetrical grid voltage fault.
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6.3. Performance Comparison

Finally, to validate the performance improvement of the proposed design, a comparative study
with a DC-chopper is conducted. The system is simulated again for both the previously discussed
cases and the same parameters are considered here. The waveforms of the DC-link voltage for
symmetrical and asymmetrical grid faults are shown in Figure 8(a)—(b), respectively. The outcomes
demonstrate the superior performance of the designed approach in alleviating the DC-link
overvoltages, confirming its worth.
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Figure 8. Comparative results: (a) symmetrical grid fault and (b) asymmetrical grid fault.

7. Conclusions

This study addressed the most critical issue — LVRT capability/transient performance of a
DFIG-based WT system when connected to a power grid — and a hardware-based technical solution
was presented. This paper can be concluded as follows:

A combination of active crowbars installed at the rotor-side and DC-link was designed and
implemented to mitigate the impacts of the grid faults that can destroy the DC-link capacitor and
cause enormous current stresses on wind-power converters. The outcomes demonstrated that this
crowbar combination efficiently kept transient rotor and stator currents as well as DC-link voltage
variations under permitted limits (25), which improved the DFIG’s LVRT functioning and increased
system stability. Moreover, the electromagnetic torque oscillations were efficiently suppressed.
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Appendix A

Table Al. Parameter of 1.5 MW DFIGURE

Parameter Value Unit
Generator rated power 15 MW
Rated stator voltage 690 A%
Rated frequency 50 Hz
Pole-pair number 2 Nos.
Stator winding resistance 2.65 mQ
Stator leakage inductance 0.1687 mH
Rotor winding resistance 2.63 m{)
Rotor leakage inductance 0.1337 mH
Magnetizing inductance 5.4749 mH

Rotational inertia 3 S
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