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Abstract— Fault Ride through (FRT) capability is one of the critical needs mandated as per new grid regulations to accept large
wind energy penetration into grid. In this paper, a hybrid approach has been proposed to improve the FRT of the grid-connected
Doubly Fed Induction Generator fed wind energy conversion (DFIG-WEC) system using fuzzy approach. The proposed method
has been designed by integrating the rotor side series dynamic braking resistor (RSDBR), the DC-link braking chopper (DCBC)
and the rotor end parallel resistor crowbar (REPRC) topologies for limiting the peak values of the fault rotor current, stator
current, and dc-link voltage, to protect the rotor-side converter, also reduce torque fluctuations, avoid frequent use of crowbar
short-circuit, improve rotor-side converter operation time and the FRT capability. This research article also presents various fault
overcurrent scenarios (symmetrical and asymmetrical) and provides protection analysis, including switching methods,
coordination with different topologies, and resistance value calculations. The effectiveness of the proposed technique is verified
using a MATLAB simulation mode for a DFIG system driven by a typical 1.5 MW wind turbine. The real-time simulator (RTS)-
based OPAL-RT4500 effectively verifies the operation of the scheme under various fault conditions.

Keywords: Doubly-fed induction generator (DFIG), Electrical Drives, Fault ride through, Fuzzy Logic, Power Electronics,
Renewable energy system, Voltage dip, Wind energy conversion (WEC) system,

1. INTRODUCTION

The global energy crisis and Russia's use of energy as a geopolitical tool highlight the danger of relying on fossil fuels. The
solution to climate change, energy security and affordability lies in a rapid shift to renewable energy. Wind energy is a crucial
source that is leading the way, with the industry experiencing growth despite the COVID-19 pandemic. In 2020, 94 GW of
capacity was built, making it the second-best year ever for the sector. The Global Wind Report predicts a growth of 1.8% lower
in 2021, indicating the resilience and persistence of the wind energy industry [1].

Wind turbines can be classified as either fixed speed turbines (FST) or variable speed turbines (VST). FST is the earliest and
simplest type of wind turbine, using a fixed-speed induction generator to produce electrical power. However, FST has limitations
in operating efficiently in variable wind speeds. VST, on the other hand, uses a doubly-fed induction generator (DFIG) to
produce electrical power. VST is more efficient than FST and can operate in a wider range of wind speeds. The rotor of the
DFIG is connected to the grid through power electronics, allowing the rotor to be controlled independently from the grid,
optimizing the system's performance under varying wind conditions. DFIG-based wind energy conversion (WEC) systems have
several advantages over other WEC technologies. DFIG systems can provide reactive power support to the grid, helping
maintain grid stability. These systems are highly reliable, have low maintenance requirements, and can operate in a wide range of
wind speeds. A grid-connected DFIG system consists of a DFIG, power electronics, a transformer, and a grid connection. The
DFIG converts mechanical energy from the wind into electrical energy, and the power electronics allow for the rotor to operate
at variable speeds, optimizing performance. The stator of the DFIG is connected directly to the grid through a transformer, while
the rotor is connected to the grid through a back-to-back converter (BTBC) [2]. The BTBC consists of two converters: a rotor-
side power electronic converter (RSPEC) and a grid-side power electronic converter (GSPEC). The transformer steps up the
voltage of the electrical energy produced by the DFIG to a level suitable for transmission over long distances [3]. However,
vulnerability to grid disturbances is the most significant limitation of this configuration. Techniques have been proposed to
enhance the DFIG fault ride-through (FRT) capacity during grid disturbances, either by enhancing control strategies or by adding
external hardware circuits [4].

The hardware circuit solution includes protection circuits, storage devices, and reactive power injection devices, namely
flexible AC transmission controllers (FACTS) [5]. Combinational circuit techniques with crowbar and chopper circuits are also
studied in [6]. This protection circuit shields the RSPEC by shorting the rotor terminals, however, it converts the DFIG into a
self-excited induction generator (SEIG), requiring reactive power from the grid. Fault current limiters (FCL) such as series
dynamic braking resistors (SDBR) [7], superconducting fault current limiters (SFCL) [8] and switching fault current limiters
(STFCL) [9] are other alternative hardware FRT enhancement mechanisms because they prevent disconnection of back-to-back
converters. In addition, storage devices such as batteries [10], supercapacitors [11], flywheel energy storage [12], and combined
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methods using Crowbar and SDBR with superconducting magnetic energy storage (SMES) [13] have been used to enhance the
active power of the FRT capable network. Thermal runaway with high penetration and overcharging issues are some of the
disadvantages of memory-based FRT technologies. They are prohibitively expensive and have low energy density. Further
implementation of FACTS equipment in FRT operations requires highly rated switchgear and efficient controllers, which adds
cost.

In addition to hardware-based techniques, improved software-based control methods have been proposed, such as blade pitch
control [14], improved vector control of RSPEC [15], fuzzy logic control (FLC)[16], feed-forward transient current control [17],
sliding mode control (SMC) [18] and model predictive control (MPC) [19] to improve transient stability during faults. The cost
of improved software-based control methods is inexpensive, but the added complexity and limitations of fault currents make
these FRT functions less attractive.

Effective utilization of existing hardware in a DFIG system will enhance the FRT capabilities. Therefore, a Fuzzy Logic (FL)
controlled improved parallel protection scheme for DFIG based WEC system has been proposed in this paper by combining rotor
end series dynamic braking resistor (RSDBR), the DC link braking chopper (DCBC), and the rotor end parallel resistance
crowbar (REPRC) topologies. The three topologies that are part of the coordination topology are linked in different ways, but
they are all controlled by a FL system. Implementing this coordinated approach with the coupled crowbars has advantages such
as:

e The variation range of the dc-link Voltage is lowered after the improved control strategy has been used, which is an
indication that the quick dynamic response has been attained. It takes longer for the dc voltage to stabilize in the
scenario of REPRC operations alone.

o Despite the rotor crowbar being connected for a short time, the dc-link voltage remains stable. This demonstrates the
significance of utilizing the proposed improved technique, as this combination can contribute in minimizing the dc
voltage fluctuation during fault more quickly, hence decreases the rotor crowbar switching time.

e  The generator will only run out of control for a short period of time because of that DFIG will not be used as a SEIG for
a long time. This-makes easier for generator to quickly manage their reactive power exchange with the grid.

e Proposed Coordinated technique reduces the magnitude of rotor and stator currents during fault conditions.

e The torque oscillation of the generator has less dampening, and the DFIG is able to export to the grid a greater amount
of reactive power during the transition phase after the fault is cleared using proposed topology.

The effectiveness of the proposed protection technique was studied for several fault types, both symmetrical and
asymmetrical, such as single-phase, two-phase, and three-phase ground faults. This paper's subsequent sections are structured as
follows: Section 2 discusses the DFIG's behavior in symmetrical and asymmetrical faults. Section 3 introduces an Improved
Parallel FL based converter protection mechanism that combines the RSDBR, DCBC, and the REPRC. As a result, Sections 4
simulate the Improved proposed parallel protective mechanism for the DFIG based WEC system in the MATLAB. Section 6
comprehends the RTS results; finally, the conclusions are outlined.

2. BEHAVIOR DURING VOLTAGE DIPS

This section presents the dynamic model of a DFIG during a grid failure, specifically examining how the model behaves when
there are drops in voltage caused by both symmetrical and asymmetrical grid failures. The WEC system needs to maintain its
connection to the power grid and provide reactive power compensation during grid outages. Grid faults often lead to a drop in
voltage at the WEC system terminal. In a WEC system with a full-scale Power Electronic Converter (PEC), the generator is
entirely isolated from the grid and won't directly experience the voltage loss. Therefore, the PEC's FRT capability determines the
system's FRT capability. However, in a DFIG-fed WEC system, voltage sag affects both the grid-side power electronic converter
(GSPEC) and the generator since the DFIG's stator is directly connected to the grid [20]. This makes the DFIG's job more
challenging when the grid fails. Before investigating the DFIG's enhanced FRT method, it is essential to understand the DFIG's
dynamic model during grid faults and evaluate the system's effectiveness during such events.

2.1 DFIG Equivalent Circuits During Voltage Sags

The mathematical formulation of a DFIG in alpha beta frame is rewritten in Equation (1-4), in order to examine the functionality
of DFIG [20].
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2.2 Symmetrical Voltage Sags
During a voltage sag, the stator flux of a DFIG can't change suddenly. To keep the flux continuous, a natural stator flux (y, ) is

added. Fig. 1 shows how the stator flux changes during a symmetrical-voltage drop of 80%. Before the voltage drop, the stator
flux vector (/) moves with the grid voltage vector. When the voltage drops, the grid voltage vector's size reduces. But since

the stator flux can't shift quickly (as per the principle of magnetic flux conservation), a natural flux (y_,) emerges and moves
with the grid voltage vector, as shown in Equation 5 and also in Fig. 1 [21] .
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where P represents the level of voltage drop and e, represent grid frequency.
This results in a combination of two independent frequency components in the stator-flux. The stator's inherent flux (y,),

makes up the first portion of the voltage drop, which is the delayed DC part of the stator's alpha-beta frame. Its rate of decay
depends on how the DFIG works after the voltage drops. The stator-forced flux (i ) is another generated by the leftover grid

voltage V, = Q- p)Vse(j“’st), which rotates in synchronous with the grid frequency (¢, )and grid voltage vector, as seen in
Fig. 1(b).

The superposition principle can be used to describe the dynamic analysis of the DFIG under balanced voltage sags with two
different equivalent circuits: the natural machine, in which the stator is short-circuited and the natural flux (i, ) is present in the

stator winding, and the forced-machine, in which the stator voltage is the remaining grid voltage and there is no transitory flux
left, as shown in Fig. 2.

Under normal conditions, the equivalent-circuit of the forced machine is identical to the DFIG's standard operating circuit.
Fig. 2(b) yields the distinct equation describing the relationship between stator natural-flux (y ) and rotor natural current (i),

as expressed in Equation (6) and (7):
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2.3 Asymmetrical Voltage Dips
The symmetrical component approach can be used to divide the asymmetrical grid voltage into positive, negative, and zero
sequence components. The grid voltage is categorized as positive sequence (Vs.), negative sequence (Vs.), or zero sequence
(VSO)'
With the negative-sequence grid voltage, along with the natural flux y and forced flux (), the negative-sequence grid

voltage will also inject a stator negative flux (. ), with a frequency of —e, , into the system. Table .1 provides the amplitude
of the negative-sequence grid voltage Vs ~ for various fault types. In addition to the natural and forced machines, as shown in

Fig. 2(c), the negative machine is another equivalent circuit that can be used to investigate the DFIG's operation [22].
The negative machine's rotor equation is deduced as follows:
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The steady-state stator-flux path following an asymmetric grid fault is an ellipse owing to the presence of forced-flux and
negative sequence flux. If there is a single-phase to ground fault, the stator flux will follow a specific path as shown in Fig. 3(a).

The natural flux of the stator during an asymmetrical grid fault is affected not only by the type of fault and the level of voltage
loss but also by the timing of the fault, as depicted in Fig. 3 by the ‘6” fault angle. If the fault occurs at an angle of 6 = 90
degrees and the positive and negative sequence grid voltages are in opposite directions, the resultant stator force and negative
flux of the stator after the fault will be identical to the stator flux before the fault. As a consequence, the _ will be zero, as

shown in Fig. 3(b). As illustrated in Fig. 3(c), the y will be at its highest point when the fault occurs at the value of zero it
can be expressed as
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3. MODIFIED FUZZY LOGIC BASED PARALLEL PROTECTION SCHEME

The above rotor fault current analysis and modelling show that symmetrical and asymmetrical fault currents differ significantly.
A sharp increase in rotor currents marks the beginning and end of symmetrical faults. The crowbar only needs to be turned on for
a few seconds. The crowbar is ineffective for asymmetric dips because it requires the generator to be disconnected from the grid
for the duration of the dip. This is explained by the fact that the magnetic flux components differ between faults [20]. As shown
in Fig. 4, this section proposes a new topology of the converter protection scheme based on FL control that integrates and
coordinates the REPRC, DCBC, and RSDBR protection.

3.1 CONVENTIONAL PROTECTION ARRANGEMENTS OF DFIG

The crowbar is a tool used in power electronic systems to protect against overvoltage. It creates a low resistance short circuit
between terminals of rotor, triggering when an abnormal circumstance is detected. In a WEC system, it is installed on the rotor
ends as shown in Fig.4 to protect against overvoltage caused by voltage dip on the grid. However, Crowbar activation causes
RSPEC and wind turbines to lose control of their active and reactive powers over time. The problem with this method is that the
DFIG-WEC system begins to operate as a reactive power consumption unit, such as an induction motor, resulting in grid voltage
loss. The REPRC mechanism can disengage the crowbar protection and reinsert the RSPEC after a predetermined amount of
time or when the rotor current and dc-link voltage return to their normal working range. To limit overvoltage, a DCBC can also
be incorporated. It is a resistor connected by a switch and controlled by a hysteresis ON-OFF controller. However, it does not
solve the problem of excessive rotor current.

The REPRC provides resistance in parallel with the DFIG's rotor field winding. Another method for controlling and limiting
the amount of current flowing through the stator and rotor is to connect resistors in series with the DFIG windings. This study
focuses on a rotor-side mounted SDBR, or RSDBR, which is connected to the rotor winding When the system is operating
normally, the power electronic switch is in the closed position, and the resistor is not connected to the rotor winding when the
power electronic switch is open during a fault condition. The SDBR's series architecture can manage increased rotor current and
control rotor overvoltage while preventing converter control failure due to excessive voltage handled by the resistors [23].
However, the area in which it is safe to operate shrinks as the surrounding conditions deteriorate. As a result, each of these
techniques has some drawbacks. A new Improved Parallel protection has been proposed to address these drawbacks.

3.2 IMPROVED COORDINATED CONTROL STRATEGY FOR FRT

The previous section covered the conventional REPRC rotor crowbar circuit. However, high currents during switching can cause
torque stresses and oscillating currents on the RSPEC. This requires a high rotor voltage to manage the current, which may
exceed the converter's maximum voltage capabilities and cause harm. As a result, in this section, a new approach based on fuzzy
logic control is presented, which integrates and coordinates the REPRC, DCBC, and RSDBR protection, as shown in Fig. 4. The
RSDBR provides primary protection in this scheme, with the crowbar circuit being activated if the RSDBR is unable to protect
due to a deteriorating scenario. Depending on the situation, the REPRC will only be activated at the beginning or end of the fault.
The DCBC is used to regulate the excessive voltage produced by the dc link. However, a DCBC on the DC link is not required
for fault ride-through operation; however, it does help to smooth the DC link voltage and expands the normal range of DFIG
operation for higher active power imbalances between the converters.

3.3 SWITCHING STRATEGY

The coordination between REPRC, DCBC, and RSDBR can be accomplished through the use of a switching mechanism
designed using FL controller. It is important to note the length, kind, and position of the fault in the DFIG's fed power system to
analyze the severity of the over-current during disturbances in the three-phase rotor windings of the DFIG. Some faults may
cause problems with excessive current, while others may only cause problems with excessive voltage. If the protection systems
are not precisely synchronized, overcurrents can damage the RSPEC's semiconductor switches and/or generate overvoltage’s in
the DC link capacitor.

This paragraph describes the protection mechanism for a DFIG system in the event of faults. Table 2 shows scenarios for over-
current and over-voltage problems, with the most vulnerable component of the DFIG identified in the third column, and the
protection system that should be activated in the fourth column. If the first protective mechanism fails, the second system
attempts to minimize the excess current or voltage, and if it still exceeds the maximum permissible value, the DFIG PECs are
disconnected, according to the final column in Table 2. Fuzzy logic (FL) is used to design the protection mechanism, with the
Sugeno FL model suggested using MATLAB-Simulink, as it requires fewer hardware resources than standard Boolean logic.
Fig. 4 shows the proposed mechanism using FL.

The protection system for converters is designed using fuzzy if-then rules as discussed in Table 2 with two input variables:
rotor current and DC bus voltage. Each variable has a defined range with membership functions. The rules generate three output
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variables to determine if the protection system should be turned on or off. The following are the inputs:
e Rotor current
e DC Link Voltage
The first input's Membership function (MF) is defined as follows:

o LOW
e MEDIUM
e HIGH

e NEGATIVEMID
e NEGATIVEHIGH
The first MF 'LOW' is placed in the acceptance limits that it does not destabilize the system. The second MF 'MEDIUM' is
positioned in the system such that its current value is between the rated current and the current that can cause system damage.
The third MF 'HIGH' has the current through the circuit is extremely high and has the potential to cause system damage.
Similarly for the negative values membership functions is designed.
Similarly in the second input the Membership function is defined as follows

o LOW
e MEDIUM
e HIGH

The first membership function 'LESS' is placed in the acceptance limits so that it does not destabilize the system. The second
membership function 'HIGH' is positioned in the system such that its voltage value is between the rated voltage and the voltage
that can cause system damage. The third membership function 'VERY HIGH' has a voltage through the circuit that is extremely
high and has the potential to cause system damage.

Three different outputs are used to map the different inputs of the membership function. They are as follows:

e RSDBRON
e DCBCON
e CROWBAR ON

This study uses the Takagi-Sugeno-Kang technique of fuzzy inference to identify the output, the only difference between it
and mamdani is that the sugeno output function is either linear or constant, and in this study, the constant output membership
function is used called as fuzzy singleton. A fuzzy singleton, is a fuzzy set with a membership function which is unity at one
point in the universe and zero everywhere else. The basic conditions of the Sugeno fuzzy inference system are as follows:

If Input=p and Input 2 = g, then Output is z =f (p, Q)

Usually f (p, q) is a polynomial of the input variables p and q. but it can be any function. In this model ‘f” is constant
(z=pa+gb+c where (a=b=0) because of a fuzzy singleton case).

The output level z; of each rule is weighted by the firing strength w; of the rule. For example, for an AND rule with Input 1 =p
and Input 2 = q, the firing strength is

w; = AND Method (F1(p), F2(q))
Where F1(p), F2(q) are the membership functions for Inputs 1 and 2. The weighted mean of all rule responses, calculated as the
final output of the system.

Final Output ==

Where N is the number of rules.

For the first output variable, two membership functions are used to toggle the RSDBR protection SMALL and LARGE.
Whereas SMALL defines Off state and LARGE denotes ON state. Similarly, the membership functions for the second and third
outputs are SMALL and LARGE, the second output is used for CHOPPER switching, and the third output is used for
CROWBAR. The following are the membership functions:

e SMALL
e LARGE

Lastly, the input membership functions and the output membership functions are plotted using well-defined sets of rules. If-

then rules are used to set the following rules.

3.4 RSDBR AND REPRC RESISTANCE VALUES

The correct value of the resistance is usually the most crucial aspect in reducing the rotor current. It is not enough to determine
the resistance value based only on the lower rotor current that occurs under fault conditions. Under faults, this selected value
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should be subject to a minimal DC voltage tolerance variation. It is important to select appropriate values for the resistor
parameters. The RSDBR and REPRC resistance values can be determined from a transient study of stator voltage magnitude
fluctuations, slip, and rotor speed. The resistance values are calculated under the worst conditions (with the highest peak
current): Symmetric voltage drops up to 1.0p.u in the most severe condition. The expressions of the rotor-current are derived
below:

As can be seen from Equation (1-4), RSPEC is a way to regulate the rotor voltage (v,), which in turn is used to control the

DFIG. First, remove i; from Equation (3) and (4), then sustitute it into Equation (2). then, eliminate rotor flux (¥, ), which leads
to the formula.

— L(d . \— LL-2)d . ). (10)
Vr:_m __Ja)r l//r+[Rr+ - __Ja)r ]Ir
L, \dt L, dt
Defining leakage factor as
2 11
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The voltage produced by the stator flux is then represented by a voltage source VTO
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So Equation (10) becomes
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In Equation (13), It is useful to interpret the rotor voltage in the rotor reference frame by multiplying both sides by e /«7t)
i (14)
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This Equation describes the connection between rotor voltage and current. As a result, the rotor circuit model is obtained and
illustrated in Fig. 5 with all earlier protection systems.
The voltage expression for phase 'a' is
I 15)
— . di’ (t (
Vo) = Re(Ug}+ R, (0+ AL, T2

For i (t) can be expressed in the form of a linear differential equation
y R . 1 —
I () + =iy = —— [V, (t) —Re{v, }]
ra /,“_r ra /»“_r ra ro
Consequently, with the converter operational, v, (t) =V,cos(so.t + £), where /3 is the phase-a rotor voltage angle at the

time of loss.
For a symmetrical voltage interruption on the stator, if there will be a three-phase step magnitude transition from V; to (1-p) Vs

(16)

(where p is the voltage sag ratio), Vrro in Equation (14) can surpass the upper limit voltage that the RSPEC can produce, causing
the current control to fail. The voltage is [24]

A ' - 17
Vrroz(l— p)VSiSeJSwst_ﬁ(l+ja)r)P_VSe %S ( )
L, L 7 ,
Considering that time constants are defined as
I L S N I (18)
r Rr ' S Rs ' Ts _Tr

Equation (17) can be modified by discarding 1/T , which is negligible due to the minimal stator resistance of the generator;
N

hence, 1/T can be omitted.
S
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From Equation (16) and (19), the final expression of i.,(t) can be solved and split into four parts.

i.ra (t) = i.dc + i.VI’ + i-vrn + i.Vl‘f (20)
Where the components are
1 T L 1L T 2 (21)
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Due to the lower stator resistance, the relevant approximations are made: eﬁ * 21, T =T,. The components of the current are
then written as a single trigonometric function as a

| T 1 L T = (25)
=i_(t")- r xV -—V, (1-s)p————e"
o 'fa(o) AL 1+ T2 (sw,)? C05h Ls( S)'31+T2(a)r)2e
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Taking each component's amplitude at its maximum current value into consideration

T, V. T Ve Lug T (29)

_i (¢ + v Il L _S—fr
ramax ra( ) ),L LS( )1+Tr2(wr)2 ZL,. 1+Tr2(a)r)2 ZL', Ls( ) 1+Trza)r2

In addition to this, the boundary conditions are

i 30
Ira,max < Ith_RSDBR’ Vr SVth_RSPEC. ( )
As a result, (29) and (30) are Equation that T, can be solved.
With the protective mechanisms
o 2L (31)
" R +R
r protection

Finally, the crucial resistance value known as Ryroteciion €N be determined. If the rotor fault currents are unable to be effectively
restricted, the crowbar can be utilized as supplemental protection. Rpreecion refers to total resistance, which comprises RSDBR
and REPRC. RSDBRs provide current-limiting operation, so the critical condition for the crowbar resistance is the voltage across

it must be within the limits of the rotor voltage to which it is connected in parallel: R.g % ir’max SV max - As a result, crowbar

resistance contributes only a minor portion of total Ryrowecion. This method of resistors with minimum and maximum levels is
easier to use than crowbar protection alone. The rotor winding current limit sets the lowest value, and the converter terminal
voltage limit sets the highest [24].

4. SIMULATION RESULTS

In MATLAB Sim-Power Simulink, a WEC system with six 1.5 MW DFIG-based wind turbines tied to a 25 kV distribution
structure that transmits power to a 120 kV grid via a 30-km 25 kV feeder was modeled. The system was tested for dynamic
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response under various faults at "0.5 s". The system was initially tested without any protection, then with REPRC, and finally
with the proposed coordinated protection scheme. The simulation time was kept short to check the system's rapid response. The
findings are analyzed in the subsequent subsections. The appendix provides the generator parameters. The simulation was
conducted with a constant wind speed of 15 m/s and the DFIG WEC system supplying real power to the power system. The
simulated fault condition is:

1)A symmetrical three-phase LLLG fault for 0.2 seconds

2) An Asymmetrical LL fault on two phases for 0.2 seconds

3) A Two phase to ground Asymmetrical LLG fault for 0.2 seconds

The values for the thresholds that are used in the calculation of Rgrspgr and Rgepre are as follows: Iy, RSDBR = 1.5 p.u., and Iy,

REPRC = 1.8 p.u. rotor slip is s= -0.2 p.u. for before the faults.
From Equation (30) and (31), 7, = 0.26584 p.u., Rprtection = 1.21 p.u. = 0.4719 Q. In summary, the total value of protection
resistance should be 0.4719 ohm, and the task now is to find the optimal resistance value for the RSDBR in the DFIG system.
This is important for maintaining LVRT capability, but increasing resistance can impact system efficiency and increase losses.
The optimal value will be determined through MATLAB simulation during a 3-phase fault. In the system if the rotor fault
currents cannot limit effectively, then only crowbar can be used as further protection. The total resistance is Rprotection, inCludes
RSDBR and REPRC. The current-limiting function is provided by the RSDBR, hence the critical criterion of crowbar resistance
is that the voltage across it must be within the rotor voltage limit, for its shunt connection: REPRC X iy max < Vi max- Therefore, the
crowbar resistance is a small contribution to the total Rpyecion. This is simpler than using crowbar protection alone, where the
resistance has a lower and upper limit. The minimum value is restricted by the rotor winding current limit, while the maximum is
set by the voltage limit.

To find the optimal value of resistance of RSDBR protection the additional simulation is conducted to investigate the impact of
varying the RSDBR resistance on the LVRT capability of the system which is shown below in the form of graphs in the Fig.6
and it shows that the optimum value for the RSDBR is 0.4ohm because the peak of stator, rotor current and DC Link voltage is
minimum in the case of using 0.4 ohm and similarly the torque oscillation is minimum in the case of 0.4 ohm

Then, the selected resistance values are Rgspgr = 0.4 Q, Rgeprc = 0.0719 Q. Based on monitoring the maximum magnitude of
dc voltage during the fault, the DCBC is activated. The relation between the charging activity and DCBC can be expressed as
follows:

Vr,max - IRDCBC _VDC =0 (32)

According to Equation (32), it is possible to estimate the value of the DCBC " Rpcgc by assuming that, in the event of a fault,
the source voltage is zero ("V, max = 0"). In this case, the current "I" through the resistor drops as the capacitor's loss of charge
causes the voltage to drop. Upon reaching the nominal value of the capacitor's voltage, the dc-link crowbar resistance is
determined, Therefore Rpcgc is taken as 0.5 ohm.

4.1 SYMMETRICAL FAULT CONDITION

The simulation results from Fig 7-9 demonstrate the response of a DFIG during a LLLG symmetrical fault. Prior to the fault
occurrence, the grid voltage and stator voltage remain constant, and the DFIG operates under normal conditions. The stator
current and rotor current waveforms exhibit excellent performance, while the DC-link voltage remains constant, and the reactive
power is maintained at nearly zero VAR. However, at time t=0.5 seconds, the grid fault instantaneously reduces the output
voltage of the wind generator and decreases the stator voltage to 10% of its original value as can be seen in the Fig. 7. This
results in an abrupt increase in the rotor and stator current up to 4p.u, as well as an overvoltage in the DC-link bus voltage as
shown in Fig. 7. Without the protection system, the DFIG is unable to achieve fault ride-through (FRT) and can cause damage to
the system's equipment due to the large failure voltages and currents.

A traditional protection technique REPRC is used to protect a grid-connected DFIG-based system. This technique, however,
has a disadvantage, its excitation causes the RSPEC and WT to lose control over their ability to control active and reactive power
over the time. The REPRC technique is configured to activate whenever the rotor current exceeds 1.5 times the rated current; at
this point, the RSPEC is short-circuited. The system detects stator-voltage losses at time t=0.5 seconds, triggering the REPRC
and stopping the RSPEC. Fig. 8 depicts the REPRC resistor current's behaviour, which rapidly increases and then rapidly
decreases over time. This traditional protection technique has a substantial inhibiting effect on fault currents in the rotor and
stator, limiting them within the DFIG system's permissible limits. Fig. 8 also shows that with REPRC protection, the DC-link
voltage drops significantly, especially when compared to Fig. 7. Although this traditional protection technique is effective in
preventing system damage, its impact on active and reactive power control must be carefully considered.

Fig. 9 depicts the switching of the Improved Parallel coordinated protection scheme, which shows that the RSDBR is
engaged seven times to ensure that the rotor current is not exceeded. If the rotor current exceeds the REPRC threshold, the
REPRC activates four times with the RSDBR engaged, while the DC Chopper protection is activated twice to ensure that the DC
link voltage is within acceptable limits. According to the specifications, the improved parallel protection system method can
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effectively suppress the rotor current in less than 2 pu, implying that the FRT performance is superior to both no protection and
REPRC protection, as shown in Fig. 9. When using a REPRC alone, the DC-link voltage takes longer to reach a steady voltage
level. When the parallel improved protection technique is used concurrently, this phenomenon is not observed. Even if the
REPRC is only engaged for a brief period of time, the voltage on the dc connection becomes stable, and the dc-link voltage
variation range is reduced to 30 V" with the parallel improved control protection technique, as illustrated in Fig. 9. As a result, it
is clear that the DCBC must be used in conjunction with the RSDBR and REPRC. This integration may aid in reducing the dc
voltage swings that occur during a fault in a more efficient manner, thereby reducing the REPRC switching time. As a result,
DFIG will not function as a SEIG for an extended period of time, resulting in the generator losing control in a relatively short
period of time. As a result, when attempting to control its reactive energy exchange with the grid, the machine will have a faster
response time. The simulation results in Fig.9 demonstrate the effectiveness of the improved method by limiting stator current
and reducing dc bus voltage fluctuation to less than 1.2 times the rated value, ensuring that the converter is not affected. The
comparative performance analysis is depicted in detail in Fig. 10.

4.2 Asymmetrical Fault Condition

The functioning of the proposed coordinated technique in an asymmetrical fault condition is shown in this section. This section
demonstrates the operation of the proposed coordination method under asymmetric fault conditions. The results obtained when
using the modified coordinated protection strategy are included in this part of the paper and also in the absence of a protection
system. The waveforms illustrated in Fig.11-12 represent the simulated results of a two-phase short-circuit fault occurring in the
power system. These results show the voltage dropping to fifty percent without any protection technique, as well as with
protection techniques. In addition, Fig.13 displays a comparison of peak values for voltage and current during faults with and
without protection. Moving on, Fig.14-15 illustrate the waveforms that are generated in the event of a two-phase-to-ground
short-circuit fault occurring, resulting in the grid voltage dropping to fifty percent. Wind energy collected by wind turbines does
not change significantly, resulting in an increase in the turbine's speed. A 2-phase short circuit and 2-phase grounding fault cause
a short-term speed fall, signifying that the speed of the rotor is lesser than its synchronous speed at this moment. When the speed
falls, the GSPEC is in the rectifier state; as the speed increases, the GSPEC shifts to the inverter state. The current of the rotor
rises as the speed rises because the slip power increase through the RSPEC as shown in Fig. 11 and 13 Fig. 11-15 demonstrates
that, prior to the occurrence of the fault, the grid voltage and stator voltage both remained constant, the DFIG is functioning
normally, the waveforms of the stator current and rotor current are quite excellent, and the voltage of the DC-link voltage is also
sustained constant and the reactive power has been almost maintained at 0 VAR. After the fault, the negative-sequence part of
the stator flux linkage produces a surge current in the rotor current. In addition, stator current increased quickly up to 4p.u; the
DC-link bus voltage also illustrates over-voltage as can be seen in the Figures of the absence of protection technique which is
Fig. 11 and 14. At time t = 0.5s, the Modified configuration recognizes the stator voltage loss and rise in rotor current and DC
link bus voltage thus activating the protection system with the help of fuzzy logic control without stopping the RSPEC. The
RSDBR has the distinctive advantage of being able to control the current directly. Furthermore, because the RSDBR is
configured in series, the high voltage is shared by the resistance, so the induced excessive voltage does not cause RSPEC control
to fail, and it also limits excessive rotor current. The modified control method can suppress the current and voltage surge, as
shown in Fig. 12-15. The Modified FL-based technique in this paper improves rotor current suppression during faults, and with
the help of a FL-based controller, a wide range of conclusive results can be obtained as shown in Fig. 13 & 16, and since the FL
technique requires less hardware than traditional boolean values it is found to be acceptable and advantageous to use this
technique.

5. RTS RESULTS DISCUSSION

A case study was conducted in this section using a real-time simulator (RTS) to strengthen the credibility of antecedent analysis.
RTS is a computer-based system that allows engineers to simulate complex scenarios, observe system behavior, and test the
effectiveness of protection and control schemes in real-time. With the advancement of hardware and software technologies, RTS
has become an essential tool for power system analysis, power electronics, control system design, and renewable energy systems.
In this context, this paper discusses the use of an RTS tool (OP4500) for simulating the behavior of a power system with a DFIG-
based wind generator, with and without protection systems. The platform incorporates FL-based techniques and employs a range
of components, including a host PC, DB-37 connector, BNC cables, HIL system, and GWinstek GDS-1104B DSO as depicted in
Fig. 17. It is important to note that all parameters were expressed in per-unit form and assigned a multiplication factor of one.

The results of a symmetrical voltage dip in a 1.5 MW DFIG WEC system without any protective measures are demonstrated
in Fig. 18. In the event of a minor disturbance at 0.5s, the grid voltage plummets to 0.2pu, as evident from the graph. At t = 0.5s,
the grid failure instantaneously reduces the output voltage of the wind generator, along with a drop in the stator voltage to 10%
of its current value, which is depicted in Fig. 18(a). Furthermore, the stator and rotor currents exhibited a rapid increase, and the
DC-link bus indicated over-voltage, as shown in Fig. 18(c).

Now a modified FL based coordinated protection technology is used as the protection unit. The RTS result with modified
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strategy shown in Fig.19-22 for both the Asymmetrical and Symmetrical faults shows that for the entire fault time, the peak rotor
and stator current never surpassed the estimated maximum limit of 2 p.u. Modified configuration detects a sudden rise in rotor
current and Dc Link bus voltage and activates the security mechanism with the help of the FL tool without interfering with the
RSPEC. The Modified technique demonstrated remarkable efficacy in curbing the stator and rotor's three-phase current within
the permissible limit of 2 pu, as illustrated in Fig. 19-22. In addition, the modified methodology obliterates the substantial torque
fluctuations linked with fault activation, as evidenced by the simulation and RTS outcomes. Furthermore, the modified technique
manifests its potential to mitigate the PEC's potential harm by ensuring stator current regulation and containing dc-bus voltage
fluctuations to a maximum of 1.5 times the rated value.

6. CONCLUSION

The proposed technique Fuzzy Logic Controlled Parallel Protection has proven to be effective in enhancing the Fault Ride
Through (FRT) capability of the DFIG system. The technique has shown its ability to limit the peak values of fault rotor current,
stator current, and dc-link voltage while protecting the rotor-side converter, avoiding frequent use of crowbar short-circuit, and
extending RSPEC operation time. The presented current expressions and resistance calculations for the RSDBR and the crowbar
provide valuable insights into the design of the protection strategy. The validation of the proposed protection technique using
MATLAB simulation and OPAL-RT has demonstrated effectiveness in both symmetrical and asymmetrical fault scenarios. This
technique can be implemented in real-time to ensure the smooth operation of DFIG systems during grid faults. Overall, the
proposed technique has the potential to improve the reliability and stability of the DFIG system, thereby contributing to the
efficient utilization of renewable energy sources.
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9. APPENDIX

Variables Value Implemented
Power 6 x 1.5 MW

Stator Nominal voltage (Vims) | 575V

Rotor Nominal voltage (Viys) | 1975V

Frequency 60 Hz
Resistance of Stator 0.023 p.u
Inductance of Stator 0.18 p.u
Resistance of Rotor 0.016 p.u
Inductance of Rotor 0.16 p.u
Mutual inductance 29p.u
Pairs of Pole 3
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Fig 11 DFIG’s dynamic behavior in the absence of a protection system with Asymmetrical Fault (LL)
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Fault type A A A
Single-phase to 1-— P/ P/ P/
ground 3 3 3
Two-phases 1- 2p /3 p /3 0
Two-phase to 1-P /2 p /2 0
ground

Table 1 Symmetrical component of the grid voltage under asymmetrical [22]

ocC! oV? Msp? FPA? SPA® TPA®
No No - - - -
Yes No RSPEC RSDBR | REPRC | DCBC
No Yes DC Link | DCBC RSDBR | REPRC
Yes Yes RSPEC RSDBR | DCBC REPRC
and DC
Link
HighOC | No RSPEC REPRC | RSDBR | DCBC

High OV DC Link | DCBC REPRC | RSDBR

HighOC | HighOV | RSPEC | REPRC DCBC

and DC

Link

T Overcurrent, > Overvoltage, * Most susceptible part, * First protective action,
®Second protective action, ® Third protective action

Table 2 Coordination of Protection Techniques in Various Scenarios
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