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Abstract: Under power system short-circuits, the Doubly-Fed Induction Generator (DFIG) Wind

Turbines (WT) are required to be equipped with crowbar protections to preserve the lifetime of power

electronics devices. When the crowbar is switched on, the rotor windings are short-circuited. In this

case, the DFIG behaves like a squirrel-cage induction generator (SCIG) and can adsorb reactive power,

which can affect the power system. A DFIG based-fault-ride through (FRT) scheme with crowbar,

rotor-side and grid-side converters has recently been proposed for improving the transient stability:

in particular, a hybrid cascade Fuzzy-PI-based controlling technique has been demonstrated to be

able to control the Insulated Gate Bipolar Transistor (IGBT) based frequency converter in order to

enhance the transient stability. The performance of this hybrid control scheme is analyzed here and

compared to other techniques, under a three-phase fault condition on a single machine connected

to the grid. In particular, the transient operation of the system is investigated by comparing the

performance of the hybrid system with conventional proportional-integral and fuzzy logic controller,

respectively. The system validation is carried out in Simulink, confirming the effectiveness of the

coordinated advanced fuzzy logic control.

Keywords: Doubly-Fed Induction Generator (DFIG); squirrel-cage induction generator (SCIG);

crowbar protection; transient stability; wind turbine

1. Introduction

The presence of renewable energy among conventional energy resources is increasing day by day.

There are several renewable sources like wind, solar, fuel cell and bio-gas, which are getting popular,

and more investments are now focused in the renewable energy sector. In this context, wind energy

is one of the most relevant sources due to its enormous potential to play a significant role in the

energy market. As per recent statistics, wind power has reached a total of 370 GW of global capacity,

with an increase of nearly 170 GW in the past five years. Wind penetration is expected to reach 60 GW

per year by 2018 [1].

The rapidly increasing integration of wind energy in the power system networks has driven many

research activities on the topics of stability, power quality, energy-efficiency and reliable forecasting [2].

Artificial intelligence techniques have been successfully applied for designing, planning, sizing,

optimizing and forecasting the renewable energy sources [3–5], for neural networks based forecasting

of energy production and consumption [6], and fuzzy systems for control strategies [7–9].
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In particular, in order to increase power quality and grid stability with large wind farms, specific

technical requirements have been elaborated upon and included in the grid codes issued by the

Transmission System Operators (TSOs) of many countries [10]. The search for grid code compliance

drove the adoption of variable-speed technologies, especially (Doubly-Fed Induction Generator)

DFIG-based wind systems employing a back-to-back converter. DFIG presents many advantages with

respect to the traditional squirrel-cage induction generator (SCIG), such as lighter weight, higher output

power, variable speed operation, improved efficiency, smaller size, lower cost [11]. These characteristics

are mainly due to the control of a rotor side converter (RSC), typically rated at around 25% of the rating

of the generator when the rotor speed is in the range of 75%∼125% in normal operating conditions [12].

Hence, the DFIG technology covers about 50% of the wind energy market [13].

Several technical concerns arose about the realization of (fault tide through) FRT for DFIG, since

grid faults need to be properly addressed, including the over-current in the stator and rotor circuits, the

over-voltage of the DC-link connecting the RSC and the grid side converter (GSC). The reactive power

output from DFIG need to be increased as much as possible to meet the challenging requirements of

reactive power support during large disturbances. Generally, the existing FRT DFIG solutions can be

categorized into two types: the crowbar protection and the demagnetizing method.

The crowbar protection is applied for securing the power converter and rotor windings against

over-voltages and over-currents determined by short-circuits in the main grid [14–18]. When the

crowbar is inserted, during the short-circuit period, the rotor is in short circuit and the RSC is blocked.

Then, the DFIG operates as an SCIG, thus tending to adsorb reactive power from the grid and causing

a potential voltage drop. In the past, some papers have proposed a coordinated voltage control to

enhance the DFIG wind generator uninterrupted capability during grid faults [19,20]. The main point,

when the protection device is triggered, is that the GSC becomes an ancillary source for reactive

power, while the RSC is blocked. However, this solution does not show the optimal combination and

flexibility between the components yet: in particular, the RSC only returns to normal operation as

well as provides reactive power support after clearing fault or removing protection device. As a result,

the voltage in DFIG wind farm recovers slowly to pre-fault profile. Obviously, this strategy cannot take

full advantage of DFIG power converter capability during grid faults. Moreover, in general, the issue

of electro-mechanical oscillations becomes increasingly less significant particularly, at higher wind

penetration [21,22].

On the other hand, the demagnetizing method [23–25] aims to eliminate transients of the induced

electromagnetic force in the rotor circuit by controlling the RSC output to trace and counteract the

oscillations of stator flux. However, the industrial implementation of this method is too complex,

due to the limitations in converter rating.

Several works previously addressed the DFIG control performance during normal operating

conditions [11,26,27]: in this scenario, the conventional DFIG without fault-ride-through capability

and the crowbar protects the electronic equipment. This case may lead to system instability, as the RSC

is blocked due to crowbar activation and the reactive power control is lost.

Therefore, for improving the fault-ride-through capability, a coordinated control system of crowbar

protection, RSC and GSC is investigated through simulations. In [28], a hybrid cascade Fuzzy-PI based

controlling technique is introduced to control the Insulated Gate Bipolar Transistor (IGBT) to enhance

the transient stability. However, this technique was not validated with respect to other control methods.

Indeed, for improving the FRT capability of the DFIG during large disturbance, additional control

methods have been suggested in literature. The proportional-integral (PI) has been often used for

power regulation [29]. The controlled system shows bad results in terms of response time and precision

when the operating points are changed. As a result, the PI controller needs to be redesigned to maintain

the system dynamic response and stability. Fuzzy controllers have the advantage that can deal with

nonlinear systems and use the human operator knowledge. Fuzzy controller has many parameters:

the most critical aspect is to make a good choice of rule base and parameters of membership functions.

Once a fuzzy controller is given, the whole system can actually be considered as a deterministic



Energies 2018, 11, 480 3 of 18

system. When the parameters are well chosen, the response of the system has very good time domain

characteristics [30]. For the sake of convenience, the inputs and output of the Fuzzy Logic Controller

(FLC) are normalized by coefficients, depending on the base value. These scaling factors can be

constant or variable, thus playing an important role in the FLC design to achieve a better response [31].

This paper presents the models developed in Matlab/Simulink for a wind power plant based

on DFIG equipped with crowbar protection, tested during high perturbations occurring on the

power system. This is achieved with an advanced coordinated fuzzy-proportional-integral control of

transistors-based converter for transient stability improvement. The simulation results demonstrate

the improved operation of DFIG with the proposed control, compared to conventional DFIG

without/with fault-ride-through using conventional proportional-integral and fuzzy controllers,

respectively, for fault-ride-through compliance with the current regulations.

The paper is organized as follows: in Section 2 a review of technical requirements of grid code for

wind farms is introduced; in Section 3 the test system configuration of wind power plant based DFIG

WT (Wind Turbine) connected to the grid is discussed; Section 4 presents the proposed Low-Voltage

Ride Through (LVRT) control scheme; in Section 5, results are reported and discussed, and the last

section presents the conclusion.

2. European Regulations for Wind Turbines Fault-Ride-Through Compliance

The widespread integration of Renewable Energy Systems (RESs) into the existing power systems

is raising technical challenges for voltage regulation [32]. Among RESs interconnected into the power

systems, the highest share is represented by wind farms, which must ensure reactive power control

for ensuring voltage level support. The current regulations imply that WTs shall not be disconnected

from the grid when a fault happens, but they must maintain the voltage level by compensating for

reactive power, and then resume to normal operation conditions as soon as the fault is cleared. A time

of 150 ms is considered in most of the grid codes for fault clearance by primary protection. This time

is reasonable for most locations, but when a failure of a circuit breaker is considered, it is increased

to 250 ms.

The fault-ride-through requirements are represented through a voltage-against-time profile as

shown in Figure 1. As shown in this figure, the German regulations impose the most restrictive for

fault-ride-through capability of wind turbines [33], as the wind farms must have voltage withstand

capability up to zero voltage value for high and highest voltage grid in 150 ms. If the voltage is

below the profiles illustrated in Figure 1, the wind turbine should be disconnected from the mains

supply [34,35].
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Figure 1. Low-Voltage Ride Through (LVRT) requirements of several grid codes.
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The reconnection should be achieved in up to 2 s to ensure a minimum reactive power supply

during the fault. An active power increase rate of >10% of the rated generator power per second is also

required as soon as the fault is cleared. In Germany, a wind farm must provide the reactive current,

as specified in Figure 2, to aid the utility in holding the grid voltage. The amount of reactive power

support capability a wind turbine must deliver depends on grid-voltage reduction during a fault.

Figure 2. Reactive current requirements for German codes [33].

3. DFIG Behavior under Grid Disturbances and Crowbar Protection

In order to present and validate the fault-ride-through strategy here proposed, a model of

wind power plant (WPP)-DFIG with crowbar protection against disturbances was developed in

Matlab/Simulink.

3.1. DFIG under Disturbances

The DFIG is a wound rotor induction machine with access to the rotor circuitry. The modeling

of this machine is already presented in the literature [13,36]: in particular, the Park’s transformation

model is used, as it converts the three phase quantities into d − q components facilitating decoupled

control of active and reactive power.

A considerable amount of studies concerning the impact of grid disturbances on DFIGs have

been reported [13]. Considering the Park’s model, the relevant stator and rotor fluxes (Ψs and Ψr,

respectively) as well as voltages (us and ur) are given by:

Ψs = Lsis + Lmir (1)

Ψr = Lrir + Lmis (2)

us = Rsis +
dΨs

dt
(3)

ur = Rrir +
dΨr

dt
− jωmΨr (4)

where is and ir are the stator and rotor currents, Ls and Lr the stator and rotor inductances, Rs and

Rr the stator and rotor resistances, respectively, Lm is the mutual inductance, and ωm is the angular

frequency with respect to the rotor. The rotor voltage ur is one among the most important variables to

be analyzed, resulting from the rotor flux that can be calculated by manipulating (1) and (2) as:

Ψr =
Lm

Ls
Ψs − σLrir (5)
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σ = 1 −
(Lm)2

LsLr
(6)

Substituting Ψr into (1) it is possible to derive the rotor voltage as shown below

ur =
Lm

Ls
(

d

dt
− jωm)Ψs + (Rr + σLr(

d

dt
− jωm))ir (7)

In the above equation, the first part is the open circuit rotor voltage ur0 produced due to the stator

flux. It is possible to obtain its expression by setting ir = 0 in (7),

ur0 =
Lm

Ls
(

d

dt
− jωm)Ψs (8)

Since the small rotor resistance and transient reactance and the generally limited slip of DFIG,

the second part in (7) is smaller compared to ur0 in normal operation. Therefore, it is possible to write

the rotor voltage induced by the stator flux as shown in [37]:

ur0 = jωr
Lm

Ls
Ψs =

Lm

Ls

ωr

ωs
Usejωst (9)

where ωr and ωs are the rotor and stator angular speed, respectively. The magnitude of the rotor

voltage Ur0 at normal operation yields to be

Ur0 =
Lm

Ls

ωr

ωs
Us =

Lm

Ls
sUs (10)

where

ωr = ωs − ωm (11)

and s denotes the slip:

s =
ωs − ωm

ωs
(12)

In normal operation condition, the rotor voltage is a function of the amplitude of stator voltage

and slip. When the fault happens, the open circuit rotor voltage due to the stator flux is expressed as:

ur0 = −

Lm

Ls
(jωm +

1

Ts
)

Us

jωs
ejωst0 e−t/Ts (13)

This voltage space vector is fixed to the stator and its magnitude reduces exponentially to zero.

However, this voltage rotates reversely at angular frequency ωm with respect to the rotor

ur0
r = −

Lm

Ls
(jωm +

1

Ts
)

Us

jωs
ejωst0 ejωmte−t/Ts (14)

The magnitude of ur0
r reaches its peak at the fault instant. Ignoring the term 1/Ts in (14) [38] due

to its small value (Ts = 12.5s for the considered DFIG) we get

Ur0(t0) =
Lm

Ls

ωm

ωs
Us =

Lm

Ls
(1 − s)Us (15)

It is therefore clear that, when the fault happens, the voltage magnitude at the rotor is very close

to the stator voltage; it can be slightly greater if the DFIG is running at super-synchronous speed,

which is the regular case.
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3.2. Crowbar Protection

The crowbar represents a protection system based on resistors and IGBTs, and an active switching

device for achieving better performance, as described in [39]. Its protection method consists of

short-circuiting the rotor and disabling the rotor converter control. This creates an additional path for

the rotor currents for mitigating the over-voltages that may appear on the DC bus, or suppressing the

over-currents in rotor winding determined by the transients [14,40].

In this paper, a simple control solution for connecting/disconnecting the crowbar protection is

implemented, following a hysteresis logic, as proposed in [39]: in fact, when the rotor current exceeds

a threshold value, the crowbar is switched on, in order to reduce the operation time and to coordinate

the operation in LVRT and damping scheme; otherwise, the crowbar protection is off and the RSC

operation is resumed when the rotor current returns to a normal value [41].

4. Proposed Control Strategy for DFIG FRT and Enhanced Voltage Grid Support

The GSC and RSC controls are performed through conventional proportional-integral, fuzzy,

and advanced fuzzy controllers, respectively. In particular, GSC and RSC control the desired variables

through three stages.

The proposed controller within this paper combines the characteristics and performance

advantages of advanced fuzzy technique controller (third-stage). This is connected in series with the

PI controller in the first and second stages of DFIG. Hence, this implemented coordinated solution

is envisaged to obtain optimal results compared to using conventional controllers in the third stage.

For the strategy proposed here, the reactive power requirement varies between −0.06 to 0.11 pu

(per-unit), which is within the usual reactive power capability of DFIG.

Figure 3 illustrates the scheme of DFIG connected to the mains, as well as the proposed controller

structure with the monitored measures.

Figure 3. Crowbar Protection and LVRT control scheme of doubly-fed induction generator (DFIG).

RSC: rotor side converter; GSC: grid side converter; PWM: Pulse-width modulation; PLL: Phase-locked

loop; PI: Proportional Integral.
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4.1. Conventional Scheme Using Crowbar Protection without Fault-Ride-Through

In this mode, RSC is independently controlling the active and reactive power on the grid. On the

other hand, GSC aims to control the DC link voltage maintaining it at a defined value, regardless

of the direction and magnitude of the rotor power, to keep the converter operating within the

requirements [42].

In the second-stage controllers, the reference values are defined as follows:

• the reference value of active power, P∗

s , is determined by the maximum power point tracking

logic, depending on the optimal generator speed ωr;
• the reference value Q∗

s of RSC reactive power is in general set to zero;
• the reference value Q∗

g of GSC reactive power can be set to a particular value, or even to zero.

Thus, there is an active and reactive power exchange between the GSC and the upstream network,

while the transmission of reactive power is zero through the stator, as reported in [43].

4.2. Proposed Scheme Using Crowbar Protection with Fault-Ride-Through

In case of mains supply short-circuits, the tasks of RSC and GSC may be changed depending

on whether the crowbar protection is triggered or not [32]. If the crowbar is not triggered, the RSC

and GSC realizes the objectives as in the conventional scheme [42]. Otherwise, in the first instants of

the large short-circuit, the crowbar is triggered by over-currents in the rotor circuit, and the RSC is

disabled and bypassed. Thus, the GSC supports the grid through reactive power.

After the short-circuit first instants, the GSC will continue its operation as a voltage controller,

in order to deliver reactive power supporting voltage retention, as long as the RSC is blocked. After the

current in the rotor circuit is decreasing under the threshold value, the crowbar circuit is removed,

the RSC starts to operate as a voltage controller, in order to deliver reactive power supporting voltage

retention, and the GSC is set again to be reactive neutral. Following the short-circuit clearance, the RSC

supplied reactive power for supporting the voltage level, and active power to overcome power

imbalances. When the voltage at the point of common coupling (PCC) recovers to a reference value,

shortly after the fault, the DFIG power converter returns to normal operation.

The fault-ride-through control logic, shown in Figure 3 , reports the proposed coordinated control

strategy of DFIG. The proposed scheme is based on crowbar protection and voltage control using both

rotor side (RSC) and grid side converters (GSC). The definition of RSC and GSC voltage controller

are shown in Figures 4 and 5 respectively. These controllers produce Q∗

s and Q∗

g that must satisfy

the reactive current requirements for German codes as shown in Figure 2 based on the difference

between U∗

pcc and Upcc at PCC. Since the difference voltage at PCC can vary by few percent for

hundreds of microseconds, the implementation of a fuzzy logic controller can be useful [29] in addition

to conventional controller to increase the sensitivity of error signals ε1 and ε2. As reported in [43],

the input control variables to the FLC are ε1 and ε2 and their derivatives. With any variation of Q∗

s

and Q∗

g, the corresponding value of Upcc is computed. The variation of Q∗

s and Q∗

g is maintained in the

same direction when ε1 and ε2 increase with last positive derivative. Otherwise, negative derivative

causes a decrease in ε1 and ε2, and the direction if search for a suitable Q∗

s and Q∗

g is immediately

reversed [44]. In the following, all the variables are described by using a Fuzzy Logic language.
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Figure 4. Block diagram of the LVRT for rotor side converter (RSC) voltage controller. FLC: Fuzzy

Logic Controller.

Figure 5. Block diagram of the LVRT for grid side converter (GSC) voltage controller.

The usual fuzzy system structure has three basic blocks, which includes fuzzification (FI),

decision-making logic (DML), defuzzification (DFI), and knowledge base (KB). The notations of ε1,

ε2 and voltage error derivative are taken from [7,44] and are characterized by the Triangular and

Gaussian membership function, as shown in [28] and reported in Figure 6. While, for output Q∗

g and

Q∗

s control, nine membership functions are chosen to be characterized by the triangular membership

function according to [28], as reported in Figure 7.
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Figure 6. Input fuzzy set for voltage error (a) and its derivative (b).
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Figure 7. Output fuzzy set for reactive power control from RSC (a) and GSC (b).

The DML gives a fuzzy sets employing the rules based on the KB is reported in Table 1, then DFI

is applied on the fuzzy sets produced by the DML in order to convert the fuzzy set into a numerical

value by equation [45]:

y(x) =
∑

N
j wjµj(x)

∑
N
j µj(x)

(16)

where y(x) is the output reference pitch angle, wj is the weight corresponding to a given output fuzzy

set, µj(x) is the degree of the fuzzy rule, and x is the input vector.

Table 1. Fuzzy Pitch Angle Regulator Rules During Transient-State.

du Error

dt NL NM NS N ZO P PS PM PL

N N NM NS N N ZO P PS PM

ZO NL NM NS N ZO P PS PM PL

P NM NS N ZO P P PS PM PL

With respect to the conventional fuzzy control shown in Figures 4 and 5, the inputs and outputs

of the advanced FLC are normalized by the coefficients K1 = 5, K2 = 3 × 10−1, K3 = 1 × 10−1, K4 = 3,
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K5 = 3 × 10−1, and K6 = 45 × 10−1, for computational convenience. These scaling factors can be

constant or variable, and their role is critical in the FLC design to achieve a good response in both

transient and steady state. In this research, for the simplicity of the controller design, the scaling factors

are selected to be constant.

5. Results and Discussion

For correct operation of DFIG, the control of its converters is critical during both normal operation

and fault conditions. The previous works [11,26,27] deal with the DFIG control performance during

normal operating conditions. Nevertheless, the main attention of the present research is on the fault-ride

through capability.

The proposed control system was implemented in MATLAB/Simulink on a 3 MW DFIG wind

turbine. The DFIG supply network is illustrated in Figure 8, where the DFIG is connected, at the

Point of common coupling (PCC), to 33 kV lines of 10 km length. The characteristic data of DFIG and

network are reported in Table 2. The three-phase short-circuit to the ground is occurring at point F.

The short-circuit occurs at time instant t0 = 1.5 s and is cleared after 150 ms. The input wind speed

profile is based on [7,27].

Figure 8. Coupled Doubly-Fed Induction Generator (DFIG) based wind power plant (WPP) with Point

of common coupling (PCC).

Table 2. Grid Connected Wind Turbine Parameters.

Parameters Value Unit

DFIG:

Rated power 3 MW

Rated speed 12 m/s

Cut in wind speed 5 m/s

Cut out wind speed 19 m/s

Rated Voltage 690 V

Frequency 50 Hz

Rs 0.016 pu

Rr 0.00549 pu

Lls 0.18 pu

Llr 0.16 pu

Lm 2.9 pu

Grid power source:

Rated capacity 12/110 MVA/kV

Short-circuit ratio (SCR) 1
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5.1. Crowbar with Hysteresis Controller Effect

The crowbar effects on the transient response of DFIG have been already demonstrated in [39],

both for conventional DFIG and for the LVRT control scheme, respectively. The hysteresis control

proposed in [41] is here adopted as an improved LVRT control scheme, aimed to reduce the crowbar

operation time. The simulation result of hysteresis output signal to switch on/off crowbar protection

is shown in Figure 9. In contrast to the conventional control scheme, when the rotor current decrease

continuously during the crowbar operation interval (from t = 1.5 s to t = 1.65 s), in the proposed

control scheme the crowbar is activated with a delay of about 20 ms (due to hysteresis) and the rotor

current returns to its normal operation condition after about 40 ms t = 1.56 s [39], as reported in

Figure 10.

Similarly, the dc-voltage of capacitor starts discharging when the crowbar is triggered; the dc-link

voltage returns back to charging, when the RSC starts actively to control the reactive power. After fault

clearance, the GSC begins to control the dc-link voltage back to its reference (Figure 11). It is clear

that a crowbar with hysteresis control has a faster operation time, meaning that the DFIG with the

proposed FRT scheme is more controllable during the voltage dip condition.
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Figure 9. Hysteresis control signal for the crowbar, compared with the conventional control scheme.
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5.2. Performance Assessment of Voltage Grid Support Capability

The performance of the proposed controller for coordinating RSC and GSC for ensuring voltage

support were investigated under transient phenomena occurring in the analyzed DFIG supply

system. Figure 12 illustrates the variation of PCC voltage Upcc for the cases of DFIG with/without

fault-ride-through capability.
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Figure 12. The voltage Upcc at the point of common coupling (PCC).

The transient-state performance is analyzed here in terms of voltage control capability of the

proposed coordinated controller. Figure 12 compares the behavior of the PCC voltage with and

without the LVRT control scheme. The PCC voltage with LVRT control scheme is above Germany grid

codes, in regaining its pre-fault value, while the conventional DFIG with crowbar protection without

LVRT fails.

The variation of voltage at generator terminals (Figure 13) with high amount of reactive power

should be noted. This is generated by the coordinated control between voltage support of GSC

(when the rotor current exceeds the admitted value) and RSC (when the rotor current decreases to

secure region), in order to boost the PCC voltage at fault clearance (Figure 12).

Moreover, for comparison, the LVRT control scheme has been simulated with three different control

techniques considering PCC voltage dips. These strategies are: conventional proportional-integral
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(PI) controller, conventional fuzzy logic controller (FLC), and advanced fuzzy logic controller

(Advanced FLC).
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Figure 13. The voltage U at DFIG-based wind power plant terminal.

Figure 14 shows the total additional reactive power generated for voltage support, shared

between GSC (Figure 15) and RSC (Figure 16) with the proposed scheme controller. The reactive

power generated by DFIG without fault-ride-through capability decreases to zero. In the meanwhile,

the reactive power generated by the voltage control logic of GSC and RSC has an opposite variation

compared to the conventional scheme of RSC and GSC, as the DFIG with fault-ride-through control

logic is used to maintain the voltage at PCC.

Furthermore, during the initial period of a large fault, the task to support the grid with reactive

power is taken over by the GSC. As a result, Figure 15 shows the generator reactive power which is

not well maintain at the rated value and has high ripple components with the PI/FLC controllers,

whereas it is kept almost at the rated value by the Advanced FLC strategy. Regarding the generator

reactive power of RSC, whose task is to support the grid when the current in the rotor circuit is reduced

below the threshold value, a similar performance is shown in Figure 16. For the sake of completeness,

the variation of output active power is shown in Figure 17.
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Moreover, these three control strategies lead to more obvious differences in reactive power curves.

With the advanced FLC controller, over 0.5 pu of reactive power is delivered to the grid during

the fault from GSC (Figure 15). The strategy with conventional PI and FLC is lower than 0.3 pu,

under this scenario. As a result, the strategy with advanced FLC controller introduces relatively high

terminal voltage when the RSC is disconnected from the rotor circuit, compared with the other two

strategies (Figure 13). Behaving like DFIG without LVRT, strategies with conventional PI as well as

fuzzy controller absorb reactive power from the grid after fault is eliminated in Figure 14. On the other

hand, the strategy with advanced FLC provides reactive power to grid continuously. In Figure 16,

showing the RSC reactive power of DFIG, all strategies meet the requirement with reasonably high

reactive power during the fault condition. Moreover, compared with the results in Figures 12–14,

the performance of the advanced FLC strategy is more effective and smooth in providing reactive

power and recovering voltage. To demonstrate the effectiveness of three control strategies, we have

reported in Table 3 a number of performance indexes computed from Figure 12. The meaning of these

indicator is clarified in Figure 18: in particular, settling time (ts) is the time for the response Upcc(t) to

rise from 0 to the steady-state value U
( f inal)
pcc ; rise time (tr) is the time for the response Upcc(t) to rise

from 10% to 100% of the steady-state response; peak overshoot (OS%), i.e., the percentage overshoot

relative to U
( f inal)
pcc , and peak undershoot (US%), i.e., the percentage undershoot relative to U

( f inal)
pcc ,

are defined as follows:

OS% =

∣

∣

∣

∣

∣

∣

U
(over)
pcc − U

( f inal)
pcc

U
( f inal)
pcc

∣

∣

∣

∣

∣

∣

× 100 (17)

US% =

∣
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∣

∣
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pcc − U

( f inal)
pcc

U
( f inal)
pcc

∣

∣

∣

∣

∣

∣

× 100 (18)

where U
(over)
pcc is the peak overshoot response of PCC voltage, U

(under)
pcc is the peak undershoot response

of PCC voltage, U
( f inal)
pcc is the steady-state value of the PCC voltage.
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Figure 18. Rise time, settling time, and other typical second-order step-response characteristics of the

PCC voltage Upcc.

Table 3. Performance Analysis for Advanced FLC, FLC and PI controller in terms of PCC voltage.

Controller OS% US% ts(s) tr(s)

Advanced FLC: 1 2 0.8 0.2

FLC: 3 5 1.5 0.3

PI: 3 40 1.5 1
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As a result, the coordination between RSC and GSC in the third-stage of FRT and damping control

appears to be effective, by suitably achieving the desired results in terms of improved voltage grid

support during the fault condition and post-fault.

6. Conclusions

This paper presented an efficient control logic for voltage grid support in case of power systems

supplying DFIG under short-circuit occurrences in the supply system. The fault-ride-through capability

was improved by using the good control capability of the DFIG wind system, as well as proposed

fuzzy logic technique.

The main contribution of this paper is the coordinated control between GSC and RSC, controlling

and sustaining the voltage level in a coordination mode. Usually, the reactive power control is the

responsibility of the RSC controller. During the period when the crowbar protection is on, the voltage

support is realized by the GSC control logic. The proposed control system effectively regulates reactive

power output of the DFIG wind turbine to compensate the reactive power absorbed by this machine

during large disturbances.

The effectiveness of control technique based on PI, FLC and advanced FLC are compared.

The advanced FLC controller, a new simple control strategy based on computational intelligence,

appears to be more effective than the existing methods, including the active crowbar protection both

in performance and in the improvement of grid reliability.

The simulation results confirm that the proposed coordinated control strategy is successful

in providing the supplementary reactive power from the RSC and GSC thus improves the DFIG

fault-ride-through capability.
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