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Abstract: With the increase in reliance on doubly fed induction generator-based wind en-
ergy conversion systems (DFIG-WECSs), extracting maximum power from wind energy 
and enhancing fault ride-through (FRT) techniques meeting the grid code requirements is 
the foremost concern. This paper proposes a modified control scheme that operates in 
normal running conditions and during faults as a dual mode. The proposed control 
scheme operates in a coordinated wind speed estimation-based maximum power point 
tracking (WSE-MPPT) mode during normal running conditions to extract maximum 
power from wind energy and enhances the crowbar rotor active impedance-based FRT 
mode during faults. The proposed technique controls the rotor side converter (RSC) pa-
rameters during faults by limiting the transient surge in the rotor and stator currents. In 
this study, the transient behavior of the proposed technique is analyzed under a three-
phase symmetrical fault with a severe voltage dip, and it is observed that, when the fault 
is over and the RSC is activated and connected to the system, a large inrush current is 
produced with transient oscillations; the proposed scheme suppresses this post-fault in-
rush current and limits the transient oscillation. During the FRT operating mode under a 
symmetrical fault, the simulation results of the proposed technique are validated by the 
conventional crowbar strategy. In contrast, during the WSE-MPPT operating mode under 
normal running conditions, a smooth achievement of system parameters after starting the 
inrush period to a steady state at fixed wind speed is observed. 

Keywords: doubly fed induction generator; fault ride-through; crowbar; maximum 
power point tracking; rotor side controller (RSC) 
 

1. Introduction 
With the growing shift towards wind power, integrating large-scale wind energy gen-

eration on the power grid has become very important. The doubly fed induction generator 
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(DFIG) and permanent magnet synchronous generator (PMSG) are the most favored wind 
generators among large-scale wind energy generation systems. PMSGs have the advantages 
of low maintenance costs because of the absence of a gearbox, more reliability and durability 
due to the elimination of gearbox and bearings, and ease of control due to the variable-speed 
drive converter. However, PMSGs have multiple disadvantages, such as high costs due to a 
fully rated converter, the requirement for a permanent magnet, which makes PMSG more 
expensive, and the fact that a multipole generator increases the size of the machine [1]. An-
other problem associated with PMSGs is encountered during starting, due to their synchro-
nous property, which requires constant voltage [2]. 

On the other hand, DFIG-based wind energy systems have become a pivotal technol-
ogy in modern power grids. DFIGs are favored in wind power generation due to their 
efficient power control capabilities and ability to operate at varying wind speeds; 25–30% 
of the rated power is controlled through a rotor side controller, which requires low-rated 
converters, smaller in size [3]. However, the primary concern of DFIGs is the extraction of 
maximum power from wind energy during normal running conditions and their integra-
tion into the grid, particularly in terms of fault ride-through (FRT) during fault conditions. 
A significant body of research has emerged focusing on enhancing the stability, maximum 
power extraction, and fault tolerance of DFIG-based wind turbines to ensure they meet 
grid code requirements, maintain reliability, and provide continuous energy during grid 
disturbances and normal running conditions [4]. 

Many MPPT techniques have been proposed to increase efficiency and extract maxi-
mum power from the wind, such as wind speed estimation (WSE), tip speed ratio (TSR), 
and perturbation and observation (P&O). The TSR-based MPPT technique proposed by 
Abdel Raheem et al. use an anemometer to find the wind speed, but this method is costly 
and requires regular maintenance [5]. Mousa Hossam et al. proposed an efficient P&O 
technique that accurately tracks wind power, but the major disadvantage is low tracking 
speed [6]. To overcome these drawbacks in TSR and P&O, a novel WSE-based MPPT tech-
nique is proposed by Jiao et al. to achieve maximum wind power with quick rotor tracking 
speed and low-cost implementation [7]. 

When a fault occurs in a grid-connected DFIG-based wind system, the transient cur-
rents in the rotor and stator winding reduce the life span of the wind system and may 
damage the RSC and grid side converter (GSC). Researchers propose many fault ride-
through FRT techniques to protect the RSC and GSC from transient currents and voltage 
dips during grid faults while meeting grid code requirements. A new fault current limiter 
device is designed to improve the fault tolerance of DFIG-based wind turbines. This de-
vice limits the effects of transient currents during grid faults, increasing the system stabil-
ity and improving the overall grid resilience during fault conditions [8]. A detailed dis-
cussion on understanding DFIG dynamics, control, and its integration to the grid, based 
on different frequency domain and state space strategies, is presented in [9]. Kaloi et al. 
present a novel approach to control the active and reactive power using suitable voltage 
vectors on the RSC of DFIG-based systems [10]. A novel fault ride-through technique that 
uses dynamic voltage restorers in DFIG-based wind turbines to maintain operation dur-
ing a grid voltage dip is discussed in {11}. This technique ensures that turbines stay con-
nected to the system despite voltage fluctuations, thus enhancing performance and fault 
tolerance [11]. A new energy storage integrated system has proven to be an enhanced 
strategy for improving wind turbines’ reliability and fault tolerance. Shen et al. proposed 
a modified auxiliary control method for energy storage devices, which provides fault cur-
rent support to DFIG-based WTs. This research discusses energy storage devices’ central 
role in supporting DFIG-based WTs during grid faults, allowing for smoother voltage reg-
ulation and improved grid stability [12]. To further improve the fault ride-through (FRT) 
capabilities of DFIG-based WT systems, Souza, Barros, and Costa introduce a modular 
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multilevel converter. This converter helps DFIG systems withstand voltage dips and 
maintain grid stability during low-voltage conditions, significantly enhancing the sys-
tem’s performance and limiting the fault current. [13]. Additionally, Vinoth Kumar and 
Selvan propose a novel technique that enhances the fault ride-through capabilities of 
DFIG-based wind turbines. This approach increases system reliability during faults and 
ensures continuous energy production under grid disturbance conditions [14]. 

In another novel work, Rahimi et al. proposed enhanced fault ride-through DFIG-
based wind turbine techniques during balanced faults. Analytical expressions are devel-
oped to examine the rotor current and rotor voltage behavior. Their study provides a de-
tailed discussion of the RSC and DC-link voltage control strategy that allows DFIG-based 
wind turbines to ride through grid disturbance [15]. Dai et al. also contribute to low-volt-
age ride-through by introducing a modified DC-link current control strategy to protect 
the GSC and RSC converters, further enhancing the LVRT capabilities of DFIG systems 
and ensuring stable performance under low-voltage conditions [16]. Yang et al. propose 
an enhanced control strategy for DFIG-based wind turbines, which improves fault ride-
through capabilities by effectively handling the grid disturbance and overall system pa-
rameters. [17]. Sami et al. proposed an artificial neural networks-based sliding mode con-
trol scheme, leading to enhanced convergence speed and improved fault tolerance in 
DFIG-based wind systems [18]. 

In recent years, many novel approaches have been developed for multi-port conver-
sion systems to predict performance in frequent operation circumstances. The dynamic 
impact of grids with high power electronics content in renewable energy sources weakens 
the nearby AC grids [19], and this causes resonance between the power equipment and 
control systems; therefore, the tuning control of the parameters through a suitable con-
troller is always a matter of concern [20,21]. The decoupled operation of active and reac-
tive power through various controllers like the PI controller, the slide mode controller, 
and the fuzzy logic controller has been undergone in [22–24]. Among the existing control-
lers in the literature, the PI controller is most widely employed due to its simplifications. 
In contrast, the proportional resonance (PR) controller is employed under unbalanced 
faults [25], and the dependency of the (PR) controller in frequency changes is discussed in 
[26]. A novel control strategy for tuning proportional controllers based on a diverse frac-
tional order approach in a weak AC grid scenario is discussed in [27]. An advanced con-
trol strategy proposed by Chehaidia et al. introduced a fuzzy gain scheduling of the PI 
controller that controls the electromagnetic torque to capture maximum power from var-
iable-speed wind turbines. 

The proposed study ensures that the wind turbine operates optimally under different 
wind conditions while maintaining grid stability [28]. Nouriani et al. present a compara-
tive study of different LVRT-based control methods for variable-speed wind turbines, 
which provides a detailed understanding of multiple approaches to enhance grid stability 
and fault tolerance in wind energy systems [29]. With the increase in wind turbine-based 
energy generation, the need for frequency stability becomes a foremost concern. Kazemi 
Golkhandan et al. present a control strategy designed to improve the frequency stability 
in power systems with high wind-power penetration. Their work focused on the im-
portance of DFIG-based wind turbines in maintaining grid stability [30]. Shahbazi et al. 
investigate real-time experimental fault analysis and fault-tolerant operation in DFIG-
based systems. Their study ensures that DFIG systems can remain connected with the grid 
while operating reliably even in component faults [31]. Chojaa et al. analyzed nonlinear 
control techniques to enhance the performance of DFIG during varying wind conditions. 
Their research contributes to the development of a more reliable control method that con-
trols the system parameters during the fluctuating nature of wind energy, ensuring system 
stability [32]. Almozayen et al. further examine DFIG-based WECS behavior under three-
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phase symmetrical fault conditions using the dynamic phasor finite element method. This 
study analyzes the production and method of the harmonics to minimize their effects on 
system parameters, providing an enhanced controlled model during grid disturbances [33]. 

In recent work, Kang et al. proposed a zero-voltage ride-through strategy for perma-
nent magnet synchronous generator PMSG-based wind systems. Their method is based 
on nonlinear extended state observers and sliding mode control, highlighting a novel ap-
proach to maintaining system performance during zero-voltage conditions [34]. Bekiroglu 
et al. present a crowbar protection scheme to enhance the fault ride-through capability of 
DFIG-based systems during symmetrical and asymmetrical fault current and voltage 
dips, offering a novel control method to protect rotor side controller RSCs from the fault 
current and ensure continuous power generation during faults [35]. Kaloi et al. and S.B 
Naderi et al. proposed an enhanced fault ride-through technique by using a feedback lin-
earization control method and DC chopper to control the DC link voltage, rotor, and stator 
current during grid faults [36,37]. Most of the literature discussed has worked on limited 
system parameters, and very minimal literature is available on the synchronized mode of 
operation to operate under normal running conditions with a maximum power extraction 
approach and under fault and post-fault conditions as fault current protection approaches 
simultaneously. This paper deals with the steady state, dynamic, and transient condition 
analysis of grid-connected DFIGs. 

The main novelty of this paper is working in a synchronized mode of operation with 
an enhanced crowbar-based rotor active impedance control strategy under the FRT mode 
and switching to wind speed estimation-based WSE-MPPT to extract the maximum wind 
power under normal running conditions. During the FRT mode, it is observed that the 
transient appears two times on the rotor side, firstly during the fault and secondly after 
the fault because of RSC activation; using the active impedance with the controller can re-
duce the post-fault inrush current. In this study, three approaches are used; firstly, an ana-
lytical expression is developed to investigate the rotor and stator dynamics under a severe 
voltage dip in symmetrical fault conditions to determine the proper crowbar resistance that 
reduces the severity of the fault. Secondly, an active impedance is used with an RSC to re-
duce the post-fault inrush current when the crowbar is deactivated. Thirdly, a synchronized 
WSE-MPPT approach is developed under normal conditions. The proposed approach accu-
rately represents the system’s behavior under fault conditions and improved control over 
transient currents, leading to more robust FRT performance and enhanced system stability. 

The general functioning of a DFIG-based-WT with crowbar protection is shown in 
Figure 1. It shows the essential components of the DFIG-WT, which consists of gearbox, 
rotor side, and, grid-side, two bi-directional converters connected via DC bus and an RL 
filter and crowbar used to protect the RSC during faults. 
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Figure 1. Schematic diagram of DFIG-based wind turbine with crowbar protection. 

2. Proposed FRT-Based Modeling of Rotor and Stator 
The proposed control scheme has a dual mode of operation. During a fault, it 

switched to the FRT mode of operation. This section deals with stator and rotor transient 
modeling to calculate the fault currents and voltage dip in the DFIG. The value of stator 
and rotor parameters are determined in d-q axes, which are DC components, in a synchro-
nous reference frame. 

 𝑉௦ௗ = 𝑅௦௧௔௧௢௥𝑖௦ௗ −  𝜔௦𝜓௦ௗ + 𝑑𝜓௦ௗ𝑑𝑡  

𝑉௦௤ = 𝑅௦௧௔௧௢௥𝑖௦௤ + 𝜔௦𝜓௦௤ + ௗటೞ೜ௗ௧   

(1)

𝑉௥ௗ = 𝑅௥௢௧௢௥𝑖௥ௗ −  𝑠𝜔௦𝜓௥ௗ + 𝑑𝜓௥ௗ𝑑𝑡  

𝑉௥௤ = 𝑅௥௢௧௢௥𝑖௥௤ +  𝑠𝜔௦𝜓௥௤ + ௗటೝ೜ௗ௧   

(2)

𝜓௦ௗ = (𝐿௦௧௔௧௢௥)𝑖௦ௗ + 𝑀𝑖௥ௗ 𝜓௦௤ = (𝐿௦௧௔௧௢௥)𝑖௦௤ + 𝑀𝑖௥௤  
(3)

𝜓௥ௗ = 𝑀𝑖௦ௗ + (𝐿௥௢௧௢௥)𝑖௥ௗ 𝜓௥௤ = 𝑀𝑖௦௤ + (𝐿௥௢௧௢௥)𝑖௥௤  
(4)

where Vୱୢ , Vୱ୯, V୰ୢ, V୰୯  denote d-q axis stator and rotor voltages, respectively, whereas ψୱୢ,ψୱ୯,ψ୰ୢ,ψ୰୯ represent stator and rotor flux, respectively. R୰୭୲୭୰,ωୱ , Rୱ୲ୟ୲୭୰, and s are 
the rotor resistance, synchronous speed, stator resistance, and slip, respectively [38,39]. 

Equation (5) is achieved by placing the value of Equation (4) into Equation (2) 𝑉௥ௗ = 𝑅௥௢௧௢௥𝑖௥ௗ −  𝑠𝜔௦൫(𝐿௥௢௧௢௥)𝑖௥ௗ + 𝑀𝑖௦ௗ൯ + (𝐿௥௢௧௢௥) ௗ௜ೝ೏ௗ௧ + 𝑀ௗ௜ೞ೏ௗ௧   

𝑉௥௤ = 𝑅௥௢௧௢௥𝑖௥௤ +  𝑠𝜔௦ ቀ(𝐿௥௢௧௢௥)𝑖௥௤ + 𝑀𝑖௦௤ቁ+ (𝐿௥௢௧௢௥)𝑑𝑖௥௤𝑑𝑡
.

+ 𝑀𝑑𝑖௦௤𝑑𝑡
.

.

 
(5)

d-q axis stator current, as shown in Equation (6), is obtained from rearranging Equation 
(3) 
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𝑖௦ௗ = ൬ 1𝐿௦௧௔௧௢௥൰𝜓௦ௗ − ( 𝑀𝐿௦௧௔௧௢௥)𝑖௥ௗ 𝑖௦௤ = ቀ ଵ௅ೞ೟ೌ೟೚ೝቁ𝜓௦௤ − ( ெ௅ೞ೟ೌ೟೚ೝ)𝑖௥௤  
(6)

d-q axis rotor voltage, as shown in Equation (7), is obtained by relating the above 
Equations (4)–(6). 

𝑉௥ௗ = ቆ𝑅௥௢௧௢௥ + 𝑅௦௧௔௧௢௥ 𝑀ଶ(𝐿௦௧௔௧௢௥)²ቇ 𝑖௥ௗ − 𝑠𝜔௦ ൭(𝐿௥௢௧௢௥) − 𝑀ଶ𝐿௦௧௔௧௢௥ଶ ൱ 𝑖௥ௗ + ቆ𝐿௥௢௧௢௥ − 𝑀ଶ(𝐿௦௧௔௧௢௥)ଶቇ 𝑖௥ௗ+   ൬ 𝑀𝐿௦௧௔௧௢௥൰ ൭൬𝑅௦௧௔௧௢௥𝐿௦௧௔௧௢௥൰𝜓௦ௗ + 𝜔௦𝜓௦ௗ −  𝑠𝜔௦𝜓௥ௗ ൱ 

𝑉௥௤ = ቀ𝑅௥௢௧௢௥ + 𝑅௦௧௔௧௢௥ ெమ(௅ೞ೟ೌ೟೚ೝ)²ቁ 𝑖௥௤ − 𝑠𝜔௦ ቆ(𝐿௥௢௧௢௥) − ெమ௅ೞ೟ೌ೟೚ೝమ ቇ 𝑖௥௤ + ቀ𝐿௥௢௧௢௥ − ெమ(௅ೞ೟ೌ೟೚ೝ)మቁ 𝑖௥௤ +  ቀ ெ௅ೞ೟ೌ೟೚ೝቁ ቆቀோೞ೟ೌ೟೚ೝ௅ೞ೟ೌ೟೚ೝቁ𝜓௦௤ − 𝜔௦𝜓௦௤ +  𝑠𝜔௦𝜓௥௤ቇ  

(7)

The back EMF voltage E ௥ௗ` 𝑎𝑛𝑑 E ௥௤`  induced in the rotor, which is the function of sta-
tor flux and current, as shown in Equation (8), is used to find the rotor transient currents 
during the fault, representing the effect of stator dynamics on rotor dynamics. 𝐸௥ௗ` = 𝑀(𝐿𝑠𝑡𝑎𝑡𝑜𝑟) ൫𝑉𝑟𝑑 + 𝜔𝑠𝜓𝑠𝑑 −  𝑠𝜔𝑠𝜓𝑠𝑑 ൯ 

𝐸௥௤` = 𝑀(𝐿𝑠𝑡𝑎𝑡𝑜𝑟) ቀ𝑉𝑟𝑞 − 𝜔𝑠𝜓𝑠𝑞 +  𝑠𝜔𝑠𝜓𝑠𝑞ቁ  
(8)

d-q axes rotor current, as shown in Equation (9), is achieved by isolating rotor current 
from Equation (4). 𝑖௥ௗ = ቀ ଵ௅ೝ೚೟೚ೝቁ𝜓௥ௗ − ெ(௅ೝ೚೟೚ೝ) 𝑖௦ௗ 𝑖௥௤ = ቀ ଵ௅ೝ೚೟೚ೝቁ𝜓௥௤ − ெ(௅ೝ೚೟೚ೝ) 𝑖௦௤  

(9)

By isolating and simplifying the d-q axis rotor current 𝑖௥ௗ and 𝑖௥௤ from Equation 
(5), then putting the 𝑖௥ௗ  and 𝑖௥௤  values in Equation (3), d-q stator flux 𝜓௦ௗ  and 𝜓௦ௗ  is 
obtained as shown below in Equation (10). 𝜓௦ௗ = 𝜔௦ ቂ(𝐿௦௧௔௧௢௥) −  ቀ ெమ(௅ೝ೚೟೚ೝ)ቁቃ 𝑖௦ௗ+𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦ௗ 𝜓௦௤ = 𝜔௦ ቂ(𝐿௦௧௔௧௢௥) −  ቀ ெమ௅ೝ೚೟೚ೝቁቃ 𝑖௦௤+𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦௤  

(10)

The above equation shows dynamic modeling of stator flux linkage in d-q axes where 

the term 𝜔௦ ቆ(𝐿௦௧௔௧௢௥) − ெమ௅ೝ೚೟೚ೝቇ is the transient reactance, which can be represented as 𝑋 ’, 
and Equation (10) can be re-written as Equation (11): 𝜓௦ௗ = 𝑋 ’𝑖௦ௗ+𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦ௗ 𝜓௦௤ = 𝑋 ’𝑖௦௤+𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦௤ 

(11)

During fault analysis, the effects of the transient behavior of stator voltage on rotor 
dynamics are obtained by including the stator transient flux from Equation (11) into Equa-
tion (1), and, by neglecting the flux linkages derivation ௗటೞ೏ௗ௧  and ௗటೞ೜ௗ௧ , we obtain Equation 
(12). 
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𝑉௦ௗ = 𝑅௦௧௔௧௢௥𝑖௦ௗ −  𝑋 ’𝑖௦ௗ + 𝐸௥ௗ`    𝑉௦௤ = 𝑅௦௧௔௧௢௥𝑖௦௤ + 𝑋 ’𝑖௦௤ − 𝐸௥௤`   
where  𝐸௥ௗ` = 𝜔௦ ൬ 𝑀𝐿௥௢௧௢௥൰𝜓௦ௗ    𝐸௥௤` = 𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦௤              

(12)

The source voltage ௗா೏̀ௗ௧  and ௗா೜̀ௗ௧  is the residual voltage in the machine, and it is nec-
essary to calculate the source voltage because it shows transient behavior. It can be calcu-
lated by incorporating Equation (9) into Equation (2), as shown below [40,41]. ௗாೝ೏`ௗ௧ =  𝑅𝑟𝑜𝑡𝑜𝑟𝐿𝑟𝑜𝑡𝑜𝑟` 𝐸𝑟𝑑` +  𝑅𝑟𝑜𝑡𝑜𝑟𝐿𝑟𝑜𝑡𝑜𝑟` ቀ 𝑀2𝐿𝑟𝑜𝑡𝑜𝑟` ቁ 𝑖𝑠𝑑+ 𝑠𝜔௦𝐸𝑟𝑑` − ெ(௅ೝ೚೟೚ೝ` )𝑉௥ௗ 

ௗாೝ೜`ௗ௧ =  ோೝ೚೟೚ೝ௅ೝ೚೟೚ೝ` 𝐸௥௤` + ோೝ೚೟೚ೝ௅ೝ೚೟೚ೝ` ൬− ெమ௅ೝ೚೟೚ೝ` ൰ 𝑖௦௤ −  𝑠𝜔௦𝐸௥௤` + ெ(௅ೝ೚೟೚ೝ` )𝑉௥௤  

(13)

where 𝐿௥௢௧௢௥`  represents the transient inductance of rotor dynamics. 
d-q axis rotor voltage during fault is obtained by putting the stator current as in Equa-

tion (6) and its derivative in Equation (5) and simplifying the equation; the authors obtain 
the following: 𝑉௥ௗ = 𝑅௥௢௧௢௥𝑖௥ௗ + ቀ ିெ௅ೞ೟ೌ೟೚ೝ + 𝑀 + 𝐿௥௢௧௢௥ቁ (𝑖௥ௗ)(−𝑠𝜔௦) + ቀ ெ௅ೞ೟ೌ೟೚ೝ + 𝑀 + 𝐿௥௢௧௢௥ቁ𝑑𝑖ೝ೏𝑑𝑡  − ௦ఠೞெ(௅ೞ೟ೌ೟೚ೝ)𝜓௦ௗ 

𝑉௥௤ = 𝑅௥௢௧௢௥𝑖௥௤ + ቀ ିெ௅ೞ೟ೌ೟೚ೝ + 𝑀 + 𝐿௥௢௧௢௥ቁ (𝑖௥௤)(𝑠𝜔௦) + ቀ ெ௅ೞ೟ೌ೟೚ೝ + 𝑀 + 𝐿௥௢௧௢௥ቁ𝑑𝑖ೝ೜𝑑𝑡  + ௦ఠೞெ(௅ೞ೟ೌ೟೚ೝ)𝜓௦௤  
(14)

where the stator flux 𝜓௦ௗ  and 𝜓௦௤ is a rotating vector of constant amplitude that rotates at 

a synchronous speed 𝜔௦. 𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ 𝜓௦ௗ  and 𝜔௦ ቀ ெ௅ೝ೚೟೚ೝቁ𝜓௦௤ are the rotor back emf pa-

rameters because of stator flux and can be represented as  𝐸௥௤`  and  𝐸௥ௗ` . 
The transient behavior of d-q axis rotor voltage and stator flux is shown in Equations 

(15) and (16). 𝑉௥ௗ = (𝑅௥௢௧௢௥` .)(𝑖௥ௗ) + (𝐿௥௢௧௢௥` )(𝑖௥ௗ) + ൫𝜔௦)(𝐿௥௢௧௢௥` ൯(𝑖௥ௗ) − ൬ 𝑠𝜔௦𝑀𝐿௦௧௔௧௢௥൰𝜓௦ௗ 𝑉௥௤ = (𝑅௥௢௧௢௥` .)(𝑖௥௤) + (𝐿௥௢௧௢௥` )(𝑖௥௤) + ൫𝜔௦)(𝐿௥௢௧௢௥` ൯൫𝑖௥௤൯ + ቀ ௦ఠೞெ௅ೞ೟ೌ೟೚ೝቁ𝜓௦௤  
(15)

𝜓௦ௗ = (𝜓௦ௗଶ + (𝜓௦ௗ − 𝜓௦ௗଶ)𝑒ఙ௧𝑒௝ఠ௧) 𝜓௦௤ = ൫𝜓௦௤ଶ + ൫𝜓௦௤ − 𝜓௦௤ଶ)𝑒ఙ௧𝑒௝ఠ௧൯  
(16)

where 𝑅௥௢௧௢௥` .and 𝐿௥௢௧௢௥`  shows the rotor transient resistance and inductance [41]. Equa-
tion (16) shows the change of d-q axis stator flux during a fault and after a fault, and 𝜎 
represents the stator flux damping. 

Equations (15) and (17) represent the rotor fault current equations with and without 
crowbar activation. The equivalent rotor transient diagram during a fault is shown in Fig-
ure 2 below. When the crowbar activates during the fault, RSC is deactivated, and the 
rotor voltage 𝑉௥ becomes zero, as shown in Equation (17): 0 = (𝑅௥௢௧௢௥` + 𝑅௖௥௢௪)(𝑖௥ௗ) + (𝐿௥௢௧௢௥` )(𝑖௥ௗ) + ൫𝜔௦)(𝐿௥௢௧௢௥` ൯(𝑖௥ௗ) + 𝐸௥ௗ`  0 = (𝑅௥௢௧௢௥` + 𝑅௖௥௢௪)(𝑖௥௤) + (𝐿௥௢௧௢௥` )(𝑖௥௤) + ൫𝜔௦)(𝐿௥௢௧௢௥` ൯൫𝑖௥௤൯ + 𝐸௥௤`   

(17)
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𝐸௥ௗ` (𝑡) = 𝜔௦𝑀𝐿௦௧௔௧௢௥ (𝜓௦ௗଶ − (𝜓௦ௗ − 𝜓௦ௗଶ)𝑒ఙ௧𝑒௝ఠ௧) 𝐸௥௤` (𝑡) = ఠೞெ௅ೞ೟ೌ೟೚ೝ ൫𝜓௦௤ଶ − ൫𝜓௦௤ − 𝜓௦௤ଶ)𝑒ఙ௧𝑒௝ఠ௧൯  
(18)

where 𝑅௖௥௢௪ shows crowbar resistance during the fault; 𝐸௥ௗ`  and 𝐸௥௤`  are the back emf 
voltage induced in the rotor due to stator flux. 

 

Figure 2. Equivalent circuit diagram of the rotor during a fault. 

Equation (19) shows the rotor current during an unsymmetrical fault when the crow-
bar activates, which is obtained by comparing the Equations (17) and (18), as follows: 

𝑖௥ௗ(𝑡) = 𝑀𝐿௦௧௔௧௢௥ ⎝⎛ 𝜓௦ௗଶ × 𝑒௝௅௥௢௧௢௥/ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ ට(𝑅௥௢௧௢௥` + 𝑅௖௥௢௪௕௔௥)ଶ + (𝐿௥௢௧௢௥` )ଶ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ⁄ )⎠⎞
+ ⎝⎛ 𝜓௦ௗ − 𝜓௦ௗଶ)𝑒௝௅௥௢௧௢௥/ோ`ାோ೎ೝ೚ೢ ට(𝑅௥௢௧௢௥` + 𝑅௖௥௢௪)ଶ + (𝐿௥௢௧௢௥` )ଶ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோ`ାோ೎ೝ೚ೢ⁄ )⎠⎞ 

𝑖௥௤(𝑡) = ெ௅ೞ೟ೌ೟೚ೝ ቌ టೞ೜మ×௘ೕಽೝ೚೟೚ೝ/ೃೝ೚೟೚ೝ` శೃ೎ೝ೚ೢ ට(ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ್ೌೝ)మା(௅ೝ೚೟೚ೝ` )మ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ⁄ )ቍ +
ቌటೞ೜ିటೞ೜మ)௘ೕಽೝ೚೟೚ೝ/ೃೝ೚೟೚ೝ` శೃ೎ೝ೚ೢ ට(ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ)మା(௅ೝ೚೟೚ೝ` )మ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ⁄ )ቍ  

(19)

Here, the value of 𝜎 is low when compared with rotor damping; 𝑒ఙ௧ is intended to equal 
to 1. For the worst case of a three-phase short circuit fault (symmetrical fault), 𝜓௦ௗଶ and 𝜓௦௤ଶ will 
become zero, and Equation (19) can be rewritten as 

𝑖௥ௗ(𝑡) = 𝑀𝐿௦௧௔௧௢௥ ⎝⎛ 𝜓௦ௗ × 𝑒௝௅௥௢௧௢௥/ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ ට(𝑅௥௢௧௢௥` + 𝑅௖௥௢௪)ଶ + (𝐿௥௢௧௢௥` )ଶ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ⁄ ⎠⎞ 

𝑖௥௤(𝑡) = ெ௅ೞ೟ೌ೟೚ೝ ቌటೞ೜×௘ೕಽೝ೚೟೚ೝ/ೃೝ೚೟೚ೝ` శೃ೎ೝ೚ೢ ට(ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ)మା(௅ೝ೚೟೚ೝ` )మ × (𝑒௝ఠ௧ − 𝑒௧ ௝௅⁄ ௥௢௧௢௥ ோೝ೚೟೚ೝ` ାோ೎ೝ೚ೢ⁄ ቍ  

(20)

The optimal value of crowbar resistance while keeping the input line voltages (VL) of the 
crowbar below the dc-link voltage (Vdc) is computed as Rcrow = 0.17 p.u = 26Rrotor. 
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3. MPPT Modeling of Rotor Side Converter Control 
The proposed control scheme limits the surge in rotor currents during faults with 

enhanced FRT-based active impedance crowbar protection and switches to MPPT under 
normal running conditions. Maximum power extraction is achieved by wind speed esti-
mation based on the maximum power point tracking WSE-MPPT method through the 
rotor side converter (RSC) control. The fuzzy-based algorithm is developed in normal grid 
conditions to extract the maximum wind power. The proposed control scheme is designed 
to operate in a dual mode efficiently during normal running conditions by applying the 
MPPT technique and enhanced FRT technique during faults to protect the RSC from the 
fault current. 

The mechanical power output from the wind turbine [42] is given as 𝑃௠௣ = 0.5𝐶௣(𝑇ௌோ ,𝛽)𝜌𝜋𝑅ଶ𝑣௪ଷ    (21)

where 𝜌 represents the density of air, 𝑣௪ shows the wind speed, and R shows the blade 
radius of the turbine. 

The wind speed is obtained from the measured value of rotor speed 𝜔௠௘௔௦௨௥௘ௗ, the 
radius of turbine rotor R, and the tip speed ratio 𝑇ௌோ, as shown in Equation (22) 𝑉௪ = ఠ೘೐ೌೞೠೝ೐೏.ோ்ೄೃ    (22)

The rotor reference speed, 𝜔௥௘௙, is achieved from the value of wind speed and tip 
speed ratio𝑇ௌோ (𝜆) as shown in the equation below: 𝜔௥௘௙ = ்ೄೃோ .𝑉௪௜௡ௗ   (23)

To obtain the maximal power extraction at each wind velocity of rotor speed, as 
shown in Figure 3, it should be of maximal value at 𝑇ௌோ  (𝜆௢௣௧). 

The rotor speed error 𝜔௘௥௥௢௥ is calculated from the measured rotor speed 𝜔௠௘௔௦௨௥௘ௗ 
and rotor reference speed 𝜔௥௘௙ as shown below. 𝜔௘௥௥௢௥ = 𝜔௥௘௙ − 𝜔௠௘௔௦௨௥௘ௗ    (24)

The direct axis rotor current 𝑖ௗ௥∗  under normal running conditions is generated by a  
C.R Raghavendra [43]-based fuzzy logic controller, whereas the input of fuzzy logic is 
rotor speed error 𝜔௘௥௥௢௥ and change in rotor speed error ௗఠௗ௧  

The mechanical power output changes with the change in the speed of the wind; the 
wind turbine achieves the maximum rated speed using the maximum power tracking 
technique when the value of pitch angle 𝛽 is 0௢, as shown in Figure 3. To obtain the max-
imal power extraction at each wind velocity of rotor speed, the value of 𝑇ௌோ  (𝜆௢௣௧) should 
be maximum. 
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Figure 3. Characteristics of wind turbines under different wind speed conditions. 

4. Proposed Control Scheme of the Rotor Side Converter 
The proposed RSC control scheme is suitable for operating in normal running condi-

tions and during faults. This dual mode of operation is based on a coordinated control 
scheme. During normal running conditions, the MPPT fuzzy-based technique extracts 
maximum power from the wind turbine through RSC control. The proposed scheme 
switches over to the FRT mode when the fault occurs, and active impedance-based crow-
bar control is activated, as shown in Figure 4. During the FRT mode, the main objective is 
to minimize fault current to protect the RSC from overcurrent. The conventional crowbar 
protection scheme is insufficient to minimize the fault currents to an acceptable level. The 
active impedance-based crowbar protection limits the transient current to an admissible 
level, reduces the transient oscillations, and limits the post-fault inrush currents. 
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Figure 4. Proposed modified rotor current control scheme. 

During normal running conditions, the proposed MPPT mode is activated and 𝑖ௗ௥ᇱ  
generated as shown below. 𝑖௥ௗᇱ = 𝑖௥ௗ(ெ௉௉்)∗ − 𝑖௥ௗ    (25)

The proposed modified FRT mode is activated during fault conditions, and the MPPT 
mode is deactivated, as shown below. 𝑖௥ௗᇱ = 𝑖௥ௗ(௙௔௨௟௧)∗ − 𝑖௥ௗ   (26)

The rotor’s active impedance is obtained by subtracting an active control voltage. 𝑉௥௤ି௔௖௧௜௩௘  from the output of the controller 𝑉௥௤ . Therefore, the output reference volt-
age 𝑉௥௤ି௥௘௙ can be written as 𝑉௥௤ି௥௘௙ = 𝑉௥௤ − 𝑉௥௤ି௔௖௧௜௩௘   (27)

5. Test System Under Simulation Study with FRT Mode 
Figure 5 shows the test system under study, which consists of a 2 MW DFIG-based 

wind turbine linked to the utility grid, with the constant wind speed identified as 12 m/s. 
The power is supplied through a 575 V Y/25 kV Δ, 4 MVA transformer connected with a 
double circuit of a 10 km long transmission line. The three-phase symmetrical fault is ap-
plied between points B1 and B2. The fault occurs for a period of 0.3 s between 𝑇௙௔௨௟௧ =2.7 − 3.0 𝑠. The parameters of the DFIG are shown in Table 1. 
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Figure 5. DFIG-based wind turbine under simulation study with fault. 

Table 1. DFIG parameters. 

Parameters Value  
Rated power 2 MW 

Rated L-L stator voltage 690 V 
Rated stator current 1760 A 

Torque at generator mode 12732 N.m 
L-L nominal rotor voltage 2070 V 

Number of pole pairs 2 
Stator frequency 50 Hz 

Synchronous speed 1500 rpm 
Stator resistance  0.0026 ohm 
Rotor resistance 0.0261 ohm 

Stator leakage inductance 0.87 mH 
Magnetizing Inductance 0.25 mH 
Rotor leakage inductance 0.783 mH 

6. Results, Comparison, and Discussion 
This section analyzes the performance of a grid-connected DFIG in WSE-MPPT and 

FRT mode using the MATLAB/Simulink (R2022b) tool. A comprehensive model has been 
developed to analyze the performance of the DFIG under steady state and dynamic con-
ditions. The proposed control scheme is compared with the conventional protective tech-
nique to demonstrate the system behavior under severe three-phase faults. In addition, 
the system performance is also observed after a fault when the crowbar is deactivated, 
which causes rotor inrush current in the conventional protective scheme. With the help of 
enhanced crowbar protection, the inrush current after a fault is also improved. 

6.1. Test Response with Wind Speed Estimation-Based MPPT Under Normal Grid Conditions at 
Fixed Wind Speed 

The initial transient period of 0.3 s, as shown in Figures 6–9, is the switch-on surge of 
the proposed system, the maximal instantaneous rotor and stator current drawn by the 
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DFIG when first turned on. After starting the surge period, the system takes 0.3 s to reach 
the steady state. This system parameter analysis indicates the proposed model’s stability 
and synchronism under normal running conditions. 

 

Figure 6. Rotor speed (𝝎𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅) under normal grid conditions at fixed wind speed. 

 

Figure 7. Electromagnetic torque under normal grid conditions at fixed wind speed. 

 

Figure 8. Stator voltage with WSE-MPPT under normal running conditions. 
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Figure 9. Stator current with WSE-MPPT under normal running conditions. 

The test system operates in WSE-MPPT mode under normal running conditions at a 
fixed wind speed of 12 m/s, as shown in Figure 6. The rotor speed (𝝎𝒎𝒆𝒂𝒔𝒖𝒓𝒆𝒅) and elec-
tromagnetic torque (𝑇௘௠) in Figure 7 attains the steady state/normal value after starting, 
at time 0.3 s. It is observed that, with the wind speed estimation-based MPPT method, the 
system parameters, including a three-phase stator and rotor currents in Figures 10 and 11, 
and d-q axis rotor current in Figure 12 and Figure 13, respectively, follow the rotor speed 
and electromagnetic torque pattern and achieve the normal running condition after ac-
complishing the starting period at 0.3 s, which shows the system stability. 

 

Figure 10. Rotor current with WSE-MPPT under normal running conditions. 

 

Figure 11. d-axis rotor current with WSE-MPPT under normal running conditions. 
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Figure 12. q-axis rotor current with WSE-MPPT under normal running conditions. 

 

Figure 13. Three-phase stator voltage under a symmetrical fault with the conventional scheme. 

6.2. Test Response Under a Symmetrical Three-Phase Fault with the Conventional Scheme 

The most common strategy during fault occurrence is the crowbar protection scheme 
installed on the rotor side, which can be seen in Figure 1, to save the RSC from overcurrent. 
In the crowbar protection method, resistance is added on the rotor side to bypass the over-
current during the occurrence of the fault, and, when the fault is over, the crowbar is de-
activated, and normal current flows through RSC. Two drawbacks are observed in the 
conventional strategy during the test response under a severe symmetrical fault. The first 
one is that some high amplitude current appears at 2.9 s, and the second is, when the fault 
is over at 3.0 s, and the crowbar is deactivated, it causes an inrush current from 3.0 s–3.15 
s for a period of 0.15 s. 

The symmetrical three-phase fault is applied to the conventional scheme for a period 
of 0.3 s (2.7–3.0 s). When the fault occurs at the grid, rotor and stator current surges, as 
shown in Figures 13 and 14, reach an amplitude of more than 1 p.u, which causes a severe 
voltage dip of 98%, as shown in Figure 12. Meanwhile, the q-axis rotor current rises to −0.6 
p.u at 2.82 s and 1 p.u at 3.0 s, and d-axis rotor current gives a peak of −0.4 p.u at 2.82 s. 
This high amplitude rotor transient current is above safety limits and has detrimental ef-
fects on the RSC using conventional techniques. From the three-phase stator and rotor 
currents, and q-axis and d-axis rotor current in Figures 14–16 and Figure 17, respectively, 
it can be observed that, after 3.0 s, when the fault is ended and RSC is connected to the 
system, a large inrush current is caused with continuous transient oscillations which may 
also damage the RSC. 
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Figure 14. Three-phase stator current under a symmetrical fault with the conventional scheme. 

 

Figure 15. Three-phase rotor current under a symmetrical fault with the conventional scheme. 

 

Figure 16. q axis rotor current under a symmetrical fault with the conventional scheme. 
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Figure 17. d axis rotor current under a symmetrical fault with the conventional scheme. 

6.3. Test Response Under a Symmetrical Three-Phase Fault with the Proposed Scheme 

In the proposed strategy, the FRT mode is activated when the fault occurs, which 
turns on the crowbar scheme, as shown in Figure 3. The modified scheme reduces the two 
main drawbacks of high amplitude current during the fault and inrush current after the 
fault. On comparing the rotor and stator current during a fault in Figures 18 and 19 with 
Figures 20 and 21, it can be seen that the amplitude of the fault current is improved in the 
proposed scheme. When the proposed FRT-based control mode is activated during the 
fault, it reduces the severity of the overall fault and recovers the three-phase stator and 
rotor fault current amplitude to less than 1 p.u, as shown in Figures 18 and 19, respec-
tively. The improvement in d and q-axis rotor current is also can be observed in Figures 
20 and 21. Moreover, it can be seen from simulation results in Figures 18 and 19 that, when 
the fault is over, and RSC is activated at 3.0, the inrush current is decreased to the normal 
value with improved transient oscillations. During post-fault, at T = 3.0 s, with the con-
ventional scheme, the inrush current in Figures 14 and 15 rises 0.5 p.u for a period of 0.15 
s (3.0 s−3.15 s) with continuous transient oscillations from 3.15 s-3.5 s, whereas, in the pro-
posed scheme in Figures 18 and 19, the inrush rotor and stator current at T=3.0 is improved 
to the normal value of 0.1 p.u with improved transient oscillation. From the above analy-
sis, the proposed scheme is very effective in handling the transient current during and 
after a fault, whereas the conventional crowbar scheme is ineffective in limiting the post-
fault inrush current and transient oscillations. 

 

Figure 18. Three-phase stator current under a symmetrical fault with the proposed control scheme. 
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Figure 19. Three-phase rotor current under a symmetrical fault with the proposed control scheme. 

 

Figure 20. q axis rotor current under a symmetrical fault with the proposed control scheme. 

 

Figure 21. d axis rotor current under a symmetrical fault with the proposed control scheme. 

6.4. Comparing Various FRT Protection Schemes with the Proposed Approach 

Tables 2 and 3 compare the rotor current transient of different FRT-based approaches 
with the proposed scheme, namely, DC chopper, crowbar circuit based on series dynamic 
braking resistor, fault-tolerant wind energy conversion system, and model predictive volt-
age control. The comparison shows improved transient rotor current (p.u) of the proposed 
approach during a fault and after the fault. 
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Table 2. Comparison in terms of overshoot of rotor current during a fault. 

FRT Strategy Rotor Current 
DC chopper [44] 3.8 p.u 

Series dynamic braking resistor (SDBS) [45] 2.4 p.u 
Fault-Tolerant WECS-DFIG [46] 1.2 p.u 

Model predictive voltage control (MP VC) [47] 1.2 p.u 
Proposed FRT approach 1.0 p.u (Max) 

Table 3. Comparison in terms of inrush current after a fault. 

FRT Strategy Rotor Current 
Crowbar circuit (SDBS) [45] 2 pu 

Time domain-based FRT improvement [48] 2 pu 
Fault-Tolerant WECS [49] 1.5 pu 

Rotor series dynamic breaking resistance protection (RSDBR) [50] 1.5 pu 
Proposed FRT approach 0.1 pu 

7. Conclusions 
This paper proposes a systematized and synchronized dual-mode operating tech-

nique that effectively controls the system parameters during normal running and severe 
fault conditions. The proposed control technique combines the operations of the WSE-
MPPT mode during normal running conditions and the enhanced crowbar-based FRT 
mode under a severe symmetrical three-phase fault, and the behavior of the proposed 
technique is analyzed and compared with the conventional technique. The amplitude of 
rotor fault current under a severe voltage dip of 98% is reduced to 1.0 p.u with less fault 
severity using the proposed technique, whereas the conventional technique shows higher 
fault amplitude with more severity of fault current. When the fault is over at 3.0 s, the 
proposed active impedance-based FRT technique reduces inrush current and transient os-
cillation, which can be seen in the rotor and stator currents compared to conventional 
techniques. The d-axis and q-axis rotor currents also show a low amplitude of fault current 
and less distortion after a fault in the proposed control scheme. 
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