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Abstract--With increasing wind energy integration, grid codes 

require low-voltage ride-through (LVRT) compliance to ensure 
stability and prevent economic losses. This paper focuses on 
achieving LVRT in doubly fed induction generator (DFIG) based 
systems using positive- and negative-sequence component 
control. The delayed signal cancellation (DSC) method is 
compared with common techniques based on the second-order 
generalized integrator (SOGI), T/4 delay and low-pass or notch 
filter methods, demonstrating its superior dynamic performance. 
A novel approach for rotor-current decomposition is proposed, 
transforming mixed-frequency signals into general unbalanced 
signals for DSC processing. Sequence-component control 
schemes based on DSC decomposition are developed following 
LVRT requirements. Controller hardware-in-loop (HIL) tests of 
a 2.5-MW wind turbine validate the strategy’s effectiveness in 
mitigating grid faults and enhancing LVRT performance. 

 
Keywords: wind energy, sequence decomposition, sequence-

component control, DFIG, LVRT, delayed signal cancellation.  

I.  INTRODUCTION 
HE rapid growth of renewable energy has positioned wind 
energy as a key solution for sustainable power generation. 

Among wind turbine technologies, doubly fed induction 
generators (DFIGs) are widely used due to their high energy 
capture efficiency, flexible control of active and reactive 
power, and reduced power converter costs [1]-[4]. As wind 
penetration increases, grid codes mandate low-voltage ride-
through (LVRT) compliance, requiring turbines to stay 
connected during voltage dips to maintain grid stability. Non-
compliance can result in power instability, revenue loss, and 
penalties, emphasizing the need for robust LVRT strategies. 

Unlike turbines with permanent-magnetic synchronous 
machines or induction machines, which are not directly 
connected to the AC grid, DFIG-based systems are directly 
impacted by grid faults, affecting both the grid-side converter 
(GSC) and the machine-side converter (MSC) [1]-[4]. 
Effective LVRT in DFIG systems require precise control of 
GSC and MSC currents to mitigate voltage sags and maintain 
stability. Sequence-component control techniques play a vital 
role in addressing asymmetries caused by grid faults, relying 
on decomposition of voltages and currents in GSC and MSC. 

During unsymmetrical grid faults, the stator voltages and 
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currents in DFIG systems exhibit frequencies of fs and -fs, 
where fs is the grid frequency, representing general unbalanced 
signals. Common decomposition methods include the second-
order generalized integrator (SOGI)-based method [5], the T/4 
delay method, the delayed signal cancellation (DSC) method 
[6], and the filter-based method [7]-[9]. The SOGI- and filter-
based methods generally have low bandwidth, which 
introduces substantial delays, impacting system stability. In 
contrast, the T/4 delay method, with a fixed one-quarter 
fundamental period delay, offers relatively better performance. 
Among these methods, the DSC method is particularly notable 
due to its adjustable delay, offering greater flexibility, and is 
adopted in this study due to its superior dynamic performance. 

Rotor-side currents in DFIG systems under unbalanced 
faults exhibit two distinct frequencies, s∙fs and (s-2)∙fs, 
representing mixed-frequency signals, where s represents the 
slip, making traditional decomposition methods like SOGI-
based, T/4 delay, and DSC methods ineffective. Existing 
solutions use notch [7]-[8] or low-pass (LP) [9] filter to 
separate components. While there are various implementations 
of filter-based methods for extracting rotor-current sequence 
components [7]-[9], they share the common principle of 
filtering out the double-line-frequency component. But these 
methods have limitations. Notch filters struggle with 
significant ripple responses with slow decay during transient 
disturbances, while LP filters with narrow bandwidths 
severely restrict the response speed of rotor-current 
decomposition during disturbances. To address these issues, 
this paper proposes a novel method that transforms mixed-
frequency signals into general unbalanced signals, enabling 
the use of DSC method. This approach leverages the DSC 
method’s strengths to achieve faster and more effective rotor-
current decomposition. 

In the context of DFIG-based wind energy systems, 
existing LVRT methods primarily address excessive energy 
dissipation during faults, employing approaches such as 
modified vector control [12-13], model predictive control 
(MPC)-based strategies [14-16], and advanced energy-
absorbing schemes [17-18]. While modified vector control and 
MPC offer robust performance, they often come with higher 
computational demands and implementation challenges. In 
contrast, the proposed control strategy retains the simplicity of 
dual-loop control structures, widely adopted in the industry, 
ensuring both feasibility and cost-effectiveness. Excessive 
energy dissipation during faults is managed using a DC 
chopper or crowbar. The proposed LVRT strategy primarily 
focuses on reactive power support while also addressing key 
control objectives such as torque ripple suppression and 
balanced stator currents. Additionally, it introduces a 
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distributed approach to reactive power sharing between the 
stator and GSC. Another key aspect, often overlooked in 
existing literature, is the suppression of negative-sequence 
voltage, which is also a focus of this study. 

This paper focuses on LVRT capability in DFIG-based 
wind systems using a back-to-back (BTB) two-level voltage-
source converter (2L-VSC) (see Fig. 1). Section II presents the 
DFIG model to guide the controller design. Section III 
compares the sequence-component extraction methods and 
proposes a novel rotor-current extraction method. Section IV 
introduces sequence-component control schemes for LVRT. 
Section V validates the proposed strategy through hardware-
in-loop (HIL) test, and Section VI concludes the study. 
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Fig. 1.  DFIG wind energy system with BTB 2L-VSC. 

II.  MATHEMATICAL MODELLING OF DIFG 
The dynamic modelling of DFIG wind energy systems has 

been extensively discussed in literatures [1]-[10]. This section 
provides a concise summary of the modelling, focusing on 
facilitating the design of sequence-component control schemes 
for the MSC. The voltage and flux equations are expressed as: 

𝑣𝑣𝑠𝑠���⃗ = 𝑅𝑅𝑠𝑠 ⋅ 𝚤𝚤𝑠𝑠��⃗ + 𝑑𝑑𝜆𝜆𝑠𝑠���⃗ 𝑑𝑑𝑑𝑑⁄  
𝑣𝑣𝑟𝑟′���⃗ = 𝑅𝑅𝑟𝑟′ ⋅ 𝚤𝚤𝑟𝑟′��⃗ + 𝑑𝑑𝜆𝜆𝑟𝑟′���⃗ 𝑑𝑑𝑑𝑑⁄ − 𝑗𝑗𝜔𝜔𝑟𝑟𝜆𝜆𝑟𝑟′���⃗  

(1) 

𝜆𝜆𝑠𝑠���⃗ = 𝐿𝐿𝑠𝑠 ⋅ 𝚤𝚤𝑠𝑠��⃗ + 𝐿𝐿𝑚𝑚 ⋅ 𝚤𝚤𝑟𝑟′��⃗  
𝜆𝜆𝑟𝑟′���⃗ = 𝐿𝐿𝑚𝑚 ⋅ 𝚤𝚤𝑠𝑠��⃗ + 𝐿𝐿𝑟𝑟′ ⋅ 𝚤𝚤𝑟𝑟′��⃗  

(2) 

In the above equations, Lm represents the mutual inductance, 
and ωr denotes the rotor electrical angular speed. Parameters 
Rs (Rr′), Ls (Lr′), 𝜆𝜆𝑠𝑠���⃗  (𝜆𝜆𝑟𝑟′���⃗ ), 𝑣𝑣𝑠𝑠���⃗  (𝑣𝑣𝑟𝑟′���⃗ ) and 𝚤𝚤𝑠𝑠��⃗  (𝚤𝚤𝑟𝑟′��⃗ ) correspond to 
the stator-side (rotor-side) resistance, self-inductance, flux, 
voltage and current vectors, respectively. The superscript “′” 
indicates rotor-side quantities are reflected to the stator side. 

To account for both the negative- and positive-sequence 
components, a vector can be expressed as follows: 

𝑋⃗𝑋 = 𝑋𝑋𝑑𝑑𝑑𝑑
𝑝𝑝������⃗ 𝑒𝑒𝑗𝑗𝜔𝜔𝑠𝑠𝑡𝑡 + 𝑋𝑋𝑑𝑑𝑑𝑑𝑛𝑛������⃗ 𝑒𝑒−𝑗𝑗𝜔𝜔𝑠𝑠𝑡𝑡 (3) 

In this expression, 𝑋⃗𝑋 represents a space vector of voltage, 
current or flux. The superscripts “p” and “n” denote the 
positive- and negative-sequence components, respectively, 
while the subscript “dq” refers to the quantities in dq domain. 
The ωs and -ωs indicate the synchronous rotating speeds of the 
positive- and negative-sequence components, respectively. 

Rewriting (1) and (2) using the vector form in (3), and 
transforming them into the positive- and negative-sequence 
synchronous rotating reference frames, the stator- and rotor-
side equations in dq domain can be expressed as:   

𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥��������⃗ = 𝑅𝑅𝑠𝑠 ⋅ 𝚤𝚤𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥�������⃗ + 𝑑𝑑𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥��������⃗ 𝑑𝑑𝑑𝑑⁄ + 𝑗𝑗(𝑦𝑦 ⋅ 𝜔𝜔𝑠𝑠)𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥��������⃗  

𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′���������⃗ = 𝑅𝑅𝑟𝑟′ ⋅ 𝚤𝚤𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′��������⃗ + 𝑑𝑑𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′���������⃗ 𝑑𝑑𝑑𝑑� + 𝑗𝑗(𝑦𝑦 ⋅ 𝜔𝜔𝑠𝑠 − 𝜔𝜔𝑟𝑟)𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′���������⃗  
(4) 

where x denotes letter “p” for positive-sequence and y = 1, 
while x represents letter “n” for negative-sequence and y = -1. 

Subsisting 𝜆𝜆𝑟𝑟′���⃗  expressed in (2) and transformed to dq domain, 
the rotor-side dynamic modelling in (4) is derived as follows: 
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′���������⃗ = 𝑅𝑅𝑟𝑟′ ⋅ 𝚤𝚤𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′��������⃗ + 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟′ 𝑑𝑑𝚤𝚤𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′��������⃗ 𝑑𝑑𝑑𝑑�

+𝑗𝑗 ⋅ 𝑠𝑠𝑥𝑥 ⋅ 𝜔𝜔𝑠𝑠𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟′ 𝚤𝚤𝑟𝑟𝑟𝑟𝑟𝑟𝑥𝑥 ′��������⃗ + 𝑗𝑗 ⋅ 𝑠𝑠𝑥𝑥 ⋅ 𝜔𝜔𝑠𝑠
𝐿𝐿𝑚𝑚
𝐿𝐿𝑠𝑠

𝜆𝜆𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥��������⃗
 (5) 

where 𝐿𝐿𝑟𝑟𝑟𝑟𝑟𝑟′ = (𝐿𝐿𝑟𝑟′ 𝐿𝐿𝑠𝑠 − 𝐿𝐿𝑚𝑚2 ) 𝐿𝐿𝑠𝑠⁄ , x denotes letters “p” and “n”, 
sp = s, and sn = (s - 2) with the slip s = (ωs – ωr)/ωs. 

The torque calculation is expressed as below. 

𝑇𝑇𝑒𝑒 =
3
2
𝐿𝐿𝑚𝑚
𝐿𝐿𝑠𝑠

𝑛𝑛𝑝𝑝𝐼𝐼𝐼𝐼 �𝜆𝜆𝑠𝑠���⃗ ⋅ 𝚤𝚤𝑟𝑟′��⃗
�� = 𝑇𝑇𝑒𝑒0 + 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 + 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2 (6) 

where np is the number of pole pairs, and  

�
𝑇𝑇𝑒𝑒0
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒2

� =
3
2
𝐿𝐿𝑚𝑚
𝐿𝐿𝑠𝑠

𝑛𝑛𝑝𝑝 ⋅ 𝐴𝐴 ⋅

⎣
⎢
⎢
⎢
⎡𝑖𝑖𝑟𝑟𝑟𝑟
′ 𝑝𝑝

𝑖𝑖𝑟𝑟𝑟𝑟′
𝑝𝑝

𝑖𝑖𝑟𝑟𝑟𝑟′
𝑛𝑛

𝑖𝑖𝑟𝑟𝑟𝑟′
𝑛𝑛⎦
⎥
⎥
⎥
⎤
 (7) 

with  

𝐴𝐴 = �
𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝 −𝜆𝜆𝑠𝑠𝑠𝑠

𝑝𝑝 𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 −𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛

−𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 −𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝 𝜆𝜆𝑠𝑠𝑠𝑠

𝑝𝑝

𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 −𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝 −𝜆𝜆𝑠𝑠𝑠𝑠

𝑝𝑝
� 

In DFIG applications, three-phase signals are typically 
transformed into dq domain using an angle aligned with either 
the stator voltage [10] or the stator flux [11]. Defining θλsq

p as 
the positive-sequence stator-flux angle and using it for 
positive-sequence component transformation, it follows that 
λsq

p = 0. For the negative-sequence, using -θλsq
p as the 

transformation angle avoids the need to track the negative-
sequence stator-flux. This is beneficial since the negative-
sequence stator flux may be very small and challenging to 
track accurately, which depends heavily on faulty conditions. 

III.  SEQUENCE-COMPONENT DECOMPOSITION 
In DFIG applications, asymmetrical faults generate 

negative-sequence stator voltages, inducing rotor currents at 
two distinct frequencies. This section discussed existing 
methods for sequence-component extraction and proposes an 
enhanced approach to decompose mixed-frequency signals. 

A.  Sequence-Component Decomposition for General 
Unbalanced Signals 

Efficient sequence-component extraction methods are 
crucial for controlling sequence components and fall into two 
categories: those for general unbalanced signals (e.g., SOGI, 
T/4 delay, and DSC in Fig. 2) and those for both general and 
mixed-frequency unbalanced signals (e.g., LP filter, and notch 
filter in Fig. 3). Signal frequencies under asymmetrical grid 
conditions are annotated with “{}” in Fig. 2 and Fig. 3 and 
also apply to Fig. 5, where s represents the slip. 

The SOGI method uses a second-order filter to obtain 
orthogonal signals, with the control parameter (kSOGI) 
balancing response speed and harmonic suppression. Its 
feedback loop introduces a one-timestep delay, which reduces 
accuracy in amplitude and phase angle calculations, 
particularly in dynamic or rapidly changing grid conditions. 
To compensate the delay-induced inaccuracy, correction 
techniques are needed for SOGI [19]. On the other hand, the 



DSC method uses trigonometric transformations and stores 
delayed data, and particularly, it offers greater flexibility as it 
allows for the adjustment of delay, enabling fine-tuned 
responses to dynamic system conditions. The T/4 delay 
method is simpler, straightforwardly utilizing a fixed T/4 
delayed data to obtain orthogonal signals but lacks flexibility 
to reduce delay. 

All decomposition methods for general unbalanced signals 
in Fig. 2 and Fig. 3 (with the slip s =1) are compared. Fig. 4 
shows the dynamic responses of the root-mean-squared (RMS) 
values of positive- and negative-sequence voltages. At t 
=0.01s, symmetrical voltages (1.0pu, 50Hz) are altered to 
asymmetrical voltages with 0.8pu Vm

p and 0.1pu Vm
n. The LP 

filter employs a 25Hz bandwidth (-3dB) to filter out 100Hz 
ripple, while the notch filter is tuned to 100Hz with a 5Hz 
bandwidth (quality factor of 20). The comparisons of all 
methods are presented in two separate graphs to avoid 
excessive plot overlap in a single graph: the left graph for 
SOGI and filter-based methods, and the right graph for DSC 
and T/4 delay methods. It is observed that the SOGI method 
takes ~0.05s to reach steady state for kSOGI = 0.4. Increasing 
kSOGI improves the response speed but introduces large ripples 
and slow decay, requiring a tradeoff in parameter selection. 
The LP filter method settles in ~0.02s with relatively minimal 
ripple, while the notch filter method exhibits significant 
oscillation. In contrast, the DSC method reaches steady state 
within its configured delay time (generally ≤T/4, i.e., ≤5ms for 
a 50Hz system). When set to T/4, the DSC method performs 
identically to the T/4 delay method. However, DSC allows for 
a smaller delay less than T/4, enabling a faster response.  

Overall, the DSC method offers superior performance and 
flexibility compared to SOGI, T/4 delay, and filter-based 
methods, particularly in response speed and ripple suppression. 
However, it cannot be directly applied to extract rotor currents 
with mixed frequencies, as discussed in the next subsection. 
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Fig. 2.  Sequence-component decomposition methods only for general 
unbalanced signals based on (a) SOGI or T/4 delay, and (b) DSC. 
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Fig. 3.  Sequence-component decomposition methods for general unbalanced 
and mixed-frequency signals based on (a) notch filter, and (b) LP filter. 
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Fig. 4.  Dynamic response of RMS values of positive- and negative-sequence 
voltages using decomposition methods based on SOGI, LP filter, notch filter, 
DSC and T/4 delay. 

B.  Sequence-Component Decomposition for Mixed-
frequency Signals 

Rotor currents in DFIG exhibit mixed frequencies under 
unbalanced faults, requiring effective frequency separation 
techniques. Conventional methods, illustrated in Fig. 3, 
employ rotating frames with speeds of s∙2πfs and (s-2)∙2πfs to 
transform rotor current signals. However, this approach leads 
to the overlapping of 2fs components, typically mitigated using 
notch or LP filters, which introduce slow response and 
potential oscillation issues. To overcome these limitations, a 
modified DSC method for decomposing mixed-frequency 
signals is proposed, as shown in Fig. 5. The preprocessing step 
transforms the three-phase input signal into a rotating 
reference frame using a 3s/2r transformation, aiming to 
convert the mixed-frequency signals into general unbalanced 
signals. Denoting the original frequencies in the three-phase 
signals as f1 and f2, the transformed two-phase signal, ir2ph

ST, 



exhibits new frequencies given by: 
𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛1 = 𝑓𝑓1 − 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 
𝑓𝑓𝑛𝑛𝑛𝑛𝑛𝑛2 = 𝑓𝑓2 − 𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (8) 

where fangle represents the transformation angle’s frequency. 
To ensure that ir2ph

ST becomes general unbalanced signals, it 
must satisfy fnew1 = −fnew2, requiring the transformation angle’s 
frequency to be (f1+f2)/2. In DFIG’s operation, there is 

𝑓𝑓𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
𝑠𝑠 ⋅ 𝑓𝑓𝑠𝑠 + (𝑠𝑠 − 2) ⋅ 𝑓𝑓𝑠𝑠

2
= (𝑠𝑠 − 1) ⋅ 𝑓𝑓𝑠𝑠 (9) 

Notably, this frequency matches the negative frequency of the 
DFIG rotor’s rotational speed. Consequently, the negative 
rotor angle (-θr) is selected as the transformation angle, as 
depicted in Fig. 5. To decompose the general unbalanced 
signal ir2ph

ST, all methods shown in Fig. 2 (i.e., SOGI, T/4 
delay and DSC) can be applied. However, the DSC method is 
preferred due to its superior performance over the alternatives, 
as discussed in Section III.A. 
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Fig. 5.  Proposed rotor-current extraction using the modified DSC method. 

 
Taking the DFIG operation at a 50Hz frequency with a slip 

of s = -0.35 (i.e., generator mode) as example, the rotor 
currents operate at -17.5Hz and -117.5Hz during unbalanced 
grid faults. At t =0.1s, the symmetrical rotor currents (1.0pu at 
-17.5Hz) change to 0.8pu at -17.5Hz and 0.2pu at -117.5Hz. 
Fig. 6 shows the dynamic response of decomposition using the 
notch filter, LP filter, and the modified DSC methods.  
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Fig. 6.  Dynamic response of rotor-current decomposition based on the notch 
filter, LP filter and modified DSC methods. 

It is observed that the proposed method initially transforms 
rotor currents to ±50Hz components (see irABC

ST plot in Fig. 6). 
The rotor-current dq components (irdq

p and irdq
n) using notch 

filter method exhibits significant oscillations and slow decay 
(taking ~0.2s to reach steady state), while these signals under 
the LP filter method performs better but still takes ~0.05s to 
reach steady state. In contrast, the modified DSC method with 
5ms delay setting achieves steady state within 5ms, matching 
its configured delay time (or even shorter with smaller delay 
setting). Therefore, with the rotor-current preprocessing step, 
the mixed-frequency signal separation successfully leverages 
the advantages of DSC method. 

IV.  SEQUENCE-COMPONENT CONTROL OF DFIG WITH LVRT 
CONSIDERATIONS 

This section presents the sequence-component control 
strategies for the GSC and MSC and emphasizes the key 
considerations for LVRT. Compared to advanced technologies 
[12]-[19], the proposed strategy maintains the simplicity of 
dual-loop control structures, which are widely adopted in the 
industry, ensuring both feasibility and cost-effectiveness. 
Moreover, with advancements in modern processors and 
computational hardware, the implementation complexity is no 
longer a significant concern for digital controllers. 

A.  Sequence-Component Control for GSC 
Fig. 7 shows the GSC sequence-component control using 

the DSC method to extract sequence components. The 
positive-sequence dq-axis align with the stator-voltage phase 
(θp), while the negative-sequence frame is set to θn = -θp. 
Outer loops regulate the DC-link voltage and AC voltage 
magnitude, producing positive-sequence dq-axis current 
references (id

p* and iq_tot
p*). Reactive power is shared between 

the GSC and MSC, with the GSC’s contribution defined by 
kGSC (0 ≤ kGSC ≤ 1), while the MSC adjusts the remaining 
reactive power via the stator current reference (isd

p*). 
Negative-sequence currents can suppress unbalanced voltage 
but are usually set to zero for balanced AC currents during 
faults. A decoupled control strategy governs both positive- and 
negative-sequence components, combing them into voltage 
references for modulation waveform generation. 

Proper proportional-integral (PI) controller limits are 
critical to fulfill control functions. During faults, the reactive 
power support is prioritized, making q-axis current control 
more critical than d-axis. The q-axis current limit is 
determined by the maximum reactive power (Qmax): 

𝐼𝐼𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞
𝑝𝑝 = |𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚/(−1.5 ⋅ 𝑣𝑣𝑠𝑠𝑠𝑠

𝑝𝑝 )| (10) 
where vsd

p = Vsm
p as the transformation angle is aligned with 

the stator voltage. The d-axis current limit is based on the 
maximum current (Imax) and the q-axis current reference (iq

p*): 

𝐼𝐼𝑑𝑑𝑀𝑀𝑀𝑀𝑀𝑀
𝑝𝑝 = �𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚2 − 𝑖𝑖𝑞𝑞

𝑝𝑝∗2 (11) 

B.  Sequence-Component Control for MSC 
Fig. 8 shows the MSC’s sequence-component control 

diagram based on (5). The DSC method is used for voltage 
and current decomposition from the stator sides, while rotor 
current extraction employs the modified DSC from Fig. 5. The 



dq transformation angle aligns with the positive-sequence 
stator flux (i.e., θλs

p), with the negative-sequence set as θλs
n = -

θλs
p. The outer loop controls torque for maximum power point 

tracking (MPPT) or limited power operation, generating the 
positive-sequence q-axis rotor current reference (irq

p*). The 
positive-sequence d-axis rotor current reference (ird

p*) 
provides reactive power support and is calculated using (2) as: 

𝑖𝑖𝑟𝑟𝑟𝑟
𝑝𝑝 ∗ =

𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝

𝐿𝐿𝑚𝑚
−
𝐿𝐿𝑠𝑠
𝐿𝐿𝑚𝑚

𝑖𝑖𝑠𝑠𝑠𝑠
𝑝𝑝 ∗ (12) 

where λsd
p = λsm

p, and isd
p* = -(1-kGSC)∙iq_tot

p* (see Fig. 7). Due 
to reference frame difference, the q-axis current at the GSC 
corresponds to the negative d-axis current at the MSC. 

Negative-sequence current can eliminate torque/reactive 
power oscillations, suppress active power oscillations, or 
balance stator and rotor currents [10]-[11]. For balanced 
current control, simply set ird

n* = irq
n* = 0. To eliminate torque 

oscillations, setting Tesin2 = Tecos2 = 0 (see (7)) results in: 

𝑖𝑖𝑟𝑟𝑟𝑟𝑛𝑛
∗ =

𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 ⋅ 𝑖𝑖𝑟𝑟𝑟𝑟
𝑝𝑝 ∗ + 𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 ⋅ 𝑖𝑖𝑟𝑟𝑟𝑟

𝑝𝑝 ∗

𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝  

𝑖𝑖𝑟𝑟𝑟𝑟𝑛𝑛
∗ =

𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 ⋅ 𝑖𝑖𝑟𝑟𝑟𝑟
𝑝𝑝 ∗ − 𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛 ⋅ 𝑖𝑖𝑟𝑟𝑟𝑟

𝑝𝑝 ∗

𝜆𝜆𝑠𝑠𝑠𝑠
𝑝𝑝  

(13) 

Like the GSC, the MSC provides reactive power support 
during faults. The positive-sequence q-axis rotor current limit 
is determined by the maximum rotor current (Irmax) and the 
positive-sequence d-axis current reference (ird

p*): 

𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑝𝑝 = �𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟2 − 𝑖𝑖𝑟𝑟𝑟𝑟

𝑝𝑝∗2 (14) 

Unbalanced faults induce a (s-2)∙fs frequency component in 
the rotor current, leading to significant voltage drops across 
inductance (Lreq′), potentially causing overmodulation. Based 
on superposition theorem and large frequency difference (s∙fs 
and (s-2)∙fs with s typically within [-0.35, 0.35]), the rotor-side 
modulation waveform peaks at ~(mr

p + mr
n), or ~(mr

p/1.15+ 

mr
n) with 3rd harmonic injection to the positive-sequence 

modulation waveform, where mr
p and mr

n are the positive- and 
negative-sequence modulation indices, respectively. To 
prevent overmodulation, the negative-sequence modulation 
index is limited to (1 - mr

p) or (1.15 - mr
p/1.15) with 3rd 

harmonic injection. 
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Fig. 8.  Sequence-component control for MSC in DFIG applications. 

C.  LVRT Considerations 
Fault ride-through requirements differ by country and 

application. This paper adopts the standards from GB/T 19963 
[20], which regulate wind farm connections to power systems 
in China. Fig. 9 illustrates the fault detection mechanism for 
high- and low-voltage conditions. It evaluates positive- and 
negative-sequence voltage magnitudes and generates three 
flags based on the specified criteria: 

- LVFlag: 1 for a low-voltage fault, otherwise 0. 
- HVFlag: 1 for a high-voltage fault, otherwise 0. 
- SysFltFlag: 1 for an unbalanced fault, otherwise 0. 

Vsm
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Fig. 9.  Simplified diagram for AC grid fault detection. 

 
(i) Reactive-Power Support 
Fig. 10 illustrates the AC voltage control loop, designed 

according to GB/T 19963 fault-ride-through codes. During 
faults, the GSC provides reactive power support by adjusting 
the positive-sequence q-axis current reference, iq_tot

p(new)*, 
combining the pre-fault value (iq_tot

p*) with an increment (∆Iq
p). 

A sample-and-hold component preserves iq_tot
p* during fault 

detection delays, while the fault detection flag determines ∆Iq
p. 
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Fig. 10.  AC voltage control-loop modifications with LVRT considerations. 

 
Rapid q-axis reference changes can cause voltage spikes 

and misdetect fault types. To ensure stability and accurate 
detection, the q-axis current reference must transition 
smoothly during fault clearance. This is achieved by resetting 
the PI controller integrator during faults (i.e., HVLFVlag = 1) 
with a value of (iq

p*(new) – KpErrVac). 
(ii) Suppression of Negative-Sequence Voltage 
To mitigate unbalanced voltage during grid faults, 

appropriate negative-sequence current must be injected or 
absorbed by the AC system. The negative-sequence operation 
is described as: 

𝑉𝑉𝑝𝑝𝑐𝑐𝑐𝑐𝑛𝑛�������⃗ = 𝑉𝑉𝑠𝑠𝑛𝑛�����⃗ + 𝐼𝐼𝑛𝑛���⃗ ⋅ 𝑗𝑗(−𝜔𝜔𝑠𝑠)𝐿𝐿𝑒𝑒𝑒𝑒 (15) 
where 𝑉𝑉𝑠𝑠𝑛𝑛�����⃗  is the negative-sequence voltage vector at the 
controlled AC bus, 𝑉𝑉𝑝𝑝𝑐𝑐𝑐𝑐𝑛𝑛�������⃗  is at the PCC, 𝐼𝐼𝑛𝑛���⃗  is current vector 
flowing from the grid to the controlled AC bus, and Leq is the 
equivalent inductance between the grid and controlled AC bus. 
By controlling 𝐼𝐼𝑛𝑛���⃗  to lead 𝑉𝑉𝑠𝑠𝑛𝑛�����⃗  by 90°, the voltage across the 
equivalent inductor (−𝑗𝑗𝜔𝜔𝑠𝑠𝐿𝐿𝑒𝑒𝑒𝑒𝐼𝐼𝑛𝑛���⃗ ) aligns with 𝑉𝑉𝑠𝑠𝑛𝑛�����⃗ , effectively 
minimizing 𝑉𝑉𝑠𝑠𝑛𝑛�����⃗  and mitigating voltage imbalance at the 
controlled bus. Fig. 11 illustrates the implementation of the 
negative-sequence current references for this purpose. 

In*

δ

Mag

x

y

θVn
+

θIn

+

id1
n*

iq1
n*

δ

Mag

x

yvsd
n

vsq
n

π/2

+
_

+_

id_comp
n*

iq_comp
n*

id
n*

iq
n*

isq
n*

-1

1
isd

n*

if  LVFlag = 1 && SysFltFlag = 1
Kn∙ Vsm

n

otherwise
0 1≤ Kn ≤3

∆In* =

 
Fig. 11.  Negative-sequence current references for reducing unbalanced 
voltages and compensating for negative-sequence stator currents. 
 

As analyzed in Section IV.B, the MSC injects negative-
sequence current for torque ripple suppression, leading to   
stator current unbalanced and worsening voltage imbalance. 
To minimize negative-sequence voltage, the GSC offsets 
negative-sequence stator currents by supplying negative-
sequence current compensation. Based on (2), the induced 
negative-sequence stator currents (isd

n* and isq
n*) from rotor 

currents (ird
n* and irq

n*) are given below. 

𝑖𝑖𝑠𝑠𝑠𝑠𝑛𝑛
∗ =

𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛

𝐿𝐿𝑠𝑠
−
𝐿𝐿𝑚𝑚
𝐿𝐿𝑠𝑠

𝑖𝑖𝑟𝑟𝑟𝑟𝑛𝑛
∗ 

𝑖𝑖𝑠𝑠𝑠𝑠𝑛𝑛
∗ =

𝜆𝜆𝑠𝑠𝑠𝑠𝑛𝑛

𝐿𝐿𝑠𝑠
−
𝐿𝐿𝑚𝑚
𝐿𝐿𝑠𝑠

𝑖𝑖𝑟𝑟𝑟𝑟𝑛𝑛
∗ 

(16) 

Due to 90-degree phase differences in reference frames 
between the GSC and MSC, the negative-sequence dq-axis 
stator currents reflect to the GSC reference frame as follows: 

𝑖𝑖𝑑𝑑_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛 ∗ = −𝑖𝑖𝑠𝑠𝑠𝑠𝑛𝑛

∗ 
𝑖𝑖𝑞𝑞_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑛𝑛 ∗ = 𝑖𝑖𝑠𝑠𝑠𝑠𝑛𝑛

∗ 
(17) 

To counter back the unbalanced stator currents from the MSC, 
id_comp

n* and iq_comp
n* are subtracted from the id1

n* and iq1
n*, 

respectively, as shown in Fig. 11. 

V.  REAL-TIME SIMULATION AND VALIDATION 
The RTDS® platform simulates power system transients in 

real time using parallel processing and small time steps (≤50 
µs), enabling real-time interaction with external controllers for 
HIL testing. In this study, the controller HIL methodology is 
applied to evaluate the control schemes of a DFIG-based wind 
energy system (Fig. 1) under fault conditions. The test setup 
(Fig. 12) models the power system on a 2.5-GHz NovaCor 
processor, while the controller runs on a PB5 card with two 
1.7-GHz Freescale MC7448 RISC processors [21]. The 
computational timestep for HIL test is 50.0µs. The wind 
turbine is modeled as a single 2.5MW turbine, with a scaling 
transformer increasing the output 100-fold for grid connection. 
System parameters for the DFIG wind turbine, and AC grid 
and transformers are detailed in Tables I and II, respectively. 

DFIG ControllerDFIG wind energy 
system modelling

Workstation  
Fig. 12.  Controller HIL test setup for DFIG wind energy system. 
 

TABLE I 
PARAMETERS OF SINGLE DFIG WIND TURBINE SYSTEM 

Rated power 2.5 MW Rs 0.01 pu 
Rated stator voltage 0.69 kV Rr′ 0.006 pu 
Rated frequency 50 Hz Lm 4.348 pu 
Turns ratio (rotor/stator) 2.6377 Lls 0.102 pu 
Inertia constant 1.5 s Llr′ 0.086 pu 
DC-link capacitance 0.02 F ωr (at rated MPP) 1.35 pu 
DC-link rated voltage 1.5 kV s (at rated MPP) -0.35 
Rated power of GSC 0.26 pu Rated power of MSC 0.74 pu 

 
TABLE II 

PARAMETERS OF THE AC SYSTEM AND TRANSFORMERS IN FIG. 1 
Transformer 1 
(Scaling transformer) 

220 kV: 35 kV, 50Hz, 2.5 MVA with 100 scale 
factor, 0.1 pu leakage, and 0.001 pu resistance 

Transformer 2 35 kV: 0.69 kV, 50 Hz, 2.5 MVA, 0.1 pu leakage, 
and 0.001 pu resistance 

AC grid 220 kV, 50 Hz, SCR = 3.56∠80° 
 
The DFIG operates at a rated slip of -0.35, resulting in 

rated capacities of 0.26pu and 0.74pu for the GSC and MSC, 
respectively. The maximum reactive power support is set to 
Qmax =0.4pu, while the maximum current limits are configured 
as Imax =0.4pu (1.5 times the rated current) for GSC and Irmax = 
1.1pu (1.5 times the rated current) for MSC. 

A.  DFIG Operation Comparison under Different 
Rotor-Current Decompostion Methods 

This paper focuses on sequence-component decomposition 
methods for DFIG’s rotor current in LVRT control. Sections 



III.A and III.B offer a preliminary analysis. This subsection 
aims to validate the modified DSC method in a DFIG-based 
wind energy system. By switching between the modified DSC 
and LP filter, notch filter, and SOGI (after rotor-current 
preprocessing to general unbalanced signals) methods, the 
system’s waveforms are shown in Fig. 13, where two graphs 
with proper y-axis scales to show details. Results indicate that 
while the LP filter method introduces low-frequency ripples in 
power and torque, the system remains stable. The notch filter 
and SOGI methods cause stability issues and fault 
misdetection due to large delays. In contrast, the modified 
DSC method shows superior steady-state performance and 
effectively withstands disturbances. These highlight the 
advantages of the modified DSC method for practical DFIG-
based wind energy systems. 
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Fig. 13.  Comparison of DFIG wind energy system operation under different 
rotor-current decomposition methods at 1.0pu power. 

B.  Symmetrical Fault Test 
A symmetrical fault was introduced at t =0.4s, reducing the 

AC grid voltage from 1.0pu to 0.6pu for 1.0 second under two 
operating conditions (1.0pu and 0.5pu power). The simulation 
results, presented in Fig. 14 (left for 1.0pu power and right for 
0.5pu power), demonstrate that the system successfully rides 
through the voltage dips, maintaining smooth transitions 
during fault initiation and clearance. The reactive power 
contributions from the GSC and the stator are approximately 
equal, with kGSC =0.5, indicating shared support. 

For 1.0pu power, the AC voltage drops to ~0.695pu, 
triggering fault detection and bypassing the AC voltage 
control loop. The pre-fault q-axis current remains ~0.14pu (as 
inferred from Qgsc+Qstator = -vsd

p
(pu)∙iq_tot

p
(pu) ≈ -0.14 under 

normal operation), with additional reactive power support 
injecting ~0.21pu q-axis current based on K1∙(0.8 – Vsm

p) and 
K1 =2.0, leading to a total q-axis current of ~0.35pu. 
Theoretical reactive power injection (-0.695×0.35 = -0.24pu) 
aligns with simulation results, where the GSC and MSC each 
contribute ~-0.12pu (see from Qgsc and Qstator). Following the 
similar analysis for 0.5pu power, the total reactive power 
contribution is ~-0.18pu, well matched with the simulation, 
where the GSC and MSC each contribute ~-0.09pu. These 

results confirm the effectiveness of the control strategies to 
provide reactive power support based on the LVRT rules, 
ensuring stable fault ride-through performance. 
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Fig. 14.  Operation of the DFIG wind energy system under a symmetrical 
fault, with the AC grid voltage dropping from 1.0pu to 0.6pu, operating at 
1.0pu power (left) and 0.5pu power (right). 

C.  Asymmetrical Fault Test 
An asymmetrical fault was introduced by adjusting the AC 

grid voltage from 1.0pu in all phases to 0.7pu (phase A), 0.7pu 
(phase B), and 0.55pu (phase C) for both 1.0pu and 0.5pu 
power. The fault starts at t =0.4s and lasts 1.6 seconds. The 
simulation results, shown in Fig. 15 (left for 1.0pu power and 
right for 0.5pu power), evaluate two control objectives: 
balanced stator current control (Test I) and torque ripple 
suppression (Test II). 
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Fig. 15.  Operation of the DFIG wind energy system under an asymmetrical 
fault, with the AC grid voltage dropping from 1.0pu (phases A, B, and C) to 
0.7pu (phase A), 0.7pu (phase B) and 0.55pu (phase C), operating at 1.0pu 
power (left) and 0.5pu power (right). 
 

The results show that it causes ripple in torque under 
balanced stator currents (see Test I) during asymmetrical 
faults, while the torque ripple is successfully suppressed (see 
Test II) by injecting negative-sequence current specified in 
(13). It is worth noting that during the transition from Test I to 



Test II, the negative-sequence voltage at the controlled AC 
bus increases from ~0.045 pu to ~0.09 pu, indicating that 
suppressing torque oscillations increases grid imbalance. 

D.  Negative-Sequence Voltage Suppression Test 
The fault condition from the previous subsection was 

further tested to evaluate negative-sequence suppression 
control with stator current compensation and varying negative-
sequence current injection coefficients (Kn) as shown in Fig. 
11. During the fault, the control progresses further through 
three stages: (i) torque oscillation suppression (Test I), (ii) 
compensation for negative-sequence stator current (Test II), 
and negative-sequence voltage suppression (Test III). 

The simulation results are presented in Fig. 16 under 1.0pu 
power. It shows that negative-sequence voltage decreases 
from ~0.09pu to ~0.045pu when the GSC compensates for the 
negative-sequence stator current in Test II. Compared to Fig. 
15, this compensation restores grid balance to the level 
achieved with balanced stator current control, demonstrating 
that torque ripple suppression no longer increases grid 
imbalance when compensation is applied. In Test III, further 
suppression of negative-sequence voltage from 0.045pu to 
0.035pu is achieved, with greater suppression as Kn increases, 
improving overall grid balance. 
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Fig. 16.  DFIG wind energy system operation with negative-sequence 
voltage suppression under the asymmetrical fault with the AC grid voltage 
changing from 1.0pu (phases A, B, and C) to 0.7pu (phase A), 0.7pu (phase B) 
and 0.55pu (phase C) operating at 1.0pu power. 

VI.  CONCLUSIONS 
This paper investigates methods to enhance LVRT 

capability in DFIG-based wind systems. It demonstrated that 
the DSC method offers superior dynamic response, accuracy, 
and flexibility compared to SOGI and filter-based methods. A 
modified DSC method was proposed to overcome the slow 
response limitations in rotor-current decomposition. The 
developed GSC and MSC control schemes effectively ensure 
fault ride-through by balancing stator currents, suppressing 
torque oscillations, and mitigating grid imbalances. HIL tests 
on a 2.5-MW wind turbine confirmed smooth fault transitions, 
robust grid support, and LVRT compliance, advancing the 
control strategies for modern grids. 
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