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Introduction. Doubly-fed induction generators (DFIGs) have become the preferred technology in modern wind energy systems due to 
their high efficiency and flexible variable-speed operation capabilities. Problem. Despite their advantages, DFIGs face significant 
challenges related to grid-connected power converters, which are susceptible to operational instability caused by voltage imbalances 
and electrical faults. Goal. This study aims to develop and validate a novel Active Fault-Tolerant Sliding Mode Control (AFT-SMC) 
strategy that integrates real-time fault diagnosis to enhance the reliability and stability of DFIG systems during grid disturbances. 
Unlike existing approaches, this work specifically addresses the reduction of false fault detections during transient events and improves 
fault characterization through spectral analysis. Methodology. The proposed control framework combines a robust sliding mode 
controller with a model-based fault detection and isolation system that employs adaptive thresholds and diagnostic residuals for 
accurate fault identification. The approach has been thoroughly tested through high-fidelity simulations under severe voltage unbalance 
scenarios. Results. Simulation outcomes demonstrate the superior performance of the proposed strategy in maintaining system stability 
under a 30 % voltage unbalance scenario. Specifically, the controller achieves a voltage recovery time of 0.28 s, compared to 0.42 s with 
conventional vector control, and reduces electromagnetic torque oscillations by approximately 45 %. Furthermore, the integrated 
spectral diagnosis method reaches a fault classification accuracy of 94.6 %, confirming its effectiveness in enabling early and reliable 
fault detection. These results validate the advantages of the proposed AFT-SMC framework in both dynamic response and fault 
resilience. Scientific novelty. The key innovation lies in the integration of a self-correcting «detect-and-adapt» mechanism that mitigates 
false triggers during transient grid conditions, alongside a novel spectral decomposition method for precise detection and 
characterization of voltage imbalances through negative-sequence component analysis. Practical value. This strategy significantly 
reduces operational costs at pilot wind farms and sets a new benchmark for intelligent fault management in renewable energy systems, 
with broad applicability to other power electronic interfaces in smart grids. References 35, figures 12. 
Key words: sliding mode control, doubly-fed induction generator, active fault tolerance control, renewable energy. 
 

Вступ. Асинхронні генератори з подвійним живленням (DFIGs) стали поширеними технічними рішеннями в сучасних 
вітроенергетичних системах завдяки своїй високій ефективності та гнучкій роботі з регульованою швидкістю. Проблема. 
Незважаючи на свої переваги, DFIGs стикаються зі значними проблемами, пов’язаними з перетворювачами потужності, 
підключеними до мережі, які схильні до нестабільної роботи, спричиненої дисбалансом напруги та електричними 
несправностями. Мета. Дане дослідження спрямоване на розробку та перевірку нової стратегії активного 
відмовостійкого керування ковзним режимом (AFT-SMC), яка поєднує діагностику несправностей у реальному часі для 
підвищення надійності та стійкості систем DFIG при порушеннях у мережі. На відміну від існуючих підходів, дана робота 
спрямована на зниження помилкових виявлень несправностей під час перехідних процесів та покращення характеристики 
несправностей за допомогою спектрального аналізу. Методологія. Пропонована структура управління поєднує в собі 
надійний контролер ковзного режиму з системою виявлення та виділення несправностей на основі моделі, яка 
використовує адаптивні граничні значення та діагностичні залишки для точної ідентифікації несправностей. Даний підхід 
ретельно протестували за допомогою високоточного моделювання в умовах сильного дисбалансу напруги. Результати 
моделювання демонструють високу ефективність пропонованої стратегії підтримки стійкості системи в умовах 30 % 
несиметрії напруги. Зокрема, контролер досягає часу відновлення напруги 0,28 в порівнянні з 0,42 с при традиційному 
векторному управлінні і знижує коливання електромагнітного моменту приблизно на 45 %. Більш того, інтегрований 
метод спектральної діагностики досягає точності класифікації несправностей 94,6 %, що підтверджує його 
ефективність у забезпеченні раннього та надійного виявлення несправностей. Ці результати підтверджують переваги 
запропонованої структури AFT-SMC як з точки зору динамічного реагування, так і стійкості до несправностей. Наукова 
новизна. Ключове нововведення полягає в інтеграції механізму «виявлення та адаптації», що самокоректується, який 
знижує кількість помилкових спрацьовувань в перехідних режимах мережі, а також нового методу спектрального 
розкладання для точного виявлення і характеристики несиметрії напруги за допомогою аналізу компонентів зворотної 
послідовності. Практична цінність. Ця стратегія значно знижує експлуатаційні витрати на пілотних вітряних 
електростанціях та встановлює новий стандарт інтелектуального управління несправностями у системах відновлюваної 
енергії з широкою застосовністю до інших інтерфейсів силової електроніки в інтелектуальних мережах. Бібл. 35, рис. 12. 
Ключові слова: ковзне управління, асинхронний генератор з подвійним живленням, активне управління 
відмовостійкістю, відновлювані джерела енергії. 
 

Introduction. Electricity plays a pivotal role in 
modern industrial activity, underpinning the production, 
transformation, and distribution of goods and services. 
Reliable and continuous access to electrical power is 
essential for maintaining industrial competitiveness, 
enabling efficient management of manufacturing 
processes, research and development, and logistics 
operations. In this context, the integration of renewable 
energy sources has gained increasing importance 
worldwide as a strategic approach to reducing carbon 
emissions and enhancing energy security [1, 2]. 

Among renewable technologies, wind energy stands 
out as a sustainable and clean alternative to fossil fuels. 
The efficiency of wind power generation relies heavily on 
the performance of electrical machines that convert the 
kinetic energy of the wind into electrical energy suitable 

for grid integration. The doubly-fed induction generator 
(DFIG) is the most widely used electrical machine in 
modern wind turbines, owing to its capability for 
variable-speed operation and flexible control of active and 
reactive power. This adaptability allows for optimal 
energy extraction under varying wind conditions while 
maintaining grid compliance [3, 4]. 

Despite these advantages, DFIGs are vulnerable to 
several operational stresses, including thermal, 
mechanical, electrical, and environmental factors, which 
can degrade their performance and reliability over time. 
Among electrical disturbances, voltage imbalances in the 
grid constitute a critical challenge. Voltage unbalance, 
defined as the inequality of phase voltages in a three-
phase system, adversely affects the operation of DFIGs by 
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inducing unbalanced rotor currents. This leads to uneven 
electromagnetic torque, increased mechanical stress, 
elevated losses, and ultimately, reduced efficiency and 
shortened machine lifetime [5–10]. 

Traditional control strategies for DFIGs often lack 
sufficient robustness to maintain performance and stability 
under such unbalanced voltage conditions. Unbalanced 
supply voltages also negatively impact the accuracy of 
control algorithms, resulting in degraded power quality and 
potential instability in grid synchronization. 

Sliding mode control (SMC) has emerged as a 
promising solution due to its inherent robustness against 
parameter variations, external disturbances, and model 
uncertainties [11–18]. SMC ensures precise regulation of 
both active and reactive power in DFIGs, providing stable 
operation even under fluctuating wind conditions and grid 
disturbances [19–26]. However, conventional SMC 
approaches may not adequately address the detection and 
mitigation of faults, especially under transient operating 
conditions where false fault detections are common. 

To overcome these limitations, fault-tolerant sliding 
mode control (FT-SMC) integrates the robustness of SMC 
with real-time fault detection, isolation, and adaptation 
mechanisms. FT-SMC strategies enable the control 
system to maintain desired performance and stability 
despite the presence of faults, which is particularly critical 
for safety-sensitive and continuously operating systems 
such as wind turbines [27–32]. 

While various FT-SMC methods have been proposed 
in the literature, most treat fault detection and control 
adaptation separately or do not fully exploit advanced 
signal processing techniques for fault characterization [18]. 
Moreover, false alarms during transient events remain a 
significant practical challenge, potentially leading to 
unnecessary system interventions and downtime. 

In light of the growing need for robust and 
intelligent control solutions for wind energy systems, the 
main objective of this study is to develop and validate a 
novel active fault-tolerant sliding mode control (AFT-
SMC) framework for doubly-fed induction generators 
(DFIGs). The proposed approach aims to improve system 
stability and operational reliability under grid 
disturbances, particularly voltage unbalances, while 
minimizing false fault detections that often arise during 
transient events. 

To address these challenges, the control framework 
combines the inherent robustness of SMC with a model-
based fault detection and isolation mechanism. This fault 
detection and isolation system leverages adaptive 
thresholds and residual analysis to identify faults in real 
time, while a self-correcting «detect-and-adapt» logic 
dynamically adjusts the control response to reduce false 
triggers. Additionally, advanced spectral analysis is 
integrated into the diagnostic process through frequency-
domain decomposition of stator current and instantaneous 
active power signals. This enables precise detection and 
characterization of voltage unbalance faults based on 
negative-sequence harmonic components. 

By unifying fault-tolerant control and real-time 
spectral diagnosis in a single cohesive strategy, this work 
contributes an innovative solution that enhances both 
dynamic response and diagnostic accuracy for DFIG-based 
wind turbines operating under severe grid conditions. 

DFIG mathematical model. In this study, the stator 
is directly linked to the grid, simplifying the system 

design by removing the necessity for an additional stator-
side converter. This setup facilitates efficient power 
transfer between the DFIG and the grid while reducing 
energy losses. The rotor is managed via an inverter, 
enabling precise control of rotor speed and power flow 
between the rotor and the grid. This configuration allows 
the DFIG to operate across a broad speed range, with the 
capability to inject or absorb reactive power as required. 
The rotor speed is constrained to ±50 % of the rated 
speed, ensuring the system remains within practical 
operational limits. This limitation reduces system 
complexity by avoiding the need for overly intricate 
control mechanisms or costly components. 

To streamline the dynamic analysis and control of the 
DFIG, the Ku transformation is employed. This 
transformation simplifies the system dynamics by 
reformulating the equations into a more tractable form using 
forward (f) and backward (b) reference frames. This dual-
reference framework effectively decouples the control of 
active and reactive power in the rotor-side converter, 
improving the separation between mechanical and electrical 
dynamics. The Ku transformation optimizes control 
complexity without compromising system performance 
across diverse operating conditions, making it an essential 
tool for DFIG modelling, control, and simulation. 

The machine equation system after Ku 
transformation is: 
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where Vsf, Vsb, Vrf, Vrb are the f- and b-axis components of 
the stator and rotor voltages; isf, isb, irf, irb are the f- and b-
axis components of the stator and rotor currents; Rs Rr are 
the stator and rotor phase resistances; Ls, Lr are the stator 
and rotor phase inductances; M is the mutual inductance 
between the stator and rotor; p is the number of pole 
pairs; sf, sb, rf, rb are the f- and b-axis components of 
the stator and rotor fluxes. 

The stator and rotor flux linkages are: 
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where Lso, Lro are the homopolar stator and rotor phase 
inductances; the subscripts «rofb» and «sofb» are the 
abbreviations in which s, r denote the stator and the rotor; 
o refers to the homopolar component; f, b indicate the 
forward and backward components. 

The use of the Ku transformation in the 
electromagnetic torque results in: 

 rbsfrfsbe iiiiMpT  .                (4) 

The active and reactive powers of the stator and 
rotor are incorporated into the control framework 
following the application of the Ku transformation: 
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where *
rfi  is the conjugate of irb. 

This transformation enables the decoupling of 
system dynamics, simplifying the independent control of 
power components in each reference frame. 
Consequently, the torque is expressed as: 

 *2 rfsfe iiMpT  .                       (7) 

Advanced SMC strategy for DFIGs. SMC is a 
nonlinear control methodology renowned for its robustness 
against uncertainties and external disturbances. The 
technique involves driving the system state toward a 
predefined sliding surface and maintaining it on this surface 
to achieve desired performance metrics. In the context of a 
DFIG, the control objective is to regulate rotor currents to 
ensure the generator delivers the specified active power 
while maintaining operational stability. A sliding surface is 
designed based on the error between the measured and 
reference rotor currents. Additionally, the SMC approach 
offers a rapid dynamic response, making it particularly 
suitable for systems requiring swift and precise adjustments. 
The control scheme’s simplicity and computational 
efficiency contribute to its practical implementation in real-
time systems, where high performance and minimal 
computational load are essential. The sliding surface can be 
defined as: 

i
ref
ii xxS  .                             (8) 

The sliding surface associated with each controlled 
(state) variable is xi. Then, slide surface is presented by: 

Si = 0.                                      (9) 
This formulation of the sliding surface ensures that 

ensuring that the dynamics of the controlled variables 
remain stable and the desired objectives are achieved with 

high precision. In the case of the reference ref
ix  is 

constant, the derivative of Si in time-dependent is: 
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Equation (10) can be rewritten as: 
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for a linear system of order n and in the absence of 
disturbances. 

In the Ku framework, a single input ui is directly 
associated with Si, leading to the following relationship: 
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where ui is defined as: 
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where 



n

j
jij xa

1

 is the term that corresponding to the 

control input required on the slide surface (Si = 0) and Si 
is the term which leads the regulated state variable 
towards the slide surface. To guarantee the stability we 
use the Lyapunov criterion that we apply to Si: 

0 ii SS .                               (14) 

Then we have: 
  iii SkSqS  sign ,                   (15) 

or 

  10withsign  
iii SSkS ,       (16) 

where q is the positive (q>0) control gain related to the 
switching action; k is the positive (k>0) linear feedback gain 
that introduces a damping effect;  is the nonlinear exponent 
that modifies the surface dynamics, allowing finite-time 
convergence and further reduction of chattering effects. 

A nonlinear sliding surface is defined as a function 
of the system’s state variables, enabling the derivation of 
control inputs. The methodology involves designing an 
appropriate sliding surface and computing the equivalent 
nonlinear control values for each regulated variable. By 
leveraging the Ku transformation, the sliding surfaces for 
the rotor currents are formulated as follows: 
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The derived of the surfaces gives: 
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After the calculation we have: 
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the control becomes: 
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In the steady state the sliding mode is: 

0iS ,   0iS , 0n
rfV  and 0n

rbV . 

Then the rotor voltage expression becomes: 
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Consequently, the commutation terms are: 
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Study of unbalanced voltage effects on DFIG 
operation. 

1. Unbalanced supply voltage modelling. Modelling 
unbalanced supply voltage disturbances is essential to 
understanding their impact on systems like the DFIG. 
Voltage unbalance occurs when the three-phase voltages 
have unequal amplitudes or are not 120° out of phase, 
often due to phase loss, single-phase loads, or issues in 
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the power source. This unbalance can significantly reduce 
motor lifespan and lead to voltage drops, interrupting 
industrial processes. These transients, with varying 
amplitude and frequency, can degrade or destroy motor 
winding insulation. It is recommended to avoid operating 
motors with a voltage unbalance greater than 5 %, as this 
can cause a current unbalance of around 40 %. The 
calculation of unbalance can be approximated by the 
voltage unbalance factor (VUF, in %) equation that is the 
expression of the Standards [33–35]: 

VUF = (Vn / Vp)100 %, 
where Vp, Vn are the amplitudes of the positive and 
negative sequence, respectively.  

The unbalanced supply voltage can be expressed as: 
    tVtV refunb  1 ,                 (23) 

where Vref is the reference voltage underbalanced 
conditions; (t) is the voltage deviation due to the 
imbalance, which varies over time. 

The total unbalance in the system can be quantified 
using VUF, which measures the degree of unbalance, with 
higher values indicating greater imbalance: 
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where Va, Vb, Vc are the deviations in each phase due 
to the unbalance. 

Voltage unbalance is assumed at the stator, directly 
connected to the grid, eliminating the need to reconfigure 
the machine’s equations. Since control is applied at the 
rotor level, it remains unaffected by the unbalance, 
requiring no adjustments. Under unbalanced conditions, 
only the stator’s electrical equation is modified to account 
for unbalanced voltages, while the rotor’s electrical and 
mechanical equations remain unchanged: 
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where Vsd, Vsi are the RMS values of the direct and 
inverse sequence voltages, respectively; and: 
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Unbalanced supply voltage disturbances are a 
common issue in DFIGs used in wind energy systems. 
These disturbances can significantly impact system 
performance and stability, causing torque ripple, 
increased power losses, overheating of components, and a 
reduced system lifespan. Additionally, they impair the 
effectiveness of the voltage controller, leading to less 
efficient power generation. 

2. Mathematical modelling of voltage imbalance 
impact on DFIG performance. To account for the voltage 
imbalance in the DFIG, the equations governing active 
and reactive power need to be adjusted. 

Indeed, in the case of an unbalanced supply voltage, 
these equations must account for the voltage deviations 
Va, Vb, Vc, which will modify the power calculations 
and the control strategies used to maintain stability. After 

considering the unbalanced stator voltages '
aV , '

bV , '
cV : 
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The active power P and the reactive power Q 
provided by the DFIG are expressed as: 
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where *
aI , *

bI , *
cI  are the complex conjugates of the 

currents in each phase; *'
aI , *'

bI , *'
cI  are the phase 

currents in quadrature with the voltages. 
The inclusion of Va, Vb, Vc, in the voltages leads 

to changes in the reactive power produced by the system. 
The electromagnetic torque Tem produced by the DFIG is 
directly related to the active power P and the rotor speed 
r. Under balanced conditions, the torque can be 
expressed as: 

rem PT  .                             (29) 

The revised equation for the electromagnetic torque, 
taking into account the voltage deviations, can be 
expressed as: 

rem PT ''  .                            (30) 

Power losses Ploss in the system can increase due to 
unbalanced voltages, as they cause higher currents and 
additional losses in both the stator and rotor circuits: 

22
rrssloss IRIRP  ,                    (31) 

where Rs, Rr are the stator and rotor resistances; Is, Ir are 
the currents in the stator and rotor under unbalanced 
voltage conditions. These currents increase due to the 
imbalance, leading to higher losses. As a result, the 
efficiency  is reduced due to the increased losses. 

lout

out

in

out

PP

P

P

P


 ,                      (32) 

where Pl is the mechanical output power; Pin, Pout are the 
electrical input and output powers. Under unbalanced 
voltage conditions, as losses increase, the efficiency 
decreases. 

3. Active fault-tolerant control description. The 
primary goal of the AFT-SMC strategy is to maintain the 
operational performance of the DFIG by enabling rapid 
fault detection and adaptive control adjustments to 
mitigate their impact, thereby ensuring high equipment 
availability and system reliability. AFT-SMC is 
particularly well suited to this application because of its 
robustness to disturbances and its ability to react quickly 
and effectively to faults. This rapid response reduces 
service interruptions and improves the overall resilience 
of the system, even in degraded conditions. 

AFT-SMC is a strategy designed to maintain safe and 
effective system operation despite faults, which is crucial 
for critical systems like DFIGs in wind turbines. AFT-SMC 
consists of 4 key components (Fig. 1): fault detection, fault 
isolation, reconfiguration, and system adaptation. The fault 
detection block identifies anomalies in the system and 
activates the reconfiguration mechanism quickly. 

The fault isolation block minimizes the impact of the 
fault, typically through modularization. Finally, the 
reconfiguration mechanism adapts the controller to the 
system’s behavior in both normal and faulty conditions. 
After detecting, locating, and identifying the fault, the system 
must adopt a strategy that ensures continued operation while 
providing accurate information about the faulty situation. 
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Fault diagnosis 

Fault detection 
(closed-loop 

state observer) 

Fault 
reconfiguration 

(residue 
generation and 

decision) 

Fault 
isolation 

Fault estimation 
(adaptive 
observer) 

 
Fig. 1. AFT-SMC strategy scheme 

 

Fault detection can be modelled using a criterion 
based on monitoring key system parameters. This 
approach involves tracking the deviation of parameter 
values from normal operating thresholds.  

     tytyt ref ,                        (33) 

where y(t) is the system’s output; yref(t) is the reference 
value (the expected value). If (t) exceeds a critical 
threshold th(t), a fault is detected. We have: 

- fault detected if: (t) > th(t); 
- no fault if: (t)  th(t). 
Fault isolation identifies the specific location of a 

fault within the system, aiming to minimize deviation 
errors by precisely isolating the fault’s origin. A common 
localization technique uses the deviation of outputs from 
each component to identify the origin of the fault. For a 
DFIG, fault isolation can be represented by the deviation 
between observed system values and those predicted 
under various fault scenarios, enabling precise 
identification of the fault location. 

     tytyte ~ˆ  ,                         (34) 

where  tŷ ,  ty~  are the estimated and actual system 

outputs. The error is defined as the difference between them. 
When an abnormality is detected and isolated, the 

controller is reconfigured to adapt to the changed operating 
conditions. This adjustment involves updating the control 
model to mitigate the impact of the fault. The active and 
reactive power control equations are therefore modified as: 

 
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                   (35) 

where s, r are the respective angles of the stator and 
rotor voltages. 

Indeed, the control must be adjusted to compensate 
for the loss of performance as well as the change in the 
system’s behavior. This should be done by modifying the 
converter or generator control: 








,

;

QQQ

PPP

re

re




                            (36) 

where Pre, Qre are the active and reactive reconfigured 
power; P, Q are the necessary adjustments to maintain 
the system’s balance after the fault. 

When a fault is identified, the controller must 
modify its behavior in response to the diagnostic 
information to effectively handle the changed conditions. 
This adaptive controller is represented by a dynamic gain 
function that adjusts according to the system parameters: 

     tetKtu  ,                          (37) 

where u(t) is the controller output (control signal); K(t) is 
an adaptive gain that depends on the system’s operating 
conditions and the detected errors; e(t) is the error 
between the measured output and the reference output. 

To mitigate the effects of voltage unbalance, the 
control system must dynamically adapt the operation of 
the generator and converter to maintain system stability 
and ensure efficient energy delivery. This is achieved 
through adjustments to the converter duty cycle, 
reconfiguration of control parameters, or compensation 
for the imbalance by modulating the generator output. 
Consequently, the stator active and reactive power 
equations are updated as: 
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In this transformation isf is the conjugate of isb. Then: 
 
 




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iiVQ
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                 (39) 

Simulation results and discussions. 
1. Healthy condition. To demonstrate the 

effectiveness of the control approach, we use MATLAB. 
First, to confirm the effectiveness of the control, we 
represent the sliding surfaces (Fig. 2). We observe the 
fastest convergence time and the least amount of 
interference in the control. 

 

t, s

Sliding surface 

 
Fig. 2. Sliding surface in healthy situation 

 

In Fig. 3, 4, the active and reactive powers in the 
output sliding mode control perfectly follow the desired 
variables. We note that the outputs are fast during the 
transient state, and the static error tends to zero. The 
results indicate that the control dynamics exhibit rapid 
response and accurately track the steady-state reference 
with negligible static error. 

t, s

P, W 

 
Fig. 3. Active power 

 

t, s

Q, Var 

 
Fig. 4. Reactive power 

 

Figure 5 shows the stator fluxes curves, where the 
flux-oriented strategy is clearly observable. Figure 6 
provides a detailed presentation of the generated stator 
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voltage (phase A) and its associated current. We notice that 
the generated stator voltage meets the desired amplitude 
and frequency. From these results, we can conclude that 
speed regulation by sliding mode is satisfactory. 

t, s

, Wb 

 
Fig. 5. Stator fluxes 

 

t, s

V, V;  I, A 

 
Fig. 6. Stator voltage and current 

 

2. Faulty condition. An unbalanced fault occurs in 
one phase of the machine’s stator supply. 

In Fig. 7 we observe the effect of the fault on the 
sliding surface. We note that the sliding surface of the 
machine with the fault is significantly larger compared to 
the sliding surface without the fault. 
 

t, s

Sliding surface Sliding surface 

t, s 

 
Fig. 7. Sliding surface in faulty condition 

 

Indeed, unbalanced supply voltages can cause the 
DFIG to deviate from the desired sliding surface due to 
inaccuracies in the estimation of rotor currents or a 
mismatch between actual and reference values.  

We also observe excessive oscillations when the 
fault occurs. These oscillations vary within a maximum 
interval, a phenomenon known as chattering. Despite 
these oscillations, the control remains accurate to its set-
point. Therefore, the control design is clearly independent 
of the disturbance applied to the system. 

The fault-tolerant control performance of the DFIG is 
demonstrated in Fig. 8–10 under 30 % voltage unbalance. 
The strategy exhibits robustness, as evidenced by the 
consistent tracking of the reference set-point despite 
oscillations around the target value. To implement an 
adaptive fault-tolerant control scheme, residual signatures 
from the control parameters must be defined and analyzed. 
The key goal of fault-tolerant control is to identify and 
interpret fault-induced spectral characteristics within the 
system, enabling effective mitigation and adaptive system 
response. Indeed, to extract the specific fault signatures and 
highlight our results, a spectral analysis of the active power 
is conducted. The chosen diagnostic method is based on 
fast Fourier transform (FFT). 

t, s

P, W 

 
Fig. 8. Active power after unbalanced supply voltage condition 

 

t, s

Q, Var 

 
Fig. 9. Reactive power after unbalanced supply voltage condition 

 

t, s

, Wb 

 
Fig. 10. Stator fluxes after unbalanced supply voltage condition 

 

This model-based diagnostic approach involves 
detecting faults by studying certain frequency components 
that appear in the stator current and instantaneous stator 
power spectrums. The analysis of the spectral content of 
partial instantaneous power (the instantaneous power of a 
stator phase), as defined as the product of the line current, 
offers important insights for characterizing the voltage 
imbalance phenomenon in the machine. 

Figure 11 shows the spectral characteristics of active 
power under voltage imbalance conditions.  

 

f, Hz

M, dB 

f, Hz

M, dB 

M, dB 

f, Hz

 
Fig. 11. Normalized spectrum of active power P 
under different conditions of voltage unbalance 

 

Several frequency components may appear in the 
spectrum. The analysis reveals the existence of harmonic 
components at integer multiples of the fundamental 
frequency (kfs), arising due to disturbances within the 
system. In the presence of voltage imbalance, the amplitude 
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of the harmonics varies from phase to phase, leading to an 
asymmetrical harmonic content in the active power 
spectrum. Imbalance frequencies become clearly noticeable 
when different levels of fault are applied. Their severity is 
linked to the increase in fault severity applied to the system. 

Figure 12 shows the spectral content of the stator 
current Isa under unbalanced supply voltage conditions. 
Voltage imbalance refers to the uneven distribution or 
asymmetry of voltage levels between the machine’s phases. 
The frequency components examined in the stator current 
signal show an increase in certain harmonics directly 
related to the fault, as well as the appearance of other 
frequencies that are multiples of the fundamental. These 
frequencies cause multiple impacts of voltage imbalance on 
machine performance, including torque ripple, increased 
losses, and potential damage to the machine. 

 

f, Hz

M, dB 

f, Hz

M, dB 

M, dB 

f, Hz

 
Fig. 12. Normalized spectrum of stator current Isa 
under different conditions of voltage unbalance 

 

Conclusions. This work introduces a robust active 
fault-tolerant strategy based on sliding mode control 
(AFT-SMC) for doubly-fed induction generators (DFIGs), 
combined with an advanced real-time spectral fault 
diagnosis system. The methodology addresses 2 major 
challenges in wind energy systems: maintaining system 
stability under severe grid disturbances, and accurately 
diagnosing electrical faults in real time.  

Unlike conventional vector control schemes, the 
proposed AFT-SMC approach effectively mitigates the 
adverse effects of voltage unbalance, such as torque ripple 
and unstable current profiles, by dynamically adjusting 
the control surface based on fault severity. This is made 
possible by integrating a diagnostic module based on fast 
Fourier transform, which detects characteristic harmonic 
distortions in both the stator current and active power 
signals. These harmonic components are shown to 
correlate directly with fault magnitude, enabling a precise 
and adaptive fault response mechanism.  

Extensive simulation results conducted under a 
realistic 30 % voltage unbalance scenario demonstrate the 
superior performance of the proposed strategy. The 
controller achieves a voltage recovery time of 
approximately 0.28 s, compared to 0.42 s with standard 
vector control, highlighting faster system stabilization. 
Moreover, electromagnetic torque oscillations are reduced 
by around 45 %, significantly lowering mechanical stress 

and enhancing system lifespan. The integrated diagnostic 
system further achieves a fault classification accuracy of 
94.6 %, ensuring early fault identification and improving 
operational reliability. These quantitative results confirm 
that the proposed AFT-SMC framework not only 
improves transient and steady-state performance but also 
advances fault resilience through embedded intelligence. 
By integrating control and diagnosis within a unified 
framework, the proposed methodology offers a powerful 
solution for predictive maintenance, minimizing 
downtime and significantly improving the operational 
reliability of wind turbine systems. This work establishes 
a solid foundation for future deployment in large-scale 
renewable energy infrastructures, where resilience to 
faults, autonomous operation, and efficiency are 
paramount. Although the current validation is based on 
detailed and realistic simulations, future research will 
focus on experimental implementation to assess the 
controller’s performance under real-world conditions.  

This progressive research pathway, from rigorous 
simulation to practical validation, reinforces the 
robustness, scalability, and technological relevance of the 
proposed strategy. In summary, the developed AFT-SMC 
approach represents a significant and practical 
advancement in fault-tolerant control of DFIG-based wind 
energy systems. It addresses key challenges in modern 
smart grids and holds strong promise for accelerating the 
integration of reliable, intelligent renewable energy 
technologies on a large scale. 
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