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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

- Wind energy conversion systems based
on doubly fed induction generator are
popular due to their high efficiency, good
control characteristics, and suitability for
variable speed operation.

. Existing researches and studies mainly
focus on how WECSs perform under
external faults and disturbances such as
grid side faults: voltage dips, short circuits,
and wind speed fluctuations.

« Many advanced control methods exist
for handling these external faults and
improving fault ride-through capabilities.
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ABSTRACT

This paper investigates the dynamic performance of a grid-connected wind energy conversion system (WECS)
based on a doubly fed induction generator (DFIG) in the presence of additive and multiplicative faults in direct-
quadrature rotor current sensors. The system architecture includes direct current-link voltage regulation, via the
grid side converter and active/reactive power control, through the rotor side converter. Unlike prior studies that
mainly consider symmetrical grid faults, this work systematically introduces various sensor faults specifically in
stator current, stator voltage, and rotor current measurements into the rotor current control loop. The impact
of these faults is assessed by examining key electrical parameters such as current, voltage, active, and reactive
power across the grid, stator, and rotor. Simulation results reveal that rotor current sensor faults significantly
degrade system stability and power regulation. These findings highlight the importance of developing robust
fault detection and isolation and fault-tolerant control strategies and provide a foundation for enhancing the
reliability of DFIG-based WECS under sensor fault conditions.

Index Terms—Additive and multiplicative faults, doubly fed induction generator (DFIG), grid side converter
(GSQ), rotor side converter (RSC), sensors , wind energy conversion system (WECS).

I. INTRODUCTION

Concerns about global warming and the objective of reducing dependence on fossil fuels are
shifting energy production trends toward renewable energy sources (RESs). Among these, wind
energy stands out as one of the most alluring RESs due to its availability, modern technology,
dependable infrastructure, cost-effectiveness, and rapid development [1-4]. Among the avail-
able technologies, the wind energy conversion system (WECS) based on a doubly fed induction
generator (DFIG) has gained prominence for its good performance, high efficiency, improved
active and reactive power characteristics, quality, control, and small-sized power converter. One
of its additional benefits is its wider power capture capability over a large range of wind speeds
[1,2,5].

Despite these advantages, WECSs based on DFIG are highly sensitive to both internal and exter-
nal faults, which can severely compromise system performance and stability, potentially resulting
in operational failure and significant economic losses [2, 3]. Internal faults refer to failures within
the internal system components, while external faults originate outside the system and mani-
fest as disturbances superimposed on the system. These can gradually lead to degraded energy
capture, transient responses, voltage and current imbalances, and increased maintenance costs.
Therefore, it is of interest to increase the reliability and security of the WECS.

A substantial body of research has focused on improving doubly fed induction machine
(DFIM) control under varying operating conditions. Classical vector control strategies, such as
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WHAT DOES THIS STUDY ADD TO
THIS TOPIC?

« This study shifts the focus from external
faults, like grid side faults, to internal
faults, rotor-side control loop faults,
especially in the direct-quadrature rotor
current sensors of the DFIG. It provides
a deeper investigation of rotor-side
sensor faults, which are rarely explored in
previous literature.

« The paper systematically analyzes
how additive and multiplicative faults,
both symmetrical and asymmetrical, in
rotor current, stator current, and stator
voltage sensors affect the WECS-DFIG
performance.

« Simulation results show  significant
degradation in rotor stability and power
regulation due to direct-quadrature rotor
current sensors faults.

« The study proposes fault analysis as a
foundation for developing fault-tolerant
control strategies.

field-oriented control (FOC) and its variant indirect field-oriented control, have been widely
adopted due to their superior dynamic performance and ability to decouple torque and flux con-
trol [5-8]. However, their sensitivity to machine parameter variations has prompted the develop-
ment of direct torque control (DTC) as an alternative [9-11]. Initial DFIG implementations for wind
generation by Pena et al. [12, 13] laid the foundation for further modeling and grid interaction
studies [14, 15]. Efforts to enhance control performance under unbalanced or faulty grid condi-
tions have also been reported using hysteresis controllers [16, 17], coordinated control loops [18],
and advanced feedback linearization [19].

Wind energy conversion system based on DFIG have been extensively studied for their perfor-
mance improvement during grid disturbances, with significant focus on enhancing fault ride-
through (FRT) capabilities and mitigating the impacts of grid faults through advanced control
strategies [2, 20]. Sophisticated control methods for the rotor side converter (RSC) have been pro-
posed, including proportional current tracking [21], flux tracking [22], transient feedforward con-
trol [23], active damping [24], and robust control techniques [25, 26]. In addition, these papers
[27, 28] primarily address external disturbances such as grid faults, wind speed variations, and
converter protection mechanisms. Additional work has focused on stabilizing the direct current
(DO)-link voltage during grid faults by modifying the RSC control [29] and employing maximum
power point tracking (MPPT) techniques like tip-speed ratio control [30], power signal feedback
[31], and hill climb search [32].

While extensive research has been conducted on grid-side fault scenarios and corresponding
mitigation techniques, relatively few studies have focused on faults within the rotor current con-
trol loop, particularly concerning direct-quadrature current sensor faults. This gap is critical, as
faults in the direct-quadrature rotor current sensors or controllers can significantly degrade sys-
tem stability and power quality. Recent advancements have begun to fill this void. Abbas et al.
[33] introduced an innovative diagnostic approach utilizing an Extended Kalman Filter bank
to detect, locate, and isolate single and multiple phase current sensor faults in both convert-
ers of a DFIG-based WECS. Their method effectively estimates converter currents and compares
them with sensor measurements to generate residuals for fault identification. Similarly, Mousavi
[34] developed a fault-tolerant fractional-order sliding mode controller augmented with state
observers to estimate rotor current dynamics during sensor faults, enhancing the system'’s resil-
ience to such internal anomalies. Further studies have employed signal processing techniques
for fault detection. For instance, spectral and wavelet analyses have been utilized to detect inter-
turn short-circuit faults in rotor windings by analyzing harmonic frequency components in rotor
current signals [35]. Additionally, observer-based methods, such as sliding mode observers, have
been proposed for rotor current-based fault detection, offering robustness against system uncer-
tainties and external disturbances [36]. Despite these contributions, the specific impact of direct-
quadrature rotor current sensor faults on the performance of the WECS remains insufficiently
investigated. Understanding and mitigating these faults are crucial for enhancing the reliability
and efficiency of wind energy systems.

This study aims to address this research gap by analyzing the effects of faults in direct-quadrature
rotor current control loop sensors. The investigation considers faults arising in stator current, sta-
tor voltage, and rotor current sensors. The control design used for this study employs the FOC
technique with the aim of adjusting the RSC and the hysteresis control technique with the aim of
controlling the grid side converter (GSC). The objective is to evaluate the impact of these faults
on the control performance of the WECS, thereby supporting the development of reliable fault-
tolerant control (FTC) frameworks. The system'’s behavior under different fault scenarios is exam-
ined through detailed simulation studies. The remainder of this paper is organized as follows:
Section Il presents the modeling of the wind turbine and the DFIM, along with the design of the
control system, focusing on the GSC and RSC controllers. The modeling approach for both addi-
tive and multiplicative faults is also described through this section. Section Ill discusses the inter-
action between the power system and the WECS based on DFIG under various direct-quadrature
rotor current fault conditions, with simulations performed in MATLAB/SIMULINK. The results and
their analysis are provided in the same section. Finally, Section IV concludes the paper and out-
lines potential directions for future research trends in FTC strategies.

Il. MATERIALS AND METHODS

The control strategy explored in this study employs vector control (FOC) using a rotating direct-
quadrature reference frame aligned with the stator flux. Proportional-integral (PI) controllers
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regulate the DC-link voltage and the rotor current loops after apply-
ing decoupling compensation. Within this framework, the RSC
independently regulates the active and reactive power at the DFIG
terminals through rotor current control. The GSC, operated with
a hysteresis current controller, stabilizes the DC-link voltage and
ensures a sinusoidal current injection into the grid. It enables power
exchange through the rotor converter while delivering additional
reactive power support. Fig. 1 illustrates the schematic diagram of
the proposed controlled grid-connected WECS based on DFIG.

A. Description of the Wind Energy Conversion System based on
Doubly Fed Induction Generator

1) Wind Turbine Model

The power extracted by a wind turbine and the wind turbine torque
are related to the wind speed and can be expressed in (1) and (2),
respectively, as follows [1, 37]:

Pn=05C,(N\,B)p?r?v? m
Ta=05C(\,B)p?rv? ®)

where p represents the air density, ris the turbine blade radius, and v
denotes the wind speed. C and C, are the power and the torque coef-
ficients of the wind turbine, both of which are functions of the tip-
speed ratio A and pitch angle . The tip speed ratio can be defined as
a function of w (the generator’s rotational speed) as illustrated in (3):

N=wr/v (3)

According to (3), adjusting the generator’s rotational speed w allows
the control of A, which in turn affects both coefficients, C,and C, and
thus the power generated by the wind turbine.

B. Doubly Fed Induction Generator Model

With a nonzero rotor voltage, the DFIG functions similarly as a con-
ventional induction generator. In a synchronously rotating direct-
quadrature reference frame, the dynamic equations of the DFIG
stator voltage and rotor circuits can be described through equations
from (4.a) to (7.b), which show the relationships between flux, cur-
rent, and voltage in each axis as follows [38, 39]:

Vs =Rl ety + 908/ (4.2)
Voo = Rug 0+ 905/ (4.b)
Var =Rl — s + 900/ (5.a)
Var = Ryligr 45w g, +d¢%t (5.b)
Vs = Lsgs +Liniar (6.a)
Vgs = Loigs +Linlgr (6.b)
Var = Lefgr +Linias (7.a)
Vgr = Lrigr +Lpigs (7.b)

Here, o, denotes the speed of the synchronous reference frame,
so, = (0, - ®,) represents the slip frequency, with s is the slip and

, the generator’s electrical speed, reIate%to the mechanical speed
through the number of poles, P, as: we =— ®,. Parameters R, R, L,
and L, correspond to the resistances anddnductances of the stator
and rotor, respectively, while L, is the mutual inductance and @, rep-
resents the rotor’s angular speed. The electrical torque produced by
the DFIG can be calculated, based on flux and current components,
through (8) [39]:

T :%P(wdriqs _'qurids):%PLm (id’iqf _iq’ids) ®

Stator and rotor active and reactive powers, neglecting the power
losses associated with the stator and rotor resistances, can be repre-
sented in (9.a), (9.b), (10.a), and (10.b), respectively [1, 39, 40]:

P.= %(vdsids +Vasigs ) (9.a)
Q= %(vqsids —Viigs ) (9.b)
P= %(vd,id, +Varlar) (10.a)
Q= %(vq,id, Vg ) (10.b)

C. Control System Design

Rotor side converter and GSC together manage the operation of the
DFIG. The GSC maintains a steady DC-link voltage, regardless of the
rotor power flow’s amount and direction [3], and supplies reactive
power to the grid. However, the RSC is responsible for active and
reactive power regulation [1, 41].

To achieve the GSC’s goals, a hysteresis current control approach
aligned with the stator voltage vector is implemented, as illustrated
through Fig. 2(a). The DC-link voltage serves as the voltage source
for the other three-phase converters connected to the rotor winding
terminals RSC. Direct current-bus capacitor and pulse width modula-
tion (PWM) converter are employed to eliminate ripple and maintain
a steady DC-link voltage successively [1, 42].

Equations (11) and (12) below provide the variation of the voltage
at the DC-link:

€ =Vdc.r —Vdc_measured (1 1 )
Ae:(1—z’1) (12)

The voltage direct-quadrature components of the inverter at the
grid terminals are given in (13.a) and (13.b) below [38]:

vd:Rid—e—L%—Lwiq—i-vd, (13.a)

vq:Riq+L%‘ffLwid+vq, (13.b)

where v, v,, i, and i, represent the direct-quadrature components
of the grid inverter voltage and the grid current. L and R corresponds
to the filter inductance and resistance, while ® represents the grid
angular frequency. The associated active and reactive power injected
into the grid can be expressed by (14.a) and (14.b):
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P=3(Vdid +tiq) (14.a) angle(%gs)=95 :tan1[%] (17.3)
Q=3(Vaiy +V4ig) (14.b) *
[WDags| =y Pas” + s (17.b)

The angular position of the grid voltage may be achieved through
(15):

0, = [ wdt =tan™' Vy
V(\.

(15)

Where v, and v, denote the grid voltage components in (a-) refer-
ence frame.

In a voltage vector-oriented reference frame, the direct current of
the grid id regulates the DC-link voltage. As a result, a reference cur-
rent id_ref is obtained from e and its variation Ae through a tuned PI
controller, as illustrated in Fig. 1. To achieve unity power factor oper-
ation at the GSC, the reactive power is set to zero, aligning the d-axis
component of the voltage v,, v,=0, making iq,.. zero. Following a dg-
abc transformation of these reference currents, hysteresis modula-
tion is then implemented.

To deliver the required active and reactive power at the stator termi-
nals, the magnetization current waveforms should be provided by the
RSC to the rotor. The rotor currents iabc-r can be broken down into
their direct-quadrature components idrand igr. Here, idr manages the
reactive power that enters the machine, while igr adjusts the active
power. By properly adjusting these two current components, the sta-
tor's active and reactive power outputs can be accurately controlled.

According to Lenz's law, the stator voltage corresponds to the time
derivative of the stator flux linkage, which helps determine the
instantaneous position of rotating flux vector and thereby defines
the rotating reference frame. The three-phase stator voltages and
currents are transformed into their a-8 components v,, v, i, and i,
In the stationary a-g reference frame, the stator flux is determined
by (16):

wmﬁs :fvnﬁs _Rsinﬁsdt = (wos _ﬂ)ﬁs) (16)
Equations (17), (17.a), and (17.b) below define the instantaneous sta-
tor flux angle and its components, which indicates the stator rotat-
ing magnetic field position [43]:

ws :‘ll)ocﬁs‘angle<ll)ocﬁs) (17)

The rotor instantaneous position is specified by 0,. Hence, with a ref-
erence frame tied to the rotor, the relative position of the stator’s
magnetic field vector, known as the “slip angle,” is described as 0,
- 0,. Aligning the reference frame yields a simplified model as illus-
trated in (18):
Vqs:wswds:VS;VdSZO (18)
The electromagnetic torque depends on the igr current component
and can be regulated through the vgr. The idr current component
can be regulated by the vdr voltage component. The controller is
shown in Fig. 2(b), where the measures coming from the stator cur-
rent sensors, the stator voltage sensors, or the rotor current sensors
may be susceptible to potential additive or multiplicative fault as it
is represented in the figure (formulas available in section I1.3). The
errors between the actual rotor currents idr and igr and their refer-
ences are fed into Pl controllers with the aim of producing the con-
trol voltages vdr and vigr. These voltages are then corrected with
decoupling terms vdr_ref and vgr_ref to establish the final reference
voltages described in (19) and (20) [43]:

. dig .
Vdr _ref = Rig +ol, dt _ws/ipO-Lr’qr

. di L .
Vqr_ref = Rr’qr +0Lr - +wslip ﬂwds +0Lrldr (20)
dt L,
where
Bitlms : : Ly
'll)ds = ’lbs =Lulms; wdr = ms"Ls +olig; %r = GLr’qr 1 Wslip = Ws —W, ;0 =1- //Ler .

Both rotor currents (i, i,), in this control approach, must be regu-
lated in accordance with their corresponding references, i, .. and
i o The generator’s rotor is controlled by the PWM converter, which
uses signals from the stator current and voltage, and the rotor cur-
rent and position [37].

D. Fault Modeling
There are two main categories of faults: additive and multiplicative
faults [44]. It is essential to compare between their effects with the
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Fig. 1. Controlled grid-connected wind energy conversion system based on doubly fed induction generator scheme.
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Fig. 2. Control schemes of the system: (a) Grid side converter, (b) Stator side converter.

aim of improving the functionality and the effectiveness of the con-
trol system and giving a FTC.

1) Additive Faults

Additive faults arise when biases and drifts accumulate in the mea-
surements or when the characteristics of the noises in the sensor
vary.Three-phase signals with additive faults are modeled in (21) [44]:

Yabe (k)= Yave (k) +V (k) +F (k)
Vore (k) =Ly (k)+y5 (k)+ y2 (k)17,

and (k)= ya(k)+yb(k)+yc(k)]Tare the measured and real
three-phase signals, accordingly. V(k) is a zero-mean white noise
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Gaussian sequence with covariance RV. fik)=[fa(k)fb(k)fc(k)]" is the
additive faults’ vector, with f(k) = 0, forie {a,b,c}.

2) Multiplicative Faults

Changes in the gain of a sensor can be considered as multiplica-
tive faults. In the presence of a multiplicative fault, measured sig-
nalsyg. (k)and real signals y,, (k) are related by (22) [44]:

Yave (k) =¢(k)-Yave (k)+V (k) (22)

Where g(k) =diag {ea(k), eb(k), ec(k)} is the sensors gains’ matrix whith
& (k)= 1.

11l. RESULTS AND DISCUSSION

The WECS based on DFIG was tested in simulations under diverse
sensor fault conditions occurring at different operating stages. The
goal was to assess how the system responds to various fault types
and intensities and to derive overall conclusions on its sensitivity to
these faults. The results are expected to guide the design of a reliable
FTC scheme.

The control schemes of the WECS based on DFIG, shown through
Fig. 2, utilizes three primary input references: the DC-link voltage
reference Vdc_ref, the direct-axis rotor current reference idr_ref,
and the quadrature-axis rotor current reference iqr_ref. The feed-
back loop is a critical part of the control system, as sensor faults can
significantly influence control accuracy. The DC-link voltage (Vdc)
is directly measured via a voltage sensor. However, the d-q rotor
currents (idr and iqr) are derived from the measured three-phase
currents and voltages of the stator along with the rotor currents.
Therefore, in this study, the authors focus on three types of sensor
faults in simulation: stator voltage sensor faults, stator current sensor
faults, and rotor current sensor faults. Each simulation stage incor-
porates various paths to reflect multiple fault scenarios, including
different symmetrical and asymmetrical fault magnitudes (e.g., £5%,
+20%, —15%, +3%, +10%), different types (additive or multiplicative),
and different affected phases. The theoretical outcomes and obser-
vations show that

. Faults in stator voltage, stator current, and rotor current sensors
do not affect the regulation of the DC-link voltage. These are due
to the fact that the DC-link voltage is regulated by the GSC using
a control loop that is independent of the RSC loop. The GSC main-
tains using a Pl controller as illustrated in (23) and (24) below

€dc (t):Vdc,ref (t)_vdc (t) (23)

U55C (t):kpedc (t)+k,fedc(t)dt (24)

This loop depends only on the measured DC-link voltage and does
not depend on stator voltage/current or rotor current sensors. This
observation is consistent with the system's decoupled control struc-
ture: the two controllers RSC and GSC are independent.

. Stator voltage and stator current faults do not have a direct impact
on the direct-quadrature rotor current. However, rotor current
faults alter the direct-quadrature rotor current.

Explanation: Although the RSC regulates the direct-quadrature
rotor currents based on feedback from stator voltage/current
and rotor current measurements, their values do not directly

depend on stator voltage or stator current sensors. This is due
to the fact that the direct-quadrature rotor currents are related
to stator angle 8, rotor angle 8, and the af rotor current com-
ponents obtained from Park and Clarke transformations applied
to i(abc) illustrated before in Fig. 2(b). So stator faults do not
directly influence the d-q rotor current components.

- Additive and multiplicative faults of equivalent magnitude yield
nearly identical effects: an additive fault of +a% has a similar effect
as a multiplicative gain of (1+a%).

Explanation: Let the true measurement be x. Then the additive
fault is + a%, and the multiplicative fault is (1+a%).

In both cases, the controller receives the same faulty signal formu-
lated through (25):

Xtauy = X+ X.0% = X.(14-a%) (25)

Hence, for small to moderate fault levels (linear range), additive and
multiplicative faults produce equivalent effects.

- Faults distributed across phases are equivalent to a single-phase
fault of combined magnitude. Applying faults separately to the
first, the second, and the third phase of a sensor, with magnitudes
of a%, b%, and c%, results in the same effect as applying a total
fault of (a% + b% + c%) to a single phase.

Explanation: The transformation from three-phase to direct-
quadrature components is linear. The transformation can be
modeled in (26):

lq

. ia
"’] —fli (26)

le

If each is affected by an additive fault Aa,Ab,Acrespectively, the
transformation becomes as illustrated in (27) below:

i, +Aa iq Aa
=fli, + Ab|=fli, |+f|Ab (27)
i.+Ac i Ac

fq

i ‘
9 Ifauity

The change in dq currents is a linear combination of the individual
phase faults. Therefore, the total effect on the system is approxi-
mately equal to that caused by applying the sum of the phase faults
to a single phase, as described in (28):

Equivalent Fault = Aa+ Ab+ Ac (28)

This result holds under the assumption of linearity and balanced
operation.

A. Effect of Stator Voltage Sensor Faults

The first stage of analysis is based on the injection of varying sym-
metrical and asymmetrical amplitudes of additive and multiplica-
tive faults to the stator voltage sensor. Faults are injected into the
first phase of the stator voltage, and the obtained results, from Fig. 3
to Fig. 10, are analyzed and discussed. Similar trends are observed
when faults are distributed among all three stator voltage phases.
The amplitudes of faults are detailed in Fig. 3; further amplitudes are
shown inTable I.
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Vs ph1 no fault (V) Vs ph2 no fault (V) Vs ph3 no fault (V)
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&
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Time (s) Time (s) Time (s)
Fig. 3. Faults applied to the first-phase stator voltage sensor.
TABLE I. STATISTICS OF KEY ELECTRICAL PARAMETERS UNDER STATOR VOLTAGE SENSORS FAULTS
Electrical Parameters No Fault -20% -15% -5% +3% +5% +10% +20%
Stator Voltage (V) (Faulty) +138.5 +110.8 +117.75 +131.57 +142.65 +14542 +152.35 +166.2
Stator Active Power (VA) 101 95 97.5 100.5 101.5 102.8 103.5 104.5
Stator Reactive Power (VAR) 1150 1075 1095 1125 1160 1175 1190 1225
Grid Active Power (VA) —103.85 —-103.9 —104.05 —104.20 —103.45 —103.55 -103.72 —-103.80
Grid Reactive Power (VAR) -396 —399.5 —398.5 -397 —3955 —3953 —395 -394
Rotor Active Power (VA) —15045 -150.50 -15048 —150.46 —-15043 —150.40 —150.35 -150.33

1) Stator Current, Active Power, and Reactive Power

Additive and multiplicative faults that originate in stator voltage
sensor produce a perturbation in the stator current; fluctuating
within the range of approximately +5A, hence a perturbation of
about 50% of the stator current that ranges between +10A. Fig. 4
illustrates the response of the first-phase stator current under these
conditions.

The impact of stator voltage sensor faults on stator active power is
minimal. However, the reactive power is significantly affected. The
stator active and reactive powers are given in (9.a) and (9.b), and they
are directly related to both stator voltage and current. Any devia-
tions in their values lead to an overestimation of the active/reactive
power. Responses of active and reactive powers of the stator are
shown in Fig. 5.

These results confirm that the reactive power varies approximately
linearly with the applied fault magnitude: positive additive/multipli-
cative faults increment the reactive power’s amount, and the higher
is the fault, the higher is the augmentation. Conversely, negative
additive/multiplicative faults decrement the amount of the reactive

power, and the higher is the fault, the lower is the reduction. Further
results are summarized in Table I.

2) Grid Current, Active Power, and Reactive Powers

The grid current, which fluctuates between +2.5A, experiences a
perturbation within the narrow range of +1.5A when stator voltage
sensor faults are applied, as depicted in Fig. 6. In contradiction to
the grid current behavior, the grid voltage remains practically unaf-
fected and does not significantly change.

Furthermore, the grid active and reactive powers are only slightly
influenced, with negligible dependency on the fault magnitude, as
seen in Fig. 7, indicating the robustness of the grid-side operation
under stator voltage sensor faults.

3) Rotor Voltage, Current, Active, and Reactive Power

Figs. 8 and 9 reveal that the rotor current is marginally influenced by
stator voltage sensor faults. However, the rotor voltage experiences
significant waveform distortion. This is expected due to the inter-
dependence between the stator and rotor circuits via the magnetic
coupling in the DFIG.
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Fig. 4.

First-phase stator current response and its corresponding error under stator voltage sensor faults.

The rotor active power, expressed by (10.a), is slightly perturbed due
to current and voltage perturbations. However, the rotor reactive
power, given by (10.b), is heavily distorted under fault conditions.
This indicates that faults in the stator voltage measurement propa-
gate significantly to the rotor’s parameters behavior, causing com-
plete degradation of their waveform quality. The behavior of active
and reactive powers of the rotor is shown in Fig. 10. Further results
are summarized in Table I.

B. Effect of Stator Current Sensor Faults

This section analyzes the impact of varying symmetrical and asym-
metrical amplitudes of stator current sensor faults on the system
performance. The assessment focuses on how these faults influence
electrical variables such as stator and grid current, rotor voltage, and
the corresponding active and reactive powers. The simulation results
presented in Figs. 11-17 correspond to multiple amplitudes of faults
applied to the first phase of the stator current sensor. Similar trends
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Fig. 5. Stator active and reactive powers responses under stator voltage sensor faults.
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Fig. 6. First-phase grid current response and its corresponding error under stator voltage sensor faults.

are observed when faults are distributed among all three stator cur-
rent phases. The amplitudes of faults are detailed in Fig. 11; further
amplitudes are shown in Table II.

1) Stator Current, Active Power, and Reactive Power

Fig. 11 illustrates the behavior of the three-phase stator current under
different fault scenarios: (a) fault applied to phase a only, (b) faults
applied to phases a and b, and (c) faults applied to all three phases.

The figures reveal that faults affecting only one or two phases also
perturb the remaining healthy phases due to the intrinsic coupling
of the three-phase system. This interference propagates through the
control system, altering the current regulation.

Fig. 12 presents the impact on stator active and reactive power.
Observations from Fig. 12 indicate that stator active power remains
nearly constant regardless of the fault magnitude, indicating
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Grid active and reactive powers responses under stator voltage sensor faults.
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Fig. 8. First-phase rotor current response and its corresponding error under stator voltage sensor faults.

robustness to sensor faults. However, stator reactive power shows
a proportional response to the fault magnitude: a positive additive
fault (e.g., +5%, +20%) increases the measured reactive power, while
a negative additive fault (e.g., —5%, —20%) decreases it. This variation
aligns with the gain behavior of additive faults; the higher is the gain,
the higher is the variation. Further results are summarized in Table Il.

2) Grid Current, Active Power, and Reactive Power

Fig. 13 displays the first-phase grid current response and its devia-
tion under varying stator current sensor faults. The grid current is
only marginally affected, with fluctuations limited to +2A. This is
expected, as the stator fault impacts are partially decoupled from
the grid via the back-to-back converter.
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Fig. 9.

First-phase rotor voltage response and its corresponding Error under stator voltage sensor faults.
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Fig. 10. Rotor active and reactive powers responses under stator voltage sensor faults.

The corresponding active and reactive powers, illustrated in Fig. 14, +5A. This is due to the indirect effect of stator measurements on
are computed similarly to (14.a) and (14.b). The plots show negligible rotor current control through the FOC strategy.
deviations, regardless of the fault magnitude, confirming that stator

current sensor faults have limited impact on the grid-side power flow.  Fig. 16 highlights the impact on rotor voltage. Here, the faults sig-
nificantly distort the rotor voltage waveform, with observable non-

3) Rotor Voltage, Current, Active, and Reactive Power linear deviations in both amplitude and waveform shape. This is
Fig. 15 presents the rotor current under faulted stator current sensor  attributed to the distorted stator current reference used in the con-
conditions. The observed perturbations are minor, bounded within trol algorithm.
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Fig. 11. Faults applied to the first phase of stator current sensor.
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Fig. 12. Stator active and reactive powers responses under stator current sensor faults.

Fig. 17 shows that Rotor active power remains relatively stable,
indicating that torque production is largely unaffected. However,
rotor reactive power is substantially distorted. Its waveform is vis-
ibly destroyed under fault conditions, indicating strong sensitivity
to stator current sensor faults. This can be analytically justified since
the reactive power (10.b) depends heavily on the quadrature current
component, which is directly influenced by stator current feedback.

Inaccurate measurements lead to improper control of rotor current
references, thereby distorting.

C. Effect of Rotor Current Sensor Faults

This section analyzes the impact of varying symmetrical and asym-
metrical amplitudes of rotor current sensor faults on the WECS
based on DFIG performance. The faults are applied to the first
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Fig. 13. First-phase grid current response and its corresponding error under stator current sensor faults.
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Fig. 14. Grid active and reactive powers responses under stator current sensor faults.

rotor current phase sensor, and the system response is observed
through Figs. 18-25. The fault magnitudes considered include
—15%, +3%, +10%, £5%, £20%, and £50%. All results are summa-
rized in Table Ill.

1) Direct-Quadrature Rotor Current Response

Consider the reference values of the direct and quadrature rotor
currents as iy =1A and i, =3.5A, respectively. When the rotor
current sensor experiences an additive or a multiplicative fault, the

faulty measurements are fed back and processed by the control loop
as if they were accurate. Consequently, the controller acts to mini-
mize the error between the faulty measurements and their refer-
ences, leading to biased control actions.

- Considering positive faults, the measured currents appear artifi-
cially higher than their actual values. The controller then reduces
the control effort, resulting in actual rotor currents i, and i, that
fall below their references.
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Fig. 15. First-phase rotor current response and its corresponding error under stator current sensor faults.

13




Electrica 2025; 25: 1-21

Chouider et al. Effects of Direct-Quadrature Rotor Current Sensors’ Faults

vr ph1 nofault (V)

Vr ph1 no fault (V)

vr ph1 under add-fault (V)

Vr ph1 under add-fault (V) N

(Vr ph1(no fault)-Vr ph1(under fault)V) |

(Vr ph1(no fault)-Vr ph1(under fault)V) |

+5% fault

AN

-Z)O
5500 5520 5540 5560 5580 5600

5520 5540 5560

5580

5600

200,

0

-5% fault

|

ety

-200' -500'
5500 5520 5540 5560 5580 5600 5500 5520 5540 5560 5580 5600
500,
2 P
g
’ 5500 5520 5540 5560 5580 5600 o 10000 5050%0 5520 5540 5560 5580 5600
= 00| 500,
bt 0 0 0
ke -200 -500 -500
0 2000 4000 6000 8000 10000 5500 5520 5540 5560 5580 5600 0 2000 4000 6000 8000 10000 5500 5520 5540 5560 5580 5600
Time (s) Time (s) Time (s) Time (s)
Fig. 16. First-phase rotor voltage response and its corresponding error under stator current sensor faults.
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Fig. 17. Rotor active and reactive powers responses under stator current sensor faults.
TABLE Il. STATISTICS OF KEY ELECTRICAL PARAMETERS UNDER STATOR CURRENT SENSORS FAULTS
Electrical parameters No fault —20% -15% -5% +3% +5% +10% +20%
Stator Active Power (VA) 101 95 97.5 100.5 101.5 102 105 107
Stator Reactive Power (VAR) 1150 1100 1110 1130 1160 1175 1190 1225
Grid Active Power (VA) —103.85 -104 -103.95 -103.9 —103.45 —103.55 -103.72 —103.80
Grid Reactive Power (VAR) —396 —400 —398.5 —397 —-3955 —3953 —-395 —393
Rotor Active Power (VA) —150.45 —150.50 -15048 —150.46 —15043 —150.40 —150.35 —150.33
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Fig. 18. Direct and quadrature rotor currents regulation under rotor current sensor faults.

« Conversely, for negative faults, the measured currents are per-
ceived as lower than their actual values. The controller compen-
sates by increasing the control effort, thereby pushing iy and i
above their references.

This behavior highlights the inverse relationship between the fault
magnitude and the actual rotor current response, driven by the con-
troller’s attempt to regulate based on faulty feedback. Fig. 18 illus-
trates the direct-quadrature rotor current regulation under rotor
current sensor faults.

It is evident from simulation results that negative faults (underre-
porting) lead to larger deviations from the references than positive
ones. However, for small fault magnitudes (e.g., +3%, £5%), the sys-
tem response remains relatively close to the reference values.

2) Stator Current, Active Power, and Reactive Power

Rotor current sensor faults significantly affect the stator current,
resulting in deviations in all the three phases. The stator current
error ranges approximately within £5A for a response that fluctuates
between +£10A. These results are shown in Fig. 19.
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Fig. 19. First-phase stator current response and its corresponding error under rotor current sensor faults.
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Fig. 20. Stator active and reactive powers responses under rotor current sensor faults.

Despite this, stator active power and reactive power are slightly influ-
enced under larger fault conditions while remaining approximately
stable under moderate faults, as shown in Fig. 20. This suggests that
the control system can compensate for small faults but degrades

under larger deviations.

3) Grid Current, Active Power, and Reactive Power

The grid current response and its deviation under varying rotor cur-
rent sensor faults are shown in Fig. 21. The grid current is only mar-
ginally affected, with fluctuations limited to +2A. This is expected, as

the rotor fault impacts are partially decoupled from the grid via the
back-to-back converter.

Regarding the grid active and reactive powers, Fig. 22 shows the
following:

« Reactive power remains nearly unaffected under rotor current
faults.

+ Active power is directly correlated with the rotor current fault
magnitudes: positive faults reduce the grid’s active power, while
negative faults increase it.

Ig ph1 nofault (A)
Ig ph1 under add-fault (A)

+5% fault
N oN

-50% fault +50% fault -20% fault +20% fault -5% fault
o N N on o 0 on N oN

Time (s) x10%

Ig ph1 nofault (A)
Ig ph1 under add-fault (A)

(Ig ph1(no fault)-Ig ph1(under fault)(A) I (Ig ph1(no fault)-Ig ph1(under faun)[A)l

2
0 0
.2 2
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
10? x10% 10
AN I i
0 0 0
2 2 B
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
x10% x10% x10%
2 R
0 0 0
-2 2 2
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
x10% 101 x10%
2 DO
0 0 0
D 2 o
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
10° x10 x10
2 2 2
2 2 >
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
10 x10% x10%
2 2 -
2 2 2
5 502 504 506 508 51 0 2 4 6 8 5 502 504 506 508 51
Time (s) x10? Time (s) x10? Time (s) «10%

Fig. 21. First- phase grid current response and the corresponding error under different values of rotor current sensor’faults.
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Fig. 24. Rotor first, second, and third voltage phases under rotor current sensor faults.

4) Rotor Current, Voltage, Active, and Reactive Powers

Rotor current faults not only impact the faulty phase but also prop-
agate disturbance to the healthy phases. Fig. 23 illustrates that a
single-phase fault significantly perturbs the other two rotor current
phases, indicating inter-phase coupling within the DFIG system.

Furthermore, rotor voltage responses (Fig. 24) show complete distor-
tion across all phases, even when the fault is isolated to one or two
phases, revealing the vulnerability of rotor voltage control under
sensor faults.

For the rotor active power, the faultimpactis proportional to the fault
magnitude: positive faults increase the magnitude of active power,
while negative faults reduce it. Interestingly, the impact on rotor’s
active power is consistent across phases, implying a global effect
of faults regardless of which rotor phase is affected. The obtained
results concerning the rotor active power under rotor current sensor
fault are shown in Fig. 25.

However, the rotor reactive power behaves unpredictably under
fault conditions. As shown in Fig. 25, it is significantly disturbed and
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Fig. 25. Rotor active power and reactive power responses under rotor current sensor’ faults.
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TABLE Ill. STATISTICS OF KEY ELECTRICAL PARAMETERS UNDER ROTOR CURRENT SENSORS FAULTS

Electrical parameters No Fault —50% —20% —15% —5% +3% +5% +10% +20% +50%
Direct Rotor Current (A) 1 1.25 1.1 1.07 1.03 0.99 0.98 0.95 0.93 0.9
Quadrature Rotor Current (A) 35 4.35 375 37 36 345 34 335 325 3.1
Stator Active Power (VA) 101 75 90 95 100.5 1015 102 1035 105 107
Stator Reactive Power (VAR) 1150 1150 1150 1150 1150 1150 1150 1150 1150 1150
Grid Active Power (VA) -103.85 -107.5 -105 -104.75 -104.25 -103.50 -103.45 -102.9 -102.5 =101
Grid Reactive Power (VAR) -39 —405 —403.5 —403 —400 -3955 -395 —-397 -399 -390
Rotor Active Power (VA) -150.45 =130 -142 —144.5 -147.5 -1515 -1525 =155 -160 =175

does not follow a consistent pattern with respect to fault type or
phase, indicating sensitivity and instability to rotor current sensor
faults.

IV. CONCLUSION

This paper investigates the behavior of a controlled grid-connected
WECS based on DFIG under direct-quadrature rotor current sen-
sor faults, including both additive and multiplicative disturbances
affecting stator voltage, stator current, and rotor current sensors.

It was observed that faults in stator voltage and current sensors do
not influence the direct-quadrature rotor current, whereas rotor
current sensor faults significantly disturb the direct-quadrature
rotor current, particularly at high fault magnitudes exceeding 50%.
However, faults in those sensors do not influence the regulation
of the DC-link voltage due to the RSC and GSC independency and
decoupled in operation.

Stator voltage and current sensor faults have a minimal effect on grid
voltage and active power but induce small perturbations in grid cur-
rent and reactive power. These faults also affect stator current and
reactive power without significantly altering stator active power.
However, both types introduce notable disturbances in rotor volt-
age and reactive power and affect rotor current.

Rotor current sensor faults, on the other hand, have a clearimpact on
grid active and reactive power. They cause minimal changes in sta-
tor current and its corresponding powers but introduce significant
disturbances in rotor voltage and reactive power and result in power
imbalance across rotor phases.

Understanding these effects is essential in determining the most
suitable FRT strategy for each fault type. Specifically, the severity and
location of the fault guide whether a pure estimation, measurement-
based, or hybrid compensation approach is more appropriate to
maintain system reliability and performance. The choice of FRT strat-
egy can be tailored as follows:

. For stator sensor faults (voltage or current), estimation-based
compensation using observer schemes may be sufficient, as rotor
feedback can help reconstruct the faulty stator signal indirectly.

« For rotor current sensor faults, a more robust FRT technique is
required. This may involve hybrid strategies combining estimation
and redundancy or even hardware-based redundancy in critical
cases.

« When both converters are decoupled, the DC-link voltage is unaf-
fected, indicating that FRT strategies can focus locally on affected
subsystems rather than system-wide interventions.

« The insight contributes to the broader objective of developing
effective FRT and FTC strategies for WECS based on DFIG, ensur-
ing improved resilience, operational continuity, and reduced risk
in the presence of sensor faults.
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APPENDIX

Table I. System Parameters

QUANTITY Value

DFIG Machine
Power 2000W
Stator's Voltage 120V
Rotor’s Voltage 360V
Stator’s Current 10A
Rotor’s Current 33A
Speed 1800RPM
Pole-Pairs 2
Stator's Inductance 0.0662
Rotor’s Inductance 0.0662
Mutual Inductance 0.0945

Dynamometer Machine
Three Phase Required Voltage 208V
Three Phase Required Current 12A
Speed Range 0-360RPM

IGBT Inverter
DCVoltage 420V
DC Current 10A
Switching Frequency 0-20kHz

GSC gains

Kp=0.5Ki=7 Iregulator=0.0001A

RSC gains

Ko=45Ki=75

W=Watt, V=Volt, A=Ampere, RPM=Round Per Minute, Hz =Hertz



