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Abstract: The main goals of this research are to develop a method for obtaining the rotor position
and speed in a doubly fed induction generator (DFIG) without using sensors in a variable-speed
wind turbine installation. The considered method is based on the Model Reference Adaptive System
(MRAS). According to this method, electromagnetic torque is used as an error variable for the
adaptation process in order to refine the estimate. A good assessment is very important when trying
to put into place any strategy that can control the behavior of a DFIG. This method of estimation
functions by comparing the actual performance of the DFIG with that of a reference model and
adjusting the system parameters to reduce any mismatch between the two. One notable advantage of
this developed estimator is its stability across a broad range of speeds. Additionally, it is designed to
exhibit resilience in the face of uncertainties in machine parameters. The proportional integral (PI)
gains for the MRAS estimator are determined via pole placement. To assess and validate the entire
DFIG model and the sensorless estimation method, comprehensive simulations are carried out using
MATLAB/Simulink.

Keywords: DFIG; FOC; electromagnetic torque observer; sensorless control; MRAS

1. Introduction

Major concerns about the increasing need for electrical energy have emerged in the
last decade. Such an issue is based on the reduction in global hydrocarbon reserves and has
also contributed significantly to global warming. In this respect, it is imperative that there
should be a search for other sources of power that are not only environmentally safe but also
sustainable. The specific field in wind turbines engineering that has been given particular
interest is the improvement in their efficiency [1]. Currently, doubly fed induction genera-
tors (DFIGs) are widely used for generating variable-speed, constant-frequency electrical
power. The DFIG is connected to the utility grid via its stator, requiring it to maintain a
fixed output voltage and frequency. Its rotor is connected to the grid through a back-to-back
converter system and is supplied by an AC/DC/AC converter [1,2]. In modern DFIG
designs, the frequency converter consists of two PWM converters: the rotor-side converter
and the grid-side converter, with an intermediate DC voltage link. By precisely controlling
these converters on both sides, DFIGs can efficiently harness the maximum amount of
energy from the wind, converting nearly 30% of the total power output and reducing
system costs, as they operate in a lower power range [3]. A back-to-back converter permits
the DFIG to function in both sub-synchronous and super-synchronous modes within a
range of one-third above or below synchronous speed. To serve this purpose, however,
conventional use of positioning sensors would necessitate additional components, together
with alignment requirements that entail increased costs for the system. For that reason, it is
better to adopt sensorless approaches for the estimation of rotor speed and position because
they are more reliable, the hardware utilized in them is simplified, and they are cheaper
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compared to their counterparts which require the use of sensors [4]. Sensorless rotor speed
and position estimation methods can be broadly categorized into fundamental excitation
methods [4-6] and saliency and signal injection methods [5-17]. Fundamental excitation
methods include both open-loop and closed-loop estimators. Open-loop speed /position
estimation schemes can be further divided into stator flux-based and back electromotive
force (EMF)-based methods. Stator flux-based speed estimation has been explored in [4],
offering simplicity but suffering from the issue of flux integrator drift. The back EMF-based
speed estimation method, as discussed in [5-7], demonstrates satisfactory performance
at medium to high speeds but becomes challenging to apply at low speeds due to the
diminishing back EMF, making speed determination complex. Closed-loop speed and
position estimation schemes fall into two main categories: state observer-based methods
and Model Reference Adaptive System (MRAS)-based methods. State observer-based
methods can be further categorized into stator flux-based observer methods [3,8-10] and
sliding mode observer methods [11-13]. The Extended Kalman filter and observer methods
reported in [8,14,15] necessitate knowledge of machine parameters. At standstill or in
low-speed regions, the performance of speed and position estimation is impacted by noise,
error, and delay. Although the Extended Kalman filter and sliding mode observer methods
perform well in these scenarios, they are burdened by high computational complexity
and the phenomenon of chattering [16]. MRAS-based methods, discussed in [17,18], have
gained attention due to their simplicity in rotor speed and position estimation. This paper
aims to fill that gap by proposing an electromagnetic torque-based MRAS estimator for
the sensorless control of DFIG systems. The main advantage of this MRAS estimator
is its simplicity, as it does not require extensive physical quantities. It simply takes the
three-phase rotor current and the reference three-phase rotor voltage as its inputs. The
rotor speed estimator of the paper is analyzed for stability through the small signal analysis
as the rotor speed angular velocity is the only machine parameter to be estimated through
an observer. The proportional integral (PI) gains for the MRAS estimator are optimized
to place the roots of the system matrix in predetermined locations through the technique
of pole placement. Apart from the guaranteed stability of the MRAS estimator, the speed
estimator is also designed to be robust to uncertainty in machine parameters. To evaluate
and validate the entire DFIG model and the sensorless estimation method, comprehensive
simulations are carried out using MATLAB/Simulink. The subsequent sections of the
paper are structured as follows: Modeling of the wind turbine and maximum power point
tracking is discussed in Section 2. In Section 3, the modeling and vector control of DFIGs
are discussed. The system design of the electromagnetic torque-based MRAS estimator
are thoroughly discussed in Section 4. The sensorless control and stability analysis of the
system is discussed in Section 5. Section 6 presents the simulation results of the proposed
electromagnetic torque-based MRAS estimator for sensorless control of DFIG systems,
while the concluding remarks are covered in Section 7.

2. Model of the Wind Turbine and Maximum Power Point Tracking
2.1. Wind Turbine Model

Wind turbines utilize the energy harvested from the wind to generate electricity by
driving an electrical generator. The energy available in the wind is calculated as follows:

1
Py=pm RZ VS (1)

The mechanical power of the turbine and the torque applied to the shaft can be
described by the following equations:

1
Pyt = Ean2v3cp(A,/s) )

T, = %anzVBCp(/\,ﬁ) «1/w; @3)
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where R, p, V, Cy, A, and B and are the turbine’s radius (in meters), air density (in kilograms

per cubic meter), wind speed (in meters per second), power coefficient, tip speed ratio, and

blade pitch angle (in degrees), respectively. The fixed pitch of the DFIG is set at 8 = 0.
The wind turbine’s power coefficient, C, is provided as follows [13-15]:

11 =21
Cp(A, B) = 0.5176( /\6 — 048 — 5) e % 4 0.0068A 4)
i
With: R
where the speed of the wind turbine is w;.
1 1 0.035
(6)

A A+0088 B+1

Figure 1 illustrates the relationship between the power coefficient (C,) and the tip
speed ratio (A) while keeping the blade pitch angle (8) constant.
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Figure 1. Wind turbine generator Cp—A characteristics.

It is evident from the above graph that there exists an optimal value of A at which C,
is maximized for a specific wind speed.

Indeed, it is essential to adjust the turbine speed to align with the varying wind
speed to maintain the optimal tip speed ratio, ensuring the maximum power capture. This
synchronization is necessary for the generator’s active power to be able to match the output
power of the turbine.

The gearbox, positioned between the wind turbine and the generator, serves the
purpose of matching the relatively slow turbine speed, w¢, with the speed required by
the generator, wy,. This gearbox is represented by the following pair of mathematical
equations [7]:

wp =G wy (7)

Toer = G Ty (8)

The shaft comprises two components of inertia. The first component corresponds
to the inertia of the turbine rotor, including the blades and hub. The second component
represents the inertia of the generator rotor. In this mechanical model, the total inertia (J) is
a sum of the generator’s inertia (Jg) and the inertia of the turbine (Ji), which is transmitted
to the generator’s rotor [8]:

Ji

e

- ]g (9)

where:
Jt: Inertia of the turbine;
Jg: Inertia of the DFIG;
G: Gain of multiplier
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2.2. Maximum Power Extracted without Control Speed

In this section, we introduce several approaches for controlling the electromagnetic
torque, which, in turn, influences the electromagnetic power conversion to optimize the
mechanical speed and maximize electric power generation. When wind speed is measured
and the mechanical properties of the wind turbine are known, it becomes feasible to derive
real-time optimal mechanical power through the monitoring of maximum power point
tracking (MPPT). This optimal mechanical power can be defined as in [10].

The reference value for electromagnetic torque can be set as follows:

1C —max w2
T..== p R5v3 mec 10
ref 2 )\gpt p7 TG (10)

where Aopt is the optimum tip speed.
Figure 2 illustrates a block diagram constructed based on Equation (10), showcasing
the process of maximizing power without the implementation of speed control.

i >

> -9 I
; S5t

Figure 2. Block diagram of maximizing the power extracted without speed control.

3. Modeling and Vector Control of DFIG
3.1. Description of DFIG System

A doubly fed induction generator is a specific type of wind turbine generator system.
Its primary purpose is to effectively capture wind energy and transfer it to the electrical
grid. This technology has become increasingly popular in contemporary wind turbine
designs, mainly because of its ability to adapt to varying wind speeds and seamlessly
integrate with the grid, as illustrated in Figure 3.

AC/DC/AC
1
T
. S .
Control :

Figure 3. Simplified diagram of DFIG-based wind generation system.
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3.2. Modelling of DFIG

The DFIG model is formulated within the d-q reference frame, and the expressions for
the stator and rotor voltages are as follows [12]:

Vigs = Reigs + %(Pds — WsPgs

Vqs = Rsiqs + %(qu + WsPgs (11)
Var = Redgr + %(pdr - (wr - wS>(qu
Vqr = Rriqr + %(qu + (wr - ws)@dr

The flux equations are given as follows:

@g4s = Lsigs + Mig,
©Pgs = Lsigs + Migr

. . 12
@dr = Lrigr +Migs 12
Pqr = Lriqr + Miqs
The DFIG electromagnetic torque can be expressed as follows:
3 . o
Tem = EpM(lqsldr — igsiqr) (13)
The mechanical speed and position are expressed as follows:
dw
Tem —T) =] dtr — fwy (14)
0. = [ w (15)
The active and reactive stator power equations in the d-g-axis are as follows:
Ps = %(Vdsi.ds + Vqsi.qs) (16)
Qs = 2 (V qslds - Vdsqu)

3.3. Field Oriented Control of DFIG

The field orientation control is based on the field dq model, where the reference frame
rotates synchronously with respect to the stator flux linkage, with the d-axis of the reference
frame instantaneously overlapping the axis of the stator flux. By aligning the stator flux

phasor (E; on the d-axis [2—4], we have:

{(Pds = Qs = LSids +Midr (17)

Pgs = Lsiqs + Miqr =0

Then, from Equations (11) and (17) we obtain:

{Vds = RSids + %(pds (18)
Vgs = Rsigs + ws@gs

We consider Rg igs >~ 0 and Rs igs > 0.
So,

Vgs = ws®s

Since we operate in a constant condition @s~~cte, we write:

Vg =0
20
{Vqs = WsPs (20)
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The DFIG is linked to the grid, resulting in:

Vqs = Vs = cte
qs s
{ Vg =0 (21)
And
Vs _ Vs
Pds = Ps = W, = 2naf (22)
Pgs = 0

The following equations are derived from (12) and relate the stator currents to the

rotor currents:

3 — Ps

s = 1. — *ldr

A " P (23)
Qs = Lg9r

According to the chosen reference frame, the stator’s active and reactive powers can
be expressed as follows:

Py = 3Vaslas (24)
Qs = jvqslds

When the stator currents are substituted into the equations provided in (23), the
resulting equation is as follows:

Py = VS Mj .
o=t ) »

Based on (25), there is an outer control loop. According to rotor currents, the rotor
fluxes and voltages can be expressed as follows:

_ M2\ MV
Pdr = (Lr - Ts)ldr + LUSLSS

2% (26)
Pqr = (Lr - 1\]ilfs)lqr
Now by using Equation (26), Equation (11) becomes
Var = Relge + oL S ~ 8oL 27)
Vqr = erqr + O'Lr —I— gws ( . L + O'Lrldr)

wherecr:<l LL).gmdg_u

Wg

The inner current controller is designed using the expression in (27).

4. System Design of the Electromagnetic Torque-Based MRAS Estimator

Figure 4 provides a schematic representation of the electromagnetic torque-based
MRAS estimator within the synchronous d-q reference frame. This research focuses on
estimating the rotor speed by analyzing the discrepancies between electromagnetic torques.

1 I'd
s(abc)!
I ! Reference
r(abe) Model A
I\ _________ Adaptation | @O~ >
|4 ,__! _____ Mechanism
s(abc)l
vV Adaptative
r(ab_CZIP Model

Figure 4. Proposed electromagnetic torque-based MRAS estimator structure.
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In this setup, the real system acts as the reference model, and it operates independently
of the estimated parameter, yielding the actual torque (T.;). Meanwhile, the mathematical
torque model is treated as an adjustable model that incorporates the estimated rotor speed,
thereby generating the estimated electromagnetic torque (Tom).

The error signal is obtained by comparing the reference and estimated electromagnetic
torque values and is then subjected to processing through a proportional integral (PI)
controller to estimate both the rotor speed and position.

4.1. Reference Model

The electromagnetic torque can be described in an «f3 reference frame as follows:

Tem = (;) (PM) (isﬁim - isairﬁ) (28)

The suggested electromagnetic torque-based MRAS estimator’s reference model uses
stator and rotor currents.

4.2. Adjustable Model
The estimated electromagnetic torque can be calculated by using Equations (13) and (23)

as follows: 300 M
P (Y ~
Tom = ( ds )(p) (igr) (29)

4.3. Adaptation Mechanism

The PI controller is chosen for the adaptation mechanism due to its simplicity. So, the
estimated rotor speed can be obtained as follows:

t ~ ~
Wy = /0 Ky (Tem - Tem)dt + kZ(Tem - Tem) (30)

In this system, kj and k; represent the integral and proportional gains of a non-linear PI
(proportional integral) controller, respectively. @,y denotes the initial estimated rotor speed.
To ensure the stability of the proposed MRAS estimator across all operational scenarios, the
PI gains are meticulously fine-tuned. This is accomplished through the strategic placement
of the system’s poles using pole placement techniques. Additionally, the estimated rotor
position is determined by integrating the estimated speed. This integration process is
crucial for accurately tracking the rotor’s position in the control system.

6, = / @,dt (31)

where @r denotes the estimated rotor angle.

5. Sensorless Control and Stability Analysis of the System

Figure 5 presents the proposed electromagnetic torque-based speed estimator. This
estimator exhibits strong performance in situations where the machine is stationary or
operating at low speeds. It also demonstrates robustness in the face of variations in machine
parameters. Importantly, it does not introduce any design complexities into the overall
drive system.

The estimated values for the rotor speed and electromagnetic torque are substituted
for the actual values and stated as follows:

- dw
Tem — TL = ] dtr

— @, (32)

The following steps are used to derive the electromagnetic torque error expression in
Figure 4.
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~ dlw,.—w .
er = Tem — Tem = ]7( rdt r) — f(wy — @y) (33)
And B0 M
Usd .
=AT.., = —( =—2—)(P)(A 4
er em (2ngs>( )( 17‘7) (3 )

From (33), the load torque varies according to any changes in the electromagnetic
torque until the two torques are equal. Similar to this, a slight difference in the electromag-
netic torque error indicates a variance in the rotor speed error.

GSC
@ Power
* V3 +—
Q—b Ly d q N P _I l_ DC bus
W Sa'bc
63]. * FOC N ] Wind
ESMEN. M
.‘_
Q. Va > . RSC
: l abc Ligr -+
p. F % 23
ol Vs qr
0 MRAS ‘ lgas . Turbine
. Estimator ‘l—!’-!dﬂf— 23
B
Angle stator
Reactive and flux estimator

active power

Figure 5. Control diagram for a sensorless DFIG using an MRAS estimator based on electromagnetic

torque.

The state-space representation of the DFIG model in a rotating reference frame, which
is used for stability analysis, is formulated as follows:

X = AX + Bu
35
{Y:CX (35)

where

X: |:li’d:|’ u — |:u1’d:|, A —
irg Urq

R 1
— Ar — 0
oL, (ws er)r ]andB: l”Lr 1 1

—(ws —wy) — oL 0 o

By taking into consideration variations in the d-axis and g-axis rotor currents from a
reliable reference point Xy, small signal analysis is used to linearize the DFIG model. This
analysis leads to the following results:

AX = AAX + AAX (36)

where AA = [O _1]Aw,, AX = [Alf‘i},XO - [WO].

The result of applying the Laplace transformation to (36) is

[SI — AJAX = AAX (37)
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It gives
Aig| 10 ,-1/01 Ai,go
3] b= o
From (37), the transfer functions can be deduced as follows:
Ay —kiairao + k11irgo (39)
Aw; [sI — A]
and ) ) )
Nirg _ —kaairao + Kairgo (40)
Awy [sI — A]
where <
. K11 K12:| S+ 5 —wr
adj [sI — Al = = Thr 41
il ] |:K21 Ky wr s+ ;{Tr, @)
and R
[sI— Al = (s + —)* 4+ w,? (42)

oL,

Substituting (34) into (39) yields the expression of the electromagnetic error, where the
change in speed is given by

3vygM . )
ATem o (ZZ;LS ) (P) (KZZIrdO + K1 quo)

= - H . 4
Ao, 51— A (s) 43)
From (41), the closed-loop transfer function is given by
T HE) (K + ) )

w1 HEs) (K + )

Through the use of pole placement, the PI gains of the adaptive mechanism are
calculated as k1 = 100 and kp = 12.

The closed-loop block diagram of the MRAS is shown in Figure 6, which describes the
error transfer function (44) between w, and @;.

r ky + %2/

Figure 6. Block diagram representing closed-loop speed estimator.

Figure 7 displays the root locus plots of the drive system using Equation (44) at the
specified operating points, as mentioned in the corresponding figure captions. These plots
pertain to the DFIG’s drive under the proposed scheme.

As observed from the plots, the path of the closed-loop poles consistently resides in
the left half of the complex s-plane. Consequently, this demonstrates that the system is
effectively stable at these specific operating points, given the controller parameters have
been appropriately tuned.
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Figure 7. Root locus plot of Te —MRAS for speed estimation w; = 78 rad/s, generating mode.

6. Simulation Results

The control system has been implemented using the Matlab/Simulink software pack-
age, with a sampling time of T =2 x 10~ s. The wind parameters considered are 3 = 0
(angle of the wind turbine blade), Rt = 3 m (radius of the wind turbine rotor), and the
optimal tip speed ratio Agpt = 8.1. Additionally, the speed increase ratio of the gearbox is

N = 2. The parameters of the DFIG used for simulation can be found in the Table 1.

Table 1. Parameters of DFIG used for simulation.

Parameters Value Unit
Rated power, Pn 10 KW
Stator resistance, Rs 0.474 Q
Rotor resistance, Rr 0.7614 (@)
Mutual inductance, M 0.107 H
Stator inductance, Ls 0.12 H
Rotor inductance, Lr 0.122 H
Number of pair poles 2

Utilized grid voltage 220 A%
Frequency of grid 50 Hz

It is important to emphasize that the simulation results have been generated without
the use of any speed measurements. Instead, the stator windings are directly linked to an
infinite power grid. The purpose of this simulation is to evaluate the dynamic performance
of sensorless maximum power point tracking. During the simulation, the wind speed
applied to the turbine blade varies within the range of 5-11 m/s, as depicted in Figure 8;
this setup allows for an assessment of how well the system can track and optimize its
power output in response to varying wind conditions.

In Figure 9, one can observe the dynamic process of the estimated rotor speed as it
follows the variations in wind speed. The performance of the Model Reference Adaptive
System (MRAS) estimator in tracking the rotor’s rotational speed is depicted, and it is
evident that the tracking performance is excellent.
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Figure 9. Actual and estimated rotor speed with zoom.

Figure 10 illustrates the rotor speed error over time. The fact that the rotor speed error
remains minimal or within acceptable bounds is a clear indication of the effective tracking
performance achieved by the MRAS estimator. This suggests that the estimator is successful
in accurately estimating and tracking the rotor speed despite changes in wind speed.

‘ Time {s} :

Figure 10. Error of the estimated speed.

In Figures 11 and 12, one can observe changes in the amplitude of both the rotor and
stator currents during periods of active and reactive power variation. It is important to note
that the frequency of the stator current remains constant, aligned with the power frequency
of the grid. However, the amplitude of the stator current varies as the reference for active
power is modified. These variations in current amplitude are a result of adjustments made
in response to changes in active and reactive power demands. The control system is likely
modulating the current amplitude to meet the desired power output and maintain stability
in the electrical grid. These adjustments help ensure that the generator operates efficiently
and in accordance with the grid’s requirements.



Energies 2024, 17, 4980

12 of 15

P

Time i)

Figure 11. Phase rotor current.

is (&)

Time (s}

Figure 12. Phase stator current.

In Figures 13 and 14, one can observe the behavior of stator active and reactive
power. These figures demonstrate that the control system effectively tracks the reference
values for both active and reactive power, which is indicative of good control performance.
Additionally, it confirms the decoupling between active and reactive power, indicating
that changes in one parameter do not significantly affect the other. It is noteworthy that in
the initial stages, there may be some oscillations during the transient response, especially
when there are sudden changes or disturbances. However, as the system stabilizes, these
oscillations tend to diminish. Furthermore, it is evident that the active power output of the
generator increases proportionally with the increase in wind speed values. This relationship
between wind speed and active power output is expected, as higher wind speeds provide
more mechanical energy to the turbine, resulting in increased power generation. This
behavior aligns with the expected performance of a wind turbine generator system.

Time {sh

Figure 13. Stator active output power curve.
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Time {&}

Figure 14. Stator reactive output power curve.

In Figures 15 and 16, it is evident that when there are sudden variations in wind
velocity, the power coefficient (Cp) can rapidly approach the optimal value. Specifically,
the power coefficient is maintained at or near its maximum value of Cpmax = 0.48, which
corresponds to the optimal tip speed ratio Agpt = 8.1.

Time: (sh

Figure 15. The power coefficient Cp.

Figure 16. The tip speed ratio.

This behavior suggests that the control system effectively responds to changes in wind
velocity and adjusts the turbine’s operating conditions to maximize the extraction of wind
energy. By keeping the power coefficient close to its optimal value, the wind turbine is
operating at its peak efficiency, ensuring that a significant amount of available wind energy
is converted into electrical power. This is a desirable outcome in wind energy systems, as it
allows for the efficient utilization of wind resources.

In Figure 17, the rotor speed—power characteristics of the DFIG are depicted, showing
a relationship that aligns with the optimal value. These results reflect the effectiveness of
the control system in achieving maximum wind energy tracking. The control mechanism is
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designed to extract the maximum power from the wind turbine by maintaining the optimal
tip speed ratio (Aopt). As a result, the generator’s active power output matches the output
power of the turbine, ensuring efficient power capture.

12000 T T T T T T T T

— V=3m's
—\V=Tm's
— \=gnus
| ¥=11Imis
— Vel

qo000f-

BOOQp= - -
S B000| i
b

2000

- I I 1 i 1
o 100 200 300 400 500 G600 Tou a00 200 1000
wijrimng

Figure 17. Wind turbine maximum power trajectory.

Maintaining the optimal tip speed ratio is crucial for maximizing power capture in
wind energy systems. It allows the turbine to operate at the most favorable conditions,
where the available wind energy is efficiently converted into electrical power. The control
system’s ability to track and maintain this optimal operating point contributes to the overall
effectiveness of the wind turbine in capturing the maximum possible wind energy.

7. Conclusions

This work presents a simple and reliable electromagnetic torque-based rotor speed es-
timator using the MRAS technique. The estimator is designed and validated via simulation
for the sensorless control of a variable-speed DFIG. The simulation results indicate that the
estimator has excellent tracking performance, with minimal error estimation. The PI gains
for the MRAS estimator were determined using the pole placement method. The overall
drive system demonstrates significant improvements in estimation accuracy, demonstrating
stability and robustness under various wind speed environments.
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Nomenclature
vds, vqs  d-q axes stator voltage components.

ids, iqs d-q axes stator current components.
ids,igs  d-q axes estimated stator current components.

Rs, R, Stator and rotor resistances.
Ls, Lr Stator and rotor inductances.
©s, Pr Stator and rotor fluxes.

M Mutual inductance.

p Number of poles.
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T Load torque.

Tem Electromagnetic torque.

Tem Estimated electromagnetic torque.
wr Electrical rotor speed.

wr Estimated electrical rotor speed.
or Rotor position.

or Estimated rotor position.
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