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Abstract: A sliding mode control-based model reference adaptive system (SMC-MRAS) estimator for
sensor-less control of doubly fed induction generator (DFIG) systems in wind turbine applications is
proposed in this paper. The proposed SMC-MRAS estimator uses the rotor current as a variable of interest.
The proposed SMC-MRAS estimator has the advantage of being immune to machine parameter variations.
The SMC parameters are designed using the Lyapunov stability criteria. The performance of the proposed
SMC-MRAS estimator is validated using simulations in MATLAB/SIMULINK. A comparative study
between the proposed SMC-MRAS estimator and the PI-MRAS estimator is also conducted to demonstrate
the superiority of the proposed SMC-MRAS estimator.

Keywords: doubly fed induction generators; speed sensor-less control; sliding mode control; model
reference adaptive systems; field-oriented control

1. Introduction

In the last few decades, there has been a sharp rise in wind power generation world-
wide due to the need to reduce the carbon footprint. The doubly fed induction generator
(DFIG) is one of the most popular wind turbine generators due to the fact that its back-
to-back converters are partially rated [1–7]. The DFIGs are mostly controlled using the
vector control technique due to its simplicity [5,7]. The vector control strategy requires dq-
transformation. The transformation of the rotor quantities of the DFIG requires knowledge
of the rotor speed/position [7]. The information on the rotor speed/position is acquired by
the rotary encoder. However, the rotary encoder is known to have a high failure rate in
offshore areas, which can lead to the failure of the whole wind energy conversion system
(WECS) and the interruption of the electric power supply.

Several estimation techniques have been proposed in the literature to address this
issue [5]. The estimation techniques can be mainly grouped into two categories. There
are saliency-based estimation techniques and model-based estimation techniques [5]. The
saliency-based estimation techniques aim at estimating the rotor speed/position from the
DFIG model at frequencies that are higher than the fundamental frequency [5]. In fact,
the rotor speed/position is extracted from the position of the related inductance under
high-frequency signal injections [8–10]. Hence, the saliency-based estimation methods are
suitable for start-up and standstill operating conditions.

The model-based estimation techniques aim at extracting the rotor speed/position
from the DFIG model at the fundamental frequency [5]. They are mostly suitable for
medium- and high-speed operating conditions. Several types of model-based estimation
techniques have been proposed in the literature. One can distinguish the model-based
estimation techniques based on the sliding mode observers (SMO) [11–14], the extended
Kalman filters (EKF) [15], the unscented Kalman filters [16,17], the phase-locked loop
(PLL) [18], the model-reference adaptive systems (MRAS) [19–35], the disturbance ob-
servers [36–38] and others. The MRAS estimators are the most popular rotor speed/position
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estimators due to their simplicity and direct physical interpretation. The MRAS estimators
can be designed based on several variables of interest, such as the back-EMF, the stator cur-
rent, the rotor current, electromagnetic torque, the stator flux and the rotor flux [21,30,31].
It was shown in [30] that the MRAS estimator with the rotor current as a variable of interest
had a better estimation performance. The MRAS estimators are mainly composed of a
reference model, an adjustable model and an adaptive mechanism. The most developed
adaptive mechanisms make use of the PI controller with constant gains. The PI controllers
are well known to provide acceptable dynamic performance and steady-state performances.
However, their main disadvantage is their narrow bandwidth. Further, while tuning the
PI gains, a trade off between the oscillations, overshoot and damping is necessary. To
address these shortcomings, several other types of adaptive mechanisms are presented in
the literature, such as the finite-set model predictive control (FS-MPC) [25], sliding mode
control [26] and the neural network [27,32].

In [25], a limited-position set (LPS) model-reference adaptive system estimator for the
sensor-less control of the DFIGs-based wind energy conversion systems was proposed. The
LPS-MRAS estimator uses the rotor current as a variable of interest. Further, it employs an
algorithm that aims to provide a constant number of angles for the rotor angle of the DFIG.
In [26], a MRAS estimator that uses the sliding mode control as an adaptive mechanism is
proposed for the single-phase induction motor. The sliding mode control is well known
for its robustness against any disturbances and machine parameter variation. The MRAS
proposed in [26] uses the rotor flux as a variable of interest. In [27], a stator current-based
model reference adaptive systems speed estimator for the sensor-less control of induction
motor drives is investigated. The adaptive model uses a two-layer, online trained neural
network stator current observer in order to use a pure integrator.

In this paper, an SMC-MRAS estimator for the sensor-less control of DFIG-based
WECS is proposed. The proposed SMC-MRAS estimator uses the rotor current as a variable
of interest. It has the advantage of being immune to machine parameter variation, and it is
robust against any disturbances. In addition, a comparative study between the PI-MRAS
estimator proposed in [34] and the proposed SMC-MRAS estimator is conducted in this
paper. The parameters of the adaptive mechanism of the proposed SMC-MRAS estimator
are determined using the Lyapunov stability criteria. Hence, the contributions of this paper
can be summarized as follows.

1. The proposed SMC-MRAS estimator uses the rotor current as a variable of interest.
2. The use of the Lyapunov stability criteria in order to determine the SMC gains of the

SMC-MRAS estimator.
3. The use of the proposed SMC helps to reduce the sensitivity to machine parameter

variations.
4. A comparative study between the proposed SMC-MRAS estimator and the PI-MRAS

estimator discussed in [34] is presented. It is shown that the estimation performance
from the proposed SMC-MRAS estimator is better under machine parameter varia-
tions and under a rapid change in the wind speed.

The performance of the proposed SMC-MRAS estimator for the sensor-less vector
control strategy is validated using MATLAB/SIMULINK. The superiority of the proposed
SMC-MRAS estimator over the PI-MRAS estimator is validated under various operating
conditions using simulation results.

The remainder of the paper is organised as follows. The modelling of the DFIG system
is discussed in Section 2, while the sensor-less control strategy is discussed in Section 3.
The design of the proposed SMC-MRAS estimator is discussed in Section 4, while that of
the PI-MRAS estimator is discussed in Section 5. The results are discussed in Section 6. The
conclusions are drawn in Section 7.

2. DFIG Modelling

In this section, the model of the DFIG is discussed. The expressions of the stator and
rotor space vector voltages in the stationary reference frame are given by [1–3,5–7]
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~us = Rs~is +

d~φs

dt

~ur = Rr~ir +
d~φr

dt
− jωr~φr

, (1)

where ~us is the stator voltage space vector while ~ur is the rotor voltage space vector.~is and
~ir are the space vector stator current and space vector rotor current, respectively. ~φr and
~φs are the rotor and stator flux linkage vectors, while ωr = PΩm is the electrical angular
speed. P and Ωm are pole-pairs and the mechanical speed.

The expressions of the stator and rotor flux linkages in the stationary reference frame
are given by [1–3,5–7] {

~φs = Ls~is + Lm~ir
~φr = Lr~ir + Lm~is

, (2)

The expressions of stator active and reactive powers are given by [1–3,5–7] Ps = 3<
(
~us~̄is

)
Qs = 3=

(
~us~̄is

) , (3)

where Ps and Qs are the stator active power and the stator reactive power, respectively. The
superscript ¯ denotes the complex conjugate. The mechanical equation of the DFIG is given
by [1–3,5–7]

τe − τL = J
dΩm

dt
, (4)

where τe, τL and J are the electromagnetic torque, the load torque and the inertia, respec-
tively. The relationship between the synchronous angular speed and the rotor angular
speed is given by [1–3,5,7]

ωs = ωg −ωr, (5)

where ωs, ωg and ωr are the slip angular speed, the synchronous angular speed and the
rotor speed. The expression of the slip is given by [1–3,5,7]

s =
ωg −ωr

ωg
, (6)

where s is the slip of the DFIG. The slip angle, θs, is given by [1–3,5,7]

θs = θg − θr, (7)

where θg is the stator voltage angle and θr is the rotor angle. The stator/grid voltage angle
is calculated using a phase-locked loop function.

3. Sensor-Less Control Strategy

The schematic of the proposed sensor-less control strategy is depicted in Figure 1. The
proposed control strategy uses voltage-oriented control with the q-axis of the synchronous
reference frame being aligned along the grid voltage vector. The control strategy is com-
posed of two control loops and it is implemented in the synchronous dq-reference frame.
The outer control loop is dedicated to the control of the active stator power, Ps, while the
two inner control loops are dedicated to the control of the d-axis and q-axis rotor currents.
The stator quantities are transformed into the synchronous dq-reference frame using the
calculated stator/grid voltage angle, θg. The rotor quantities are transformed into the
synchronous dq-reference frame by using the estimated slip angle, θ̂s. The estimated slip
angle is calculated by either the SMC-MRAS speed estimator or the PI-MRAS estimator as
a comparative study is conducted.
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Figure 1. The sensor-less control strategy.

3.1. Reference Active and Reactive Powers

In the outer control loop, the reference stator active power, P?
s , is calculated such that

the maximum power point tracking is achieved. The estimated rotor speed, ω̂r, is used for
the calculation of the reference stator active power. It is calculated as

ω̂r = ωg − ω̂s, (8)

where ωg is the synchronous speed and the superscriptˆdenotes the estimated values. The
reference active power is given by [6,7]

P?
s = xoptω̂

3
r , (9)

with

xopt =
CPoptρπR5

2λ3
optm3P2

, (10)

where ρ is the air density, R is the radius of the blade, CPopt is the optimum power coefficient,
m is the gear ratio and λopt is the optimum tip-speed ratio.

The reference reactive power, Q?
s , is set to zero so that the DFIG system operates under

the unity power factor at the stator side. The reference reactive power is given by

Q?
s = 0. (11)

3.2. Outer Control Loops

The reference stator active power, P?
s , is compared to the measured stator active power,

then fed into the outer PI controller. The calculated stator active power, Ps, is determined
using the expression in (3). Applying VOC on (3), yields

Ps = −
( Lmusq

Lsωg

)
irq

Qs =
Lmusq

Ls

( usq

ωgLm
− ird

) , (12)

where usq is the q-axis stator voltage. From (12), it can be seen that the stator active
power can be regulated using the q-axis rotor current while the stator reactive power can
be controlled using the q-axis rotor current. Further, the outer transfer function can be
deduced. Hence, the PI controllers are in the outer loop for the regulation of the stator
active and reactive powers, as depicted in Figure 1. The outputs of the outer PI controllers
are the reference q-axis rotor current, i?rq, and the reference d-axis rotor current, i?rd. The
outer PI controller gains are designed using pole placement, knowing that the bandwidth
of the outer PI controller should be at least ten times slower than the inner PI controller.
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3.3. Inner Control Loops

Applying the VOC to (1), the d-axis and q-axis rotor voltages are given by

urd = Rrird + σLr
dird
dt
− σωsLrirq︸ ︷︷ ︸

compensation terms

urq = Rrirq + σLr
dirq

dt
+ ωs(σLrirq +

L2
m

Ls
ism︸ ︷︷ ︸

compensation terms

)
, (13)

where the σ = 1− L2
m

Ls Lr
and ism is the magnetizing current. From (13), the inner transfer

function can be deduced. The reference q-axis rotor current is compared to the measured
q-axis rotor current, then fed into the inner PI controller, which controls the q-axis rotor
current. The reference d-axis rotor current, i?rd, is set to zero in order to guarantee unity
power factor. The reference d-axis rotor current is compared to the measured rotor current,
then fed into the second inner PI controller. The outputs of the inner PI controllers are
compensated for using the compensation terms to obtain the reference rotor voltage to be
fed into the space vector PWM function, which provides the actuating signals to the power
switches of the machine-side converter (MSC). The estimated stator speed, ω̂s, is used in
the compensation terms. The inner controller for both inner loops is the same due to having
the same transfer functions. The inner PI gains are designed using pole placement.

4. SMC-MRAS Estimator Design

The main contribution of this paper is discussed in this section. The design of the
proposed SMC-MRAS estimator is discussed, and the parameter of the proposed sliding
mode control is also presented.

4.1. Proposed SMC-MRAS Estimator

The proposed SMC-MRAS estimator is depicted in Figure 2. It is composed of the
reference model, the adjustable model and the adaptive mechanism. The rotor current is
the variable of interest. The measured stator voltage, ~ust

s , the measured stator current,~ist
s ,

and the measured rotor current,~irr, are the inputs of the proposed SMC-MRAS estimator.
The estimated slip speed/position is obtained by comparing the measured rotor current

referred to the stationary reference frame, ~̂ist
r , and the calculated rotor current,~ist

r . The
superscript st denotes the quantities referred to as the stationary reference frame. The error,
ε, obtained from this comparison is driven to zero by the proposed SMC-based adaptive
mechanism. The output of the SMC-based adaptive mechanism is the estimated slip speed,
ω̂s. The latter is integrated to obtain the estimated slip angle, θ̂s. The estimated slip angle is
used to refer the measured rotor current to the stationary reference frame.

~ist
s

Rs

−
+

~ust
s ~φst

s1
s

Ls

+

−
1

Lm

~ist
r

e-jθ̂s

~̂ist
r

~irr

ε

~ist
r

~̂ist
r

SMC LPF

θ̂s

ω̂s

1
s

Figure 2. The proposed SMC-MRAS estimator.
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4.2. Reference Model

The output of the reference model is the calculated rotor current in the stationary
reference frame,~ist

r . From (2), the expression of the calculated rotor current in the stationary
reference frame is given by

~ist
r =

1
Lm

(
~φst

s − Ls~ist
s

)
(14)

The stator flux, ~φst
s , is calculated using the expression in (1) as

~φst
s =

∫ t

0

(
~ust

s − Rs~ist
s

)
dτ. (15)

The reference model is built based on (14) and (15).

4.3. Adjustable Model

The output of the adjustable model is the estimated rotor current referred to the

stationary reference frame,~̂ist
r . The estimated rotor current in the stationary reference frame

is given by
~̂ist

r =~irre−j(θ̂s) (16)

where θ̂s is the estimated slip angle.

4.4. Design of the SMC-Based Adaptive Mechanism

The proposed SMC is depicted in Figure 3. The error, ε, to be driven to zero by the
SMC-based adaptive mechanism, is given by

ε = ~̂ist
r ×~ist

r = îrαirβ − irα îrβ = |~̂ist
r ||~ist

r | sin(θerr), (17)

where the subscript α and β denote quantities referring to the α-axis and β-axis of the

stationary reference frame, respectively; θerr is the angle between~̂ist
r and~ist

r . The aim of the

proposed SMC is to drive θerr to zero. Once θerr is zero, it means that~̂ist
r and~ist

r are equal,
and ωs and θs can be extracted.

Assume that the error in (17) is driven to zero. This means that the estimated rotor
current converges with the calculated rotor current. The first derivative of the estimated
rotor current is then given by

d~̂ist
r

dt
= jω̂s~̂ist

r , (18)

where ω̂s =
dθ̂s
dt . Equation (18) can be rewritten as

dîrα

dt
= −ω̂s îrβ

dîrβ

dt
= ω̂s îrα

, (19)

The sliding surface, S, can be defined as

S = k1ε, (20)

where k1 is a gain that is determined based on the Lyapunov stability criteria and S is the
sliding surface. To enforce the sliding motion, the first derivative of the sliding surface
should be given by

dS
dt

= S = 0. (21)
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From (21), it can be seen that the time derivative of the error will decay exponentially as

dε

dt
= −k1ε. (22)

~̂ist
r

îrα

îrβ

irα

irβ

×

~ist
r ×

ω̂s

ε
k4sgn()

k1 −
+ k2

+

k3

×

+

+ +

÷

×

ω̂s

Figure 3. The proposed SMC.

The derivative of the SMC-MRAS error is given by

dε

dt
=

dirα

dt
îrβ + irα

dîrβ

dt
− dîrα

dt
irβ − îrα

dirβ

dt
. (23)

Substituting (19) into (23), yields

dε

dt
=
(dirα

dt
îrβ − îrα

dirβ

dt

)
+ (irα îrα + îrβirβ)ω̂s. (24)

The proposed SMC-based adaptive mechanism is constructed based on (24) being
equal to (22). This is performed in order to guarantee the convergence of the system
trajectory [26]. It yields

ω̂s =
k2 + k1ε

k3
+

k4

k3
sgn(S). (25)

It can be seen that the proposed SMC has two components. A linear component
( k2+k1ε

k3
) and a non-linear component ( k4

k3
sgn(S)). k1, k2, k3 and k4 are the gains of the

proposed SMC to be determined. Compared to the sliding control law presented in [26],
in this paper, the coefficient of the non-linear component, k4, is constant. This has the
advantage of being simple to implement. The estimated slip angle can be deduced by
integrating the estimated slip angle as

θ̂s =
∫ t

0
ω̂sdt. (26)

4.5. Stability Analysis

The Lyapunov stability criteria are used to determine k1 and k4. The Lyapunov
function is chosen as

V =
1
2

S2. (27)

It is clear that V > 0. Differentiating the Lyapunov function, V, with regards to time,
yields

dV
dt

= S
dS
dt

. (28)
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Substituting (20) into (28) yields

dV
dt

= k1S
dε

dt
. (29)

Substituting (20) and (22) into (29) yields

dV
dt

= −k1S2. (30)

It is clear from (30) that the first derivative of the Lyapunov function is negative when
k1 and k4 are positive and greater than zero. Hence, the Lyapunov stability criteria are
met based on (27) and (30). The value of k1 and k4 should also be chosen to be as low as
possible such that the noise in the estimated slip speed is kept low. The selection of k1 and
k4 presents a trade-off between the noise in the estimated slip speed and the robustness
against the disturbance. Higher values of k1 and k4 lead to higher estimation performance
with an increase in the noise, while lower values of k1 and k4 lead to lower estimation
performance with a decrease in the noise.

4.6. Determination of k2 and k3

In order to reach the designated surface or force the convergence of the system trajec-
tory, the expression of k3 should be calculated from (24), that is,

k3 = irα îrα + îrβirβ. (31)

The selection of the expression of k3, as shown in (31), forces the output of the proposed
SMC to be equal to the estimated slip speed. Further, from (24), k2 should be chosen such
that it contains terms including the first derivative of the calculated rotor current. Therefore,
the extraction of the estimated slip speed is also forced by determining the expression k2
based on (25), that is

k2 = k3ω̂s − k1ε. (32)

4.7. First-Order Filter Design

A low-pass filter is required in order to reduce the chattering effect introduced by the
sliding mode control. It is important to note that the cut-off frequency, ωc, should be large
enough in order to reduce the delay in the estimation performance. A cut-off frequency of
about ωc = 100 rad/s is deemed to be acceptable.

5. PI-MRAS Estimator

In this section, the PI-MRAS estimator proposed in [34] is discussed. The PI-MRAS
estimator is depicted in Figure 4. In order to guarantee a fair comparative study, the
PI-MRAS estimator also uses the rotor current as the state variable. The reference model of
the PI-MRAS estimator is also based on (2). The calculated rotor current is then calculated
as follows;

~ist
r =

1
Lm

(
~φst

s − Ls~ist
s
)

(33)

where ~φst
s is also calculated from (1) as,

~φst
s =

∫ t

0

(
~ust

s − Rs~ist
s
)
dτ. (34)

The error of the PI-MRAS estimator is also calculated in the same way as the one
for the proposed SMC-MRAS estimator. Hence, the error to be fed into the adjustable
mechanism is given by

ε = ~̂ist
r ×~ist

r = irα îrβ − îrαirβ = |~̂ist
r ||~ist

r | sin(θerr). (35)
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As discussed above, the adaptive mechanism (in this case, a PI controller) aims at
reducing the θerr. The small signal model of (35) with the assumptions that around

the operating point (which is when the machine operates at rated conditions), ~̂ist
r0 = ~ist

r0,
ωs0 = ω̂s0 and θerr = 0. The subscript 0 denotes values of quantities at nominal operating
conditions. As in [31], when (35) is linearised using a small signal model, it yields

∆ε = |~ist
r0|2 cos(θerr0)∆θerr. (36)

∆θerr is given by

∆θerr =
∆ωs − ∆ω̂s

s
, (37)

where s is the Laplace operator. With the above-mentioned assumption of θerr = 0 and
substituting (37) into (36) yields

∆ε = |~ist
r0|2

∆ωs − ∆ω̂s

s
. (38)

The expression in (38) is the plant of the MRAS estimator when the small signal model
is used. The closed-loop transfer function can then be formed, as shown in Figure 5. It is
important to note that the MRAS plant shown in Figure 5 is dependent on the operating
conditions. From (33), it can be seen that the machine parameter variations can affect the
MRAS plant. The gains of the PI controller are tuned using pole placement.

~ist
s

Rs

−
+

~ust
s ~φst

s1
s

Ls

+

−
1

Lm

~ist
r

e-jθ̂s

~̂ist
r

~irr

ε
PI LPF

θ̂s

ω̂s

1
s

Figure 4. PI-MRAS estimator.

−+
|~ist

r0|2
s

∆ωs
Kp +

Ki
s

∆ε ∆ω̂s

MRAS Plant PI

Figure 5. PI-MRAS closed-loop diagram using the small signal model.

6. Simulation Results

In this section, a thorough comparative study between the proposed SMC-MRAS
estimator and the PI-MRAS estimator is conducted using MATLAB/SIMULINK. The
comparative study is conducted under the steady change in the rotor speed, the step
change in stator active power due to the change in the rotor speed and the change in
machine parameters (Rs, Ls and Lm). The machine parameters are listed in Table 1. The
controller parameters are listed in Table 2.
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Table 1. DFIG parameters [6].

Name of the Quantity Symbol Value

Nominal power Ps 37.3 kW
Nominal line-to-line stator voltage Vs 415 V
Nominal line-to-line rotor voltage Vr 415 V

Rotor resistance Rr 0.09961 Ω
Stator resistance Rs 0.05837 Ω

Magnetizing inductance Lm 0.03039 H
Rotor inductance Lr 0.031257 H
Stator inductance Ls 0.031257 H

Inertia J 0.00134 Kgm2

pole-pairs P 3
Wind turbine coefficient xopt 0.00685

Table 2. Controller parameters.

Gains Values

Outer PI gains Kp = 0.0727 and Ki = 17.54
Inner PI gains Kp = 0.089 and Ki = 3.04534

PI-MRAS gains Kp = 5 and Ki = 50
SMC-MRAS gains k1 = 1 and k4 = 0.05

6.1. Performance of the SMC-MRAS-Based Sensor-Less Control Strategy

The performance of the proposed sensor-less control strategy from sub-synchronous
to super-synchronous operating conditions is shown in Figure 6. From t = 2.5 s to t = 3.1 s,
the DFIG operates at sub-synchronous speed with a rotor speed of 270 rad/s, as shown in
Figure 6a. It can be seen that the estimated rotor speed tracks the measured rotor speed.
The three-phase current is depicted in Figure 6b, where it can be seen that it pulsates at
slip frequency. The q-axis rotor current is maintained at about −20 A while the d-axis rotor
current is kept at −29 A, as shown in Figure 6c,d, respectively. This is performed so that
the DFIG generates the active stator power that corresponds to the reference stator active
power, that is 19 kW. The DFIG also operates under the unity power factor at the stator
side, as depicted in Figure 6e,f, respectively. The magnetisation of the DFIG is performed
through the rotor side. This is shown by having the d-axis rotor current different to zero.

From t = 3.1 s to t = 6 s, the rotor speed is increased steadily from 270 to 350 rad/s, as
can be seen in Figure 6a. It can be seen that the estimated rotor current and the measured
rotor speed converge. As the DFIG transitions from sub-synchronous to super-synchronous
operating conditions, the change in sequence as well as the increase in the rotor current
magnitude, can be seen in Figure 6b. In Figure 6c, the q-axis rotor current is seen to increase
with the steady increase in the rotor speed, as it is used to regulate the stator active power
(the stator voltage reference is a function of the cubic of the estimated rotor speed). The
d-axis rotor current is still kept constant even when the rotor speed is increasing to allow
the DFIG operations under the unity power factor, as shown in Figure 6d. The stator active
power increases with the increase in the rotor speed to reach the rated power of 37.3 kW
at t = 6 s, as shown in Figure 6e. The stator active power is kept at zero, as it can be seen
in Figure 6f. From t = 3.1 s to t = 6 s, the overall performance of the proposed sensor-less
control strategy is similar to the performance recorded from t = 2.5 s to t = 3.1 s.
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Figure 6. Performance of the proposed sensor-less control strategy during a steady change in speed:
(a) the measured and estimated electrical rotor speeds; (b) three-phase rotor current; (c) the reference
and measured q-axis rotor currents; (d) the reference and measured d-axis rotor currents; (e) the
reference and measured stator active powers; (f) and the reference and measured reactive powers.

6.2. Performance under Steady Change in Rotor Speed

The performances of the proposed SMC-MRAS estimator and that of the PI-MRAS esti-
mator under the steady change in the rotor speed from synchronous to super-synchronous
operating conditions are presented in Figure 7. From top to bottom in Figure 7a,b, the
estimated rotor speed and the measured rotor speed, the rotor speed error and the rotor
angle error are presented. These quantities are captured while using either the proposed
SMC-MRAS estimator or the standard MRAS estimator.

From t = 2 s to t = 3 s, the DFIG operates with a constant rotor speed of about
270 rad/s. The rotor speed converges to the estimated rotor speed, as can be seen in
Figure 7a,b. Both the SMC-MRAS and the PI-MRAS estimators perform well under constant
rotor speed as the rotor speed error and the rotor angle error for both converge to zero.
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Figure 7. Simulation results during a steady change in rotor speed (a) Simulations results from the
proposed SMC-MRAS estimator and (b) simulations results from the PI-MRAS estimator.

From t = 3 s to t = 6 s, the rotor speed increased steadily from 270 to 360 rad/s.
The speed error of both MRAS estimators is less than 20 rad/s, which is satisfactory. The
rotor angle error for both speed estimators converges to zero to confirm the fact that the
performance of both MRAS estimator is comparable.

From t = 6 s to t = 7 s, the DFIG operates under super-synchronous operating
conditions with a speed of 360 rad/s. The performance of both MRAS estimators is similar
and satisfactory.
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6.3. Performance under Step Change in the Reference Stator Active Power P?
s

The performances of both MRAS estimators under a sudden change in the stator active
power are presented in Figure 8. At t = 4 s, it can be seen that there is a step change in the
speed with the expression of the stator active power being P?

s = xoptω
3
r , as discussed in the

control strategy section. The rotor speed is suddenly changed from 255 to 315 rad/s. It can
be seen in Figure 8a that the estimated rotor speed from the proposed SMC-MRAS estimator
converges towards the measured rotor speed after less than 0.5 s while the estimated speed
from PI-MRAS estimator converges to the actual speed after 1 s, as shown in Figure 8b.
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Figure 8. Simulation results during a step change in the active stator power. (a) Simulations results
from the proposed SMC-MRAS estimator and (b) simulations results from the PI-MRAS estimator.

The maximum rotor speed errors from both MRAS estimators are about 80 rad/s, as
the step is about 100 rad/s. The rotor angle error from the proposed SMC-MRAS estimator
has a maximum error of less than 5 rad during the step change. It can also be seen that the
rotor angle error converges to zero for t 6= 4 s while the rotor angle error from the PI-MRAS
estimator diverges from zero for t 6= 4 s. This demonstrates the superiority of the proposed
SMC-MRAS estimator over the PI-MRAS estimator during the step change in the rotor
speed/ stator active power.

6.4. Performance under Machine Parameter Variations (1.3Rs)

The performances under the rapid change in the rotor speed with an increase of 30%
of the stator resistance Rs of both MRAS estimators are presented in Figure 9. From t = 2 s
to t = 3 s, both MRAS estimators perform well during the steady state operation as the
rotor speed errors converge to zero. The rotor angle errors converge to zero during this
period. From t = 3 s to t = 4 s, the DFIG accelerates to reach a speed of 360 rad/s. The
maximum rotor speed errors from both MRAS estimators is about 20 rad/s, as can be seen
in Figure 9a,b. The rotor angle error from the SMC-MRAS estimator converges to zero,
while the one from the PI-MRAS estimator has a maximum error of about 3 rad.
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Figure 9. Simulation results during in rotor speed and change in 1.3Rs. (a) Simulation results from
the proposed SMC-MRAS estimator and (b) simulation results from the PI-MRAS estimator.
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From t = 4 s and t = 5.25 s, the DFIG operated under super-synchronous operating
conditions with a rotor speed of 360 rad/s. Both MRAS estimators perform well with
their rotor speed errors and the rotor angle errors converging to zero. From t = 5.25 s and
t = 6 s, DFIG decelerates to reach a rotor speed of 300 rad/s. From t = 6 s and t = 7 s, the
DFIG operates at 300 rad/s. The performances of both MRAS estimators is similar to the
performances during the period of t = 2 s and t = 4 s.

6.5. Performance under Machine Parameter Variations

In Figure 10, the performance of both MRAS estimators are investigated under the
sudden change in the rotor speed while the stator inductance and the mutual inductance
are varied to mimic the machine parameter variation. In Figure 10a,b, the performances of
the SMC-MRAS estimator and the PI-MRAS estimator are shown, respectively.
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Figure 10. Simulation results during change in rotor speed. (a) Simulation results from the proposed
SMO-MRAS estimator and (b) simulation results from the standard MRAS estimator.

At t = 4 s, the rotor speed is suddenly changed from 260 to 360 rad/s. It can be seen in
Figure 10b that the rotor speed from the SMC-MRAS estimator follows the change in speed
while the rotor speed from the PI-MRAS estimator diverges.

7. Conclusions

In this paper, an SMC-MRAS estimator for the sensor-less control of DFIG systems in
wind turbine applications was proposed. The proposed SMC-MRAS estimator uses the
rotor current as a variable of interest. The proposed SMC-MRAS estimator has the advan-
tage of being robust against dynamic disturbances andthe machine parameter variation.
The stability study was based on the Lyapunov stability from which the parameters of the
SMC-based adaptive mechanism were selected. The comparative study between the pro-
posed estimator and the standard estimator was also carried out in MATLAB/SIMULINK
under various operating conditions, such as a steady change in the rotor speed, a step
change in the stator active power and machine parameter variations. It was shown that
the SMC-MRAS estimator had a better estimation performance compared to the PI-MRAS
estimator, especially under machine parameter variations.
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