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Abstract

In this paper, an adaptive sliding mode observer (ASMO) associated with a phase locked
loop (PLL) is assessed for the sensor-less control of a rotor-tied doubly-fed induction
generator (RDFIG). In the proposed PLL-ASMO estimator, the ASMO utilizes the sta-
tor current, the stator voltage, and the back electromotive force (EMF) as state variables.
The proposed ASMO is used in order to estimate the back-EMF from which the slip
position/speed is extracted using a PLL. The design of the ASMO gains is based on
the Lyapunov stability criteria to ensure the convergence of the proposed observer in
a finite time. Therefore, the main contribution of this paper is to propose a PLL-based
ASMO estimator that aims to improve the estimation by reducing the chattering effect. A
comparative study between the standard PLL-SMO estimator and the PLL-ASMO esti-
mator is presented. Also, For the first time, an adaptive sliding mode observer is used
for the sensor-less control of a RDFIG. The performance of the proposed sensor-less
control strategy is validated through simulation and experimental measurements under var-
ious operating conditions. Furthermore, the estimator is shown to be robust to machine
parameter variation.

1 INTRODUCTION

In the last few decades, there has been a sharp increase in
wind turbine generation worldwide. The doubly-fed induction
generator is one of the most popular wind turbine generators
mainly because of its use of a partially rated power converter
[1–3]. Additionally, its ability to have a high low voltage capabil-
ities. To improve the performance of the DFIG, the rotor-tied
DFIG (RDFIG) was introduced by ref. [4]. In the RDFIG con-
figuration, the rotor winding is directly connected to the grid
while the stator is connected to the back-to-back converter. The
RDFIG has been shown to possess better performance when
compared to the conventional DFIG [4, 5]. Furthermore, it has
been shown that the RDFIG is smaller in volume as compared
to the conventional DFIG for the same power rating [4]. The
standard vector control of the RDFIG system is discussed in
ref. [6].

Similar to conventional DFIGs, the vector control of the
RDFIG relies on accurate and reliable speed measurements
as it uses the dq-transformation. In harsh environments, the
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failure of the mechanical speed encoder could lead to the failure
of the overall control system and that of other components
of the DFIG/RDFIG system [7]. The cost and the difficulty
or installations/maintenance of the mechanical speed measur-
ing devices in DFIGs can be eliminated through the use of
sensor-less speed estimation techniques.

In general, position/speed estimation techniques can be clas-
sified as saliency-based estimation techniques and model-based
estimation methods. In the saliency-based estimation methods,
the speed/position of the rotor is estimated through the use
of the position of the related inductance under high frequency
signal injection [7–9]. Thus, the saliency-based estimation meth-
ods are mostly suitable for standstill and start-up operating
conditions. The model-based estimation techniques are used
to estimate the rotor speed/position based on the machine
model at the fundamental frequency and they are mostly used
for medium-speed and high-speed applications [10–32]. The
model-based estimation techniques are generally grouped into
two categories: the open loop calculations and closed loop
observers. In the open loop calculations, the state variables of
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the DFIG (back-EMF, stator current, rotor current, or rotor
flux) are used as inputs. Using the DFIG model, the state of
interests are deduced and then the estimated rotor speed/angle
is extracted from the calculated state of interests. In the closed
loop observers, both the state variable and the error between
the outputs of the plant and that of the observer are input to
the observer. The observer gains are designed such that the state
variable of the observer converge to their real values from the
plant. There are several closed loop observers presented in the
literature for the sensor-less control of the DFIG system.

The sliding mode observer (SMO), which is an example
of the model-based estimation techniques, is known for its
dynamic response and robustness against machine parame-
ter variations. An SMO-based position/speed estimator for
the sensor-less control of a DFIG is proposed, simulated,
and experimentally validated in refs. [18] and [19]. The pro-
posed SMO utilized the stator flux and the rotor current as
state variables. In ref. [25], a phase-locked loop (PLL)-based
SMO position/speed estimator for the sensor-less control of
a RDFIG is proposed. The performance of the proposed PLL
estimator was validated through simulations and it was shown
that the inclusion of a judgment function in the PLL allows for
the estimator to operate under all operating conditions [25]. In
ref. [32], it was shown that the use of the PLL, in the sensor-less
control of an RDFIG, mitigates the lagging effect introduced by
the low pass filter . In ref. [30], it was shown that the use of a
high order sliding mode observer (HOSMO) helps in improv-
ing the performance of the position/speed estimator while also
reducing the noise in the estimated signals. Another SMO-based
estimator, the super twisting sliding mode observer (STSMO),
is proposed for the sensor-less control of the RDFIG in ref.
[31], whereby it was shown that the use of the super twisting
algorithm (STA) improves the performance of the proposed
position/speed estimator.

In refs. [25, 30–32], in the implementation of the SMO-
based estimators, the estimated rotor speed is calculated using
the arc-tangent function. The noise and the harmonics created
by the switching of the sliding mode functions might alter the
estimation performance. To reduce the chattering effect often
associated with SMO-based positions/speed estimators, adap-
tation approaches for tuning the control gains of an adaptive
SMO (ASMO) based sensor-less control method for permanent
magnet synchronous machine (PMSM) are presented in ref. [33].
It was shown that the ASMO is superior to the standard SMO
when chattering and disturbance response is considered. In ref.
[34], an ASMO that aims at robustness, smoothness and fast
transient performance of a non-linear system is presented.

In ref. [35], a mathematical model of the rotor-tied DFIG
in the rotor-flux reference frame when considering an observer
at the stationary reference frame, is presented. The authors
also proposed a position sensor-less algorithm, based on simple
algebraic equations, for the rotor-tied DFIG system to estimate
the rotor position.

In this paper, a PLL-ASMO estimator that reduces the chat-
tering effect for the sensor-less control of a RDFIG system
is proposed. The design of the adaptive control gains is also
discussed and the stability analysis of the ASMO is presented.

FIGURE 1 Schematic of the WECS-based RDFIG.

Finally, the design of the PLL estimator is presented. Compared
to the SMOs proposed in refs. [30–32] for the sensor-less con-
trol of a RDFIG, the proposed ASMO leads to the reduction
of the noise that is introduced by the switching function. This
is achieved through the use of an adaptive sliding mode func-
tion. A comparative study is conducted in order to demonstrate
the advantage of the proposed ASMO over the standard SMO.
Therefore, the contributions of this paper can be summarized
as follows:

∙ The design of an PLL-ASMO estimator for the sensor-less
control of a RDFIG.

∙ The experimental validation of the PLL-ASMO estimator on
a RDFIG.

∙ Although under machine parameter variations there is an
increase in noise (in the estimated speed/position) from
the proposed PLL-ASMO estimator (which is common for
the estimation techniques based on SMO), its robustness is
validated experimentally under machine parameter (Ls and
Rs) variations in different operating conditions related to a
RDFIG.

∙ A comparative study is conducted between the ASMO and
the standard SMO (with constant SMO gains). It has been
demonstrated that the use of the ASMO is shown to reduce
the noise of the estimated speed/position compared to the
standard SMO during change in the stator current magnitude.

The rest of the paper is organized as follows; in Section 2,
the mathematical model of the RDFIG is presented while in
Section 4 the proposed sensor-less control strategy is given.
In Section 3, the design of the PLL-ASMO estimator is pre-
sented and discussed. Simulation and experimental results for
validating the proposed PLL-ASMO estimator for the sensor-
less control of RDFIG are discussed in Section 5. Conclusions
are drawn from the analysis of the results and are presented in
Section 6.

2 RDFIG SYSTEM MODEL

A RDFIG-based wind energy conversion system (WECS) is
shown in Figure 1. In the RDFIG configuration, the stator
winding is connected to the grid through the back-to-back con-
verter while the rotor winding is directly connected to grid. The
general operation of the RDFIG is presented in refs. [4] and
[36].
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FIGURE 2 Vector diagram of the current space vectors.

In the stationary reference frame, the RDFIG model can be
expressed as,

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

dis𝛼
dt

=
1

Ls
vs𝛼 −

Rs

Ls
is𝛼 + 𝜔ris𝛽 + e𝛼

dis𝛽

dt
=

1
Ls

vs𝛽 −
Rs

Ls
is𝛽 − 𝜔ris𝛼 + e𝛽

e𝛼 =
Lm

Ls
|⃗is

r |𝜔g sin 𝜃

e𝛽 = −
Lm

Ls
|⃗is

r |𝜔g cos 𝜃

. (1)

where is𝛼 and is𝛽 represents the 𝛼-axis and the 𝛽-axis stator
currents, respectively; vs𝛼 and vs𝛽 represents the 𝛼-axis and the
𝛽-axis stator voltages, respectively; e𝛼 and e𝛽 represents the 𝛼-
axis and the 𝛽-axis back-EMFs, respectively; 𝜔g is the rotor
flux angular speed; 𝜔r is the electric rotor angular speed; and,
𝜃 = 𝜃s + 𝜙, where 𝜃s is the slip angle and 𝜙 is the phase angle of
the stator current in the slip reference frame; Lm, Ls, Lr repre-
sent the magnetizing, stator and rotor inductances, respectively.
The slip speed, 𝜔s, can then be defined as 𝜔s = 𝜔g + 𝜔r. In

Equation (1), |⃗is
r | is the magnitude of the stator current space

vector in the slip reference frame. The current vector position
diagram is shown in Figure 2.

Note that in Equation (1), the back-EMF space vector (e𝛼 and
e𝛽) contains the slip angle in its expression. Therefore, the slip
angle information and that of the slip speed can be extracted

from estimated values of the back-EMFs in the stationary
reference frame.

The mechanical dynamic equation on the RDFIG is
expressed as,

J
d𝜔r

Pdt
= 𝜏e − 𝜏m, (2)

where 𝜏e is the electromagnetic torque; J is the inertia; 𝜏m is the
mechanical torque at the shaft of the RDFIG while P is the pole
pairs, respectively.

3 PLL-ASMO ESTIMATOR

An adaptive sliding mode observer (ASMO) for the sensor-less
control of the RDFIG-based WECS is proposed in this sec-
tion. The Lyapunov stability criteria is utilized in the design of
the adaptive control gains to ensure stability. Furthermore, the
design of the PLL is also discussed.

3.1 ASMO

An ASMO that can be used for the RDFIG sensor-less control
is presented here. The aim of the proposed ASMO is to esti-
mate the back-EMFs which includes the information of the slip
speed/angle as shown in Equation (1). Based on the RDFIG
model given in Equation (1), the stator current observer can be
written as

⎧⎪⎪⎨⎪⎪⎩

dîs𝛼
dt

=
1

Ls
v∗s𝛼 −

Rs

Ls
îs𝛼 + 𝜔̂ris𝛽 + K (t )sgn(ĩs𝛼 )

dîs𝛽

dt
=

1
Ls

v∗
s𝛽
−

Rs

Ls
îs𝛽 − 𝜔̂r is𝛼 + K (t )sgn(ĩs𝛽 )

, (3)

where ( sgn ) represents the signum function while ( ̂ ) denotes
the estimated values. The superscript, (∗ ), denotes the reference
value and K (t ) represents the adaptive gain. the superscript,
( ̃ ), represents the difference between the actual and the
estimated values.

The estimation error of the stator current observer can be
determined by subtracting Equation (3) from Equation (1) and
with the assumption that the reference stator voltage is the same
as the actual stator voltage, that is,

⎧⎪⎪⎨⎪⎪⎩

dĩs𝛼
dt

= 𝜔̃ris𝛽 −
Rs

Ls
ĩs𝛼 + e𝛼 − K (t )sgn(ĩs𝛼 )

dĩs𝛽

dt
= −𝜔̃ris𝛼 −

Rs

Ls
ĩs𝛽 + e𝛽 − K (t )sgn(ĩs𝛽 )

. (4)

The ideal adaptive gain, K (t ), is defined as

K (t ) = c

t2

∫
t1

|S |d𝜏. (5)
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In Equation (5), t1 and t2 are time variables; c is a positive
constant and,

|S | = √
ĩ2
s𝛽
+ ĩ2

s𝛼. (6)

K (t ) can be designed using the Lyapunov stability criteria, and
this guarantees the convergence of the ASMO in a finite time. If
V is assumed as Lyapunov function, then V is stable according
to the Lyapunov stability criteria if the conditions,

⎧⎪⎨⎪⎩
V > 0

dV

dt
< 0

, (7)

are satisfied. In this paper, the Lyapunov function, V , is chosen
as

V =
1
2

(ĩ2
s𝛽
+ ĩ2

s𝛼 ) +
1
2

(K̄ − K (t ))2, (8)

where the superscript (̄) denotes that a variable is bounded and
K̄ = max(K (t )).

It can be observed, from Equation (8), that V is positive
definite. Then, from Equations (4) and (8),

dV

dt
= −

Rs

Ls
(ĩ2

s𝛼 + ĩ2
s𝛽 ) + ĩs𝛼[−K (t )sgn(ĩs𝛼 ) + 𝜔̃ris𝛽 + e𝛼]

+ ĩs𝛽[−K (t )sgn(ĩs𝛽 ) − 𝜔̃ris𝛼 + e𝛽]

−
√

ĩ2
s𝛼 + ĩ2

s𝛽
c (K̄ − K (t )) ≤ 0.

(9)

If the estimation is assumed accurate, that is,

𝜔̃r ≈ 0, (10)

and, also,

K (t ) > max(e𝛼, e𝛽 ). (11)

then the second and third terms in Equation (9) will always be
negative. The fourth term is negative because c is a positive con-
stant as indicated in Equation (5). Thus, the Lyapunov stability
criteria is fulfilled as all the terms are negative. From Equation
(11), K (t ) is chosen large enough so that the Lyapunov stability
criteria is satisfied. In this paper the sliding surface, S , is chosen
as,

dS

dt
= 0 and S = 0, (12)

where S , is commonly defined as

S =

[
ĩs𝛼

ĩs𝛽

]
. (13)

Substituting Equations (13), (10), (11), and (12) into Equation
(4) gives the estimated back-EMF as[

ê𝛼

ê𝛽

]
= K (t )

[
sgn(ĩs𝛼 )

sgn(ĩs𝛽 )

]
. (14)

3.2 Design of the ASMO gains

The expression in Equation (4) can be rewritten as

Ṡ = Υ − 𝜂u, (15)

where

u = K (t )sgn(S ), (16)

and Υ is given by

Υ =

⎡⎢⎢⎢⎢⎣
−

Rs

Ls
ĩs𝛽 + 𝜔̃ris𝛽 + e𝛼

−
Rs

Ls
ĩs𝛽 − 𝜔̃ris𝛼 + e𝛽

⎤⎥⎥⎥⎥⎦
. (17)

and 𝜂 = 1. The gains of the ASMO are designed such that the
system trajectories converges to the designated sliding surface
in a finite time.

Substituting Equation (16) into Equation (15) yields,

Ṡ = 𝚼 − 𝜼K (t )sgn(S). (18)

Substituting Equation (12) into Equation (18) yields,

K (t ) ≥ 𝚼sgn(S)
𝜼

+ 𝜓, (19)

where 𝜓 > 0 is small.
The adaptive gain as defined in Equation (5) has a major

drawback. Such an adaptive law will continue to increase even
if the system trajectory has reached the sliding surface. There-
fore, K (t ) can become unbounded and this may lead to the
instability of the ASMO. Also, the constant increase of K (t )
results to more chatter on the estimated signal. To counter these
drawbacks, ref. [34], proposed an adaptive law that includes an
exponential term which reduces the value of c. The exponen-
tial term disappears when the sliding surface is reached by the
system trajectory. The adaptive law proposed in ref. [34], can be
used with the ASMO proposed in this paper and is given by,

K (t ) = b∫
t2

t1

|S |d𝜏 + 𝜎0(e𝜎1|S |r − 1), (20)

where b, 𝜎0, 𝜎1, and r are strictly positive integers. In Equation
(20), the extra gain is provided by the exponential term when
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FIGURE 3 Schematic diagram of the slip
speed/angle estimator.

the system trajectory is far from the desired sliding surface. In
the case of a disturbance, the exponential term will ensure that
the system trajectory quickly returns to the desired sliding sur-
face. Once the system trajectory reaches the sliding surface, the
exponential term will disappear. Thus, the chattering effect will
be reduced since the steady state adaptive gain will be small.

The steps for the design of the adaptive law presented in
Equation (20) are explained in ref. [34]. A large value of r

will result in both the reduction of the response time and the
improvement of the accuracy. A proper design of 𝜎0, 𝜎1, and
r will reduce the chattering while providing high accuracy and
low response time. The parameters in Equation (20) are chosen
in such a way that the expression in Equation (19) is fulfilled.
In this way, the parameters of K (t ) are chosen so that K (t ) is
greater than the back-EMF at steady state. The values of the
parameters of the adaptive law are listed in Table 2.

3.3 PLL estimator

To improve the estimation performance, a PLL estimator
designed in refs. [25] and [37] is used. The PLL estimator is
used for the extraction of the slip speed/angle from the esti-
mated 𝛼-axis and 𝛽-axis back-EMFs (ê𝛼 and ê𝛽). In Equation
(1), it was shown that the 𝛼-axis and 𝛽-axis back-EMFs include
the slip angle. The schematic of the PLL estimator is displayed
in Figure 3 whereby the slip angle/speed is estimated using the
sine function. From Figure 3, the error between the estimated
slip angle and the tracked slip angle is given by

𝛿 =
𝜔gLm |⃗is

r |√
ê2
𝛼 + ê2

𝛽

(
− cos 𝜃̂ sin 𝜃̄ + sin 𝜃̂ cos 𝜃̄

)
= sin(𝜃̂ − 𝜃̄),

(21)
where the superscript (̄) refers to the tracking value. The error,
𝛿, is negligible, therefore,

𝛿 ≈ 𝜃̂ − 𝜃̄. (22)

The PI controller’s goal is to reduce the error, 𝛿, to zero such
that 𝜃̂ = 𝜃̄.

From Figure 3, the estimated rotor speed is given by

𝜔̂r = 𝜔̂s − 𝜔g, (23)

and the estimated slip angle is given by

𝜃̂s = 𝜃̂r + 𝜃g. (24)

The PI gains can be designed following the design process
shown below.

3.3.1 Design of the PLL gains

The PLL estimator gains are designed based on the considera-
tion of the anti disturbance performance [37]. Using small signal
analysis shown in Equations (21)–(22) together with the rela-
tionship between the estimated slip speed and the estimated slip
angle which is given by

𝜔̂s =
d𝜃̂s

dt
. (25)

Using small signal analysis, the block diagram of the control
loop of the PLL estimator is shown in Figure 5. The closed loop
PLL’s transfer function is given by,

𝜃̂

𝜃̄
=

Kps + Ki

s2 + Kps + Ki
(26)

It is important to note that the filter with a cut-off frequency
𝜔c of the first order filter shown in Figure 3, is not included in
the design of the PLL gains. Hence, the choice of 𝜔c must be
large enough to reduce delay that can affect the estimation per-
formance of the PLL-ASMO estimator. The cut-off frequency
of the first order filter, 𝜔c, is chosen to be 2𝜋(100) rad/s. The
schematic of the proposed PLL-ASMO estimator is shown in
Figure 4.

As previously stated, the PI gains are designed using the pole
placement method such that Kp = 2𝛽 and Ki = 𝛽2. 𝛽 is calcu-
lated based on the anti-disturbance performance. The estimated
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FIGURE 4 Schematic diagram of the proposed PLL-ASMO estimator.

FIGURE 5 Block diagram of PLL estimator.

slip speed and the estimated acceleration are described by,

⎧⎪⎨⎪⎩
̇̂𝜃s = 𝜔̂s

̇̂𝜔s = 𝜙
, (27)

where 𝜙 is the acceleration of the rotor of the RDFIG, as the
grid angular frequency 𝜔g is constant. The superscript ̇ denotes
the derivative of a variable with respect to the time. Based on
the mechanical equation of the RDFIG in Equation (2), the
expression of the rotor acceleration is given by

𝜙 =
PΔ𝜏

J
, (28)

where Δ𝜏 is the torque change. The expression of the tracking
slip speed and tracking slip acceleration are described by

⎧⎪⎨⎪⎩
̇̄𝜃s = 𝜔̄s + Kp𝜖

̇̄𝜔s = Ki𝜖
, (29)

Subtracting Equation (29) from Equation (27), yields

⎧⎪⎨⎪⎩
̇̂𝜃s −

̇̄𝜃s = 𝜔̂s − 𝜔̄s − Kp𝜖

̇̂𝜔s − ̇̄𝜔s = 𝜙 − Ki𝜖
, (30)

Assuming that ̇̂𝜃s −
̇̄𝜃s = 0 and ̇̂𝜔s − ̇̄𝜔s = 0, and consider-

ing that that Kp = 2𝛽 and Ki = 𝛽2 as stated previously, the
expression in Equation (30) becomes

⎧⎪⎪⎨⎪⎪⎩
𝜔̂s − 𝜔̄s =

2𝜙
𝛽

𝜖 =
𝜙

𝛽2

, (31)

Hence, from Equation (31) 𝛽 is given by

𝛽 =

√
𝜙

𝜖max
(32)

where 𝜖max is the maximum value of the slip position error. Also,
it can be seen from Equation (31), that with higher values of 𝛽,
the error between the estimated and tracking slip angular speed
can be reduced. A good rule of thumb is to take 𝜖max =

𝜋

12
.

The machine data are also used to determine the maximum
acceleration. Hence, 𝛽 can be calculated. The PLL gains are
therefore deduced. Hence, the tuned PLL gains were Kp = 240
and Ki = 14, 400.

4 RDFIG SENSOR-LESS CONTROL

In Figure 6, a schematic of the proposed sensor-less con-
trol strategy, consisting of a stator side control scheme and
a grid side (rotor side) control scheme, is displayed. As
shown, both control schemes employ a cascaded structure
that includes PI controllers. The control schemes are imple-
mented in the synchronous dq0-reference frame. The stator
quantities are transformed into the synchronous reference
frame using the estimated slip angle, 𝜃̂s calculated from the
PLL-ASMO estimator.

In this paper, the stator side control scheme which regulates
the rotor speed is of interest. In the stator side control scheme,
the outer control loop aims at the regulation of the rotor speed
while the inner control loop is devoted to the current control.

In the outer control loop, the reference rotor speed, 𝜔∗r , is
compared with the estimated control speed (calculated from the
PLL-ASMO estimator), 𝜔̂r, to provide the input of the outer PI.
The output of the outer PI is the reference d -axis stator cur-
rent, i∗sd

, in the inner control loop. In the inner control loop,
the error between the reference d-axis stator current (from the
outer control loop) and the measured d -axis stator current, isd .
The reference q-axis stator current, i∗sq = 0, is set to zero so that
the reactive power comes entirely from the grid (rotor side). The
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FIGURE 6 The proposed RDFIG sensor-less control strategy with the PLL-ASMO estimator.

reference q-axis stator current is compared to the measured q-
axis stator current, isq , to provide the error to be input to the
PI controller. The outputs of the PI controllers are added to the
compensation terms in order to provide the actuating signals for
the power converter.

A standard grid side control scheme is adopted to maintain
the DC-link voltage constant in order to allow for bidirectional
power flow in the back-to-back power converters.

5 RESULTS AND DISCUSSIONS

The proposed PLL-ASMO estimator for RDFIG sensor-less
control is validated through simulations and practical measure-
ments, with the results presented in this section. Simulations
were performed in MATLAB/SIMULINK while experiments
were conducted on an testbed shown in Figure 9 that
include a 5.5-kW custom-designed RDFIG [36], a National
Instrument (NI) PXIe-8115 real-time controller, two modified
commercially-available three-phase 8.7-kVA SEW power con-
verters and a 22-kW induction motor. In Table 1, the RDFIG
machine parameters [36] are given. In Tables 2 and Table 3,
the designed parameters of the stator side and grid side control
schemes are presented, respectively. Also, in Table 2, the gains
of the PLL and ASMO are given.

TABLE 1 Machine parameters [36].

Quantity Value

Rated power 5.5 kW

Rated stator voltage 390 V

Rated rotor voltage 400 V

DC-link voltage 600 V

Stator resistance 2.15 Ω

Rotor resistance 1.855 Ω

Magnetizing inductance 0.257 H

Rotor inductance, 0.2758 H

Stator inductance 0.2758 H

Inertia 0.0003215 kg m2

Pole-pairs 2

5.1 Simulations results

The simulation results demonstrating the robustness of the
proposed sensor-less control scheme with the RDFIG under
sub-synchronous operating conditions is displayed in Figure 7.
For these results, the reference rotor speed is fixed at -
188.4 rad/s. At about t = 0.2 s, the estimated slip speed, 𝜔̂s,
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TABLE 2 Stator side controller parameters.

Quantity Value

Inner PI proportional gain Kp = 36

Inner PI integral gain Ki = 750

Outer PI proportional gain Kp = 0.21

Outer PI proportional gain Ki = 20

PLL gains Kp = 240 and Ki = 14,400

ASMO gains b = 200 and 𝜎0 = 𝜎1 = r = 200

TABLE 3 Grid side parameters.

Quantity Value

L filter R f = 0.2 Ω and L f = 0.009 H

Converter capacitor C = 500𝜇 F

Inner PI gains kp = 30 and ki = 850

Outer PI gains kp = 0.73 and ki = 24.3

is aligned with the measured slip speed, 𝜔s. The convergence
of the slip speed error, Δ𝜔s, to zero can also be observed as
expected. Similarly, the actual slip angle and estimated slip angle
is also shown to converge, and as shown in the figure, the slip
angle error, Δ𝜃s, reduces to zero.

With the RDFIG under super-synchronous operating condi-
tions, the simulation results of the proposed sensor-less control
scheme, are displayed in Figure 8. Here, the reference rotor
speed, 𝜔⋆r is set to −354.8 rad/s. From top to bottom, the
measured and the estimated slip speeds, the slip speed error,
the estimated and the measured slip angles and the slip angle
error are presented. From Figure 8, a similar performance trend
as in Figure 7 can be clearly observed and this shows that the
control scheme is robust even when the RDFIG is operating at
super-synchronous conditions.

5.2 Laboratory results

5.2.1 Grid-side control

The performance of the grid-side control scheme is portrayed
in Figure 10. The measured DC-link voltage (Vdc) is maintained
at 550 V.

5.2.2 Stator-side control

A GI31 BAUMER incremental encoder is used for actual shaft
speed measurement in order to validate the proposed PLL-
ASMO speed/position estimator. The switching frequency of
the PWM signals used in the converter is set at 5 kHz.

The measurement results showing the performance of
the PLL-ASMO speed/position estimator during the sub-
synchronous speed operation mode of the RDFIG, are

FIGURE 7 Simulations results demonstrating the performance of the
PLL-ASMO estimator under sub-synchronous operating conditions.

presented in Figure 11, with the RDFIG’s speed kept at
−188.4 rad/s. It is observed that the actual slip speed and the
estimated slip speed converge, that is, the slip speed error is
reduced to close to zero. A similar pattern is also observed
from the actual and estimated slip angles. Comparing Figures 11
and 7, one can see a similar pattern.

With the RDFIG’s speed at −354.8 rad/s, that is, at
super-synchronous operating conditions, the performance of
the PLL-ASMO speed/position estimator is presented in
Figure 12. It is observed that the estimation errors in Figures 12
and 8 have similar patterns as they settle close to zero at
steady state and therefore, this further validates the simula-
tion results and shows that the control scheme is robust at
super-synchronous conditions.

The performance of the proposed PLL-ASMO estimator
under change in the reference rotor speed from super-
synchronous to sub-synchronous operating conditions is dis-
played in Figure 13. From Figure 13, it can be observed that
during the speed transition, the maximum slip speed error
is 2.5 rad/s A similar performance is observed in Figure 14
whereby the rotor speed transitions from sub-synchronous to
super-synchronous speed.

The performance of the proposed PLL-ASMO estimator
during a steady decrease of the rotor speed under inaccurate
machine parameters (1.3Ls and 1.3Rs) is shown in Figure 15
while its performance during a steady increase in rotor speed is
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FIGURE 8 Simulation results demonstrating the performance of the
PLL-ASMO estimator under super-synchronous operating conditions.

FIGURE 9 A picture of the RDFIG test-bench.

shown in Figure 16. Ls and Rs are chosen for testing the robust-
ness of the system against machine parameters variations they
can cause the instability of the all system because they form
the plant of the system. Also, the observer depends on the
above-mentioned parameters as well.

FIGURE 10 Performance of the grid-side controller.

FIGURE 11 Performance of the PLL-ASMO estimator with the RDFIG
under sub-synchronous operating conditions.

From Figures 15 and 16, acceptable performance of the
estimator can be observed. The inaccurate machine parame-
ters clearly lead to more chattering effect (when comparing
Figures 15 and 16 to Figures 13 and 14). The increase in the
chatter on the estimated slip speed does not deter the dynamic
performance of the PLL-ASMO estimator. Therefore, it has
been demonstrated that the proposed PLL-ASMO estimator is
immune to parameter variations.
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FIGURE 12 Performance of the PLL-ASMO estimator with the RDFIG
under super-synchronous operating conditions.

FIGURE 13 The dynamic performance of the PLL-ASMO estimator
during speed changes.

The performance of the proposed RDFIG sensor-less con-
troller employing the PLL-ASMO estimator under 30% increase
of the stator resistance and the stator inductance combined
with the magnitude change of the stator current is shown in
Figure 17. In the figure, from top to bottom, the estimated and
the measured slip speeds, the slip speed errors, the d-axis stator
current and the PLL-ASMO gain are presented. The results dis-
played in Figure 17 are recorded with the RDFIG speed kept
at around 95 rad/s. During steady stator operating condition,
one can see that the estimated slip speed converges to the mea-
sured slip speed. A change in stator current magnitude occurs
at 0.7 s. It can be seen that value of the slip speed error is less
than 10 rad/s. In addition, the adaptive gain of the estimator
responds automatically at the same instance where there is the

FIGURE 14 The dynamic performance PLL-ASMO estimator during
speed transition.

FIGURE 15 The dynamic robustness during rotor speed change with
inaccurate machine parameters (1.3Ls and 1.3Rs).

change in current magnitude. That is, there is a swift response
to the disturbance. The estimated slip speed includes spikes as
the machine is operating under inaccurate machine parameters.
A decrease of stator current magnitude occurs suddenly at t =
3.4 s. The same pattern can be observed as the value of the slip
speed error is less than 10 rad/s. The adaptive gain automat-
ically adjust in order to cater for the disturbance. Hence, the
PLL-ASMO estimator performs reasonably well under machine
parameter variation.

The performance of the proposed sensor-less control strat-
egy under a change in speed from sub-synchronous operating
conditions to super-synchronous operating conditions and then
back to sub-synchronous operating conditions is demonstrated
in Figure 18. It is observed that during the transient condi-
tion, the absolute values of the slip speed error are less that
4 rad/s. Also, the estimated slip speed is accurately tracking the
measured slip speed. When the rotor of the RDFIG reaches
synchronous speed (𝜔s = 0 rad/s) at t = 1.35 s, the three-phase
stator currents change from AC to DC as expected for a nor-
mal DFIG control system. Also, the change in sequence of
the stator currents waveforms from sub-synchronous to super-
synchronous operating conditions is clearly demonstrated in the
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FIGURE 16 The dynamic performance of the PLL-ASMO estimator
when the rotor speed changes with inaccurate RDFIG parameters (1.3Ls and
1.3Rs).

FIGURE 17 Dynamic performance of the PLL-ASMO estimator during
sudden stator current magnitude change with inaccurate RDFIG parameters
(1.3Ls and 1.3Rs).

figure. The frequency of the three-phase stator currents is also
seen to be proportional to the slip speed.

5.3 Comparative study

In this section, an experimental comparative study between the
PLL-based ASMO estimator and the standard PLL-SMO esti-

FIGURE 18 Transient performance of the proposed RDFIG
PLL-ASMO based sensor-less control.

mator is discussed under change in the stator current magnitude
(with no change in the machine parameters). The stator current
is a variable of interest for the ASMO as the estimated rotor
speed is extracted from this variable. Hence, the dynamics of
the stator current are of high interest.

In Figures 19 and 20, the proposed control strategy during
stator current changes is presented with an adaptive observer
gain and an constant gain (K = 400), respectively. The constant
gain is chosen 400 as this is the minimum gain that guarantee
that the system trajectory is met. In this experiment, the RDFIG
is rotating at 1050 rpm which is equivalent to about 92 rad/s
of slip speed, as shown in Figures 19(c) and 20(a). It can be
seen that the actual and estimated slip speed are aligned perfectly
during steady operating conditions.

Comparing the performance of the SMO estimator and the
ASMO estimator, it can be seen that during the stator current
magnitude change at about t = 0.8 s a sudden increase in the
stator current magnitude as shown in Figures 19(c) and 20(c),
the maximum slip speed error for the ASMO estimator is less
than Δ𝜔s = 10 rad/s, as shown in Figure 19(b) while that of the
SMO estimator is aboutΔ𝜔s = 11 rad/s, shown in Figure 20(b).
Also, during the change, it can be seen that the adaptive gain
is adjusted on-line in order to reduce the chattering effect, as
it can be seen in Figure 19(d). However, it can be seen that
the slip speed waveform includes spikes which are mostly due
the fact that the adaptive gain is a function of the sliding sur-
face. Although the ASMO estimator is very sensible to the
dynamics of the stator current the spikes in the slip speed wave-
form does not affect the sensor-less operations. At about t =
5.2 s there is a decrease in the current magnitude to its initial
value. The adaptive gain is also adjusted on-line, as shown in
Figure 19(d).
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FIGURE 19 The transient performance during change in stator current
magnitude: (a) The actual slip speed, 𝜔s and the estimated slip speed, 𝜔̂s; (b)
The slip speed error, Δ𝜔s; (c) The d-axis stator current, isd ; and (d) The
adaptive gain, K (t ).

FIGURE 20 The transient performance: (a) The actual slip speed𝜔s and
the estimated slip speed 𝜔̂s; (b) The slip speed error, Δ𝜔s; and (c) the d-axis
stator current, isd .

It can be concluded that the ASMO estimator betters the
slip/angle estimation during transient compared to that of the
SMO estimator. Hence it improves the accuracy of the slip
speed/angle estimation.

6 CONCLUSION

A PLL-ASMO estimator for the sensor-less control of a grid-
connected rotor-tied DFIG systems has been assessed and
investigated in this paper. A grid-side converter control strat-
egy aiming at maintaining the DC-link voltage constant was
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proposed. The proposed PLL-ASMO estimator is based on
the association of the PLL estimator and the ASMO with the
aim of improving the performance of the proposed slip speed
estimator. Steady state and transient measurement results were
presented for operating conditions that are more likely to occur
in RDFIG operations. The performance of the proposed con-
trol strategy is validated through simulations and experimental
tests on a 5.5-kW custom-designed RDFIG. It has been shown
that the ASMO helps in reducing the noise (chattering) of
the estimated speed/position during standard operating con-
ditions of a 5.5-kW custom-designed RDFIG. Furthermore,
the slip speed error from the measurement results is less than
1.5 rad/s with accurate RDFIG parameters (Ls and Rs). With
inaccurate RDFIG parameters, the slip speed error is still less
that 4 rad/s. Therefore, the PLL-ASMO estimation method
robust. A comparative study between the PLL-ASMO estima-
tor and the PLL-SMO estimator has demonstrated that the
PLL-ASMO estimator performs better to the stator current
magnitude change with a smaller Δ𝜔s.

NOMENCLATURE

c a positive constant
e𝛼 the 𝛼-axis back-EMFs
e𝛽 the 𝛽-axis back-EMFs
is𝛼 the 𝛼-axis stator currents
is𝛽 the 𝛽-axis stator currents

J the inertia
K (t ) the adaptive gain

Lm the magnetizing inductance
Lr the rotor inductance
Ls the stator inductance
P the pole pairs
S the sliding surface

vs𝛼 the 𝛼-axis stator voltages
vs𝛽 the 𝛽-axis stator voltages

WECS Wind Energy conversion system
𝜙 the phase angle of the stator current in the slip

reference frame
sgn the signum function
𝜏m the mechanical torque
𝜃s the slip angle
𝜔g the rotor flux angular speed
𝜔r the electric rotor angular speed
𝜔s the slip speed|⃗is
r | the magnitude of the stator current space vector in the

slip reference frame
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