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Abstract—This paper proposes a wind speed estimation based
sensorless maximum wind power tracking control for variable-speed wind turbine generators (WTGs). A specific design of
the proposed control algorithm for a wind turbine equipped with
a doubly fed induction generator (DFIG) is presented. The aerodynamic characteristics of the wind turbine are approximated
by a Gaussian radial basis function network based nonlinear
input-output mapping. Based on this nonlinear mapping, the wind
speed is estimated from the measured generator electrical output
power while taking into account the power losses in the WTG
and the dynamics of the WTG shaft system. The estimated wind
speed is then used to determine the optimal DFIG rotor speed
command for maximum wind power extraction. The DFIG speed
controller is suitably designed to effectively damp the low-frequency torsional oscillations. The resulting WTG system delivers
maximum electrical power to the grid with high efficiency and
high reliability without mechanical anemometers. The validity of
the proposed control algorithm is verified by simulation studies
on a 3.6 MW WTG system. In addition, the effectiveness of the
proposed wind speed estimation algorithm is demonstrated by
experimental studies on a small emulational WTG system.
Index Terms—Doubly fed induction generator (DFIG), Gaussian
radial basis function network (GRBFN), sensorless control, variable-speed wind turbine, wind speed estimation.

I. INTRODUCTION
ARIABLE-SPEED wind generation systems are more
attractive than fixed-speed systems because of the more
efficient energy production, improved power quality, and improved dynamic performance during grid disturbances [1]–[3].
By adjusting the shaft speed optimally, the variable-speed
wind turbine generators (WTGs) can achieve the maximum
wind power generation at various wind speeds within the operating range. To implement maximum wind power extraction,
most controller designs of the variable-speed WTGs employ
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anemometers to measure wind speed in order to derive the desired optimal shaft speed for adjusting the generator speed. In
most cases, a number of anemometers are placed surrounding
the wind turbine at some distance to provide adequate wind
speed information. These mechanical sensors increase the
cost (e.g., equipment and maintenance costs) and reduce the
reliability of the overall WTG system [4].
Recently, mechanical sensorless maximum power point
tracking (MPPT) controls have been reported in [4]–[7], in
which the wind speed is estimated [4]–[6] for MPPT or the
maximum power point is determined without the need of
the wind speed information [7]. For instance, Bhowmik et
al. [5] use a polynomial to approximate the wind turbine
power coefficient; the wind speed is then estimated online by
calculating the roots of the polynomial using an iterative algorithm (e.g., Newton’s method or bisection method). However,
real-time calculation of the polynomial roots may result in a
complex and time-consuming calculation, therefore, reducing
system performance. In [6], Tan and Islam propose using an
autoregressive statistical model to predict the wind speed. This
method however may result in a complex computation and the
predicted wind speed is not accurate for online MPPT control.
In MPPT control of the variable-speed WTGs, the maximum
power point is commonly determined online from the WTG
power-speed curves using a lookup table based mapping. If the
mechanical output power from the wind turbine is known, this
lookup table in turn can be used to estimate the wind speed
[4]. However, to obtain an accurate wind speed estimation and
MPPT, this method requires significant memory space and
may result in a time-consuming search for the solution. In [7],
the MPPT is achieved by a fuzzy-logic-based control. For a
particular wind speed, the fuzzy control adaptively performs
an incremental/decremental search for the WTG shaft speed
along the direct to increase the output wind power, until the
system settles down at the maximum output power condition.
However, if the wind speed changes significantly from moment
to moment, this method may requires a long searching time to
locate the maximum power point.
Artificial neural networks (ANNs) are well known as a tool
to implement nonlinear time-varying input-output mapping. To
overcome the drawbacks of the methods in [5]–[6], Li et al.
[4] propose a multilayer perceptron neural network (MLPNN)
based wind speed estimation method for a direct-drive small
WTG system. This method provides a fast and smooth wind
speed estimation from the measured generator electrical power.
However, it is based on a lumped-mass shaft model and does not
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take into account the power losses of the WTG. For a WTG with
a gearbox, such as the wind turbine with a doubly fed induction
generator (DFIG) considered in this paper, this method could
not accurately estimate the wind speed because of the non-negligible power losses and the complex shaft system dynamics of
the WTG.
This paper proposes a new wind speed estimation based sensorless output maximization control for variable-speed WTGs.
A specific design of the proposed control algorithm is presented
for controlling a wind turbine equipped with a DFIG. First,
a Gaussian radial basis function network (GRBFN) is used to
provide a nonlinear input-output mapping for the wind turbine
aerodynamic characteristics. Based on this nonlinear mapping,
the wind speed is estimated from the measured generator electrical power while taking into account the power losses in the
WTG and the dynamics of the WTG shaft system. The optimal
DFIG rotor speed command is then determined from the estimated wind speed. To achieve the maximum wind power extraction, a suitable DFIG speed controller is designed while considering the damping of low-frequency torsional oscillations of the
WTG system. Other control issues, such as the reactive power
and voltage control, are also investigated in the entire control
system design. The resulting WTG system delivers maximum
electrical power to the grid with high efficiency and high reliability without mechanical anemometers. The validity of the proposed algorithm is verified by simulation studies on a 3.6 MW
WTG system in the PSCAD/EMTDC environment [8], as well
as by experimental studies on a small emulational WTG system.
II. WIND TURBINE GENERATOR MODEL
The basic configuration of a DFIG driven by a wind turbine is shown in Fig. 1. The wind turbine is connected to the
DFIG through a mechanical shaft system, which consists of a
low-speed shaft and a high-speed shaft and a gearbox in between. The wound-rotor induction machine in this configuration is fed from both stator and rotor sides. The stator is directly
connected to the grid while the rotor is fed through a variable
frequency converter (VFC). In order to produce electrical active power at constant voltage and frequency to the utility grid
over a wide operation range from subsynchronous to supersynchronous speed, the active power flow between the rotor circuit
and the grid must be controlled both in magnitude and in direction. Therefore, the VFC consists of two four-quadrant IGBT
PWM converters [rotor-side converter (RSC) and grid-side converter (GSC)] connected back-to-back by a dc-link capacitor
[9]. The crow-bar is used to short-circuit the RSC in order to
protect the RSC from over-current in the rotor circuit during
transient disturbances [10]. The parameters of the components
in Fig. 1 are listed in the Appendix.
A. Wind Turbine Aerodynamic Model
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Fig. 1. Configuration of a DFIG driven by a wind turbine connected to a power
grid.

where is the blade length in ,
is the wind turbine rotor
is the wind speed in m/s. The
- speed in rad/s, and
curves depend on the blade design and are given by the wind
turbine manufacturer. In this paper, the mathematical represencurves used for the 3.6 MW wind turbine is
tation of the
obtained by curve fitting, given by [11]
(2)
where the coefficients
are given in [11, Table 4–11]. The
13.
curve fit is a good approximation for values of 2
Values of outside this range represent very high and low wind
speeds, respectively, that are outside the continuous rating of the
machine.
, the mechanical power that
Given the power coefficient
the wind turbine extracts from the wind is calculated by [2], [11]
(3)
where is the air density in kg/m ,
is the area swept
. At a specific wind speed, there is a
by the rotor blades in
unique wind turbine rotational speed to achieve the maximum
, and thereby extract the maximum mepower coefficient,
chanical (wind) power. If the wind speed is below the rated
value, the wind turbine operates in the variable speed mode,
remains at the
and the rotational speed is adjusted such that
point. In this operating mode, the wind turbine pitch control is deactivated. However, if the wind speed increases above
the rated value, the pitch control is activated to increase the wind
turbine pitch angle to reduce the mechanical power extracted
from wind.
B. Modeling of the DFIG
The dynamic equation of a three-phase DFIG can be written
in a synchronously rotating – reference frame as [12]
(4)

The aerodynamic model of a wind turbine can be characterized by the well-known
- - curves.
is the power coefficient, which is a function of both tip-speed-ratio and the blade
pitch angle . The tip-speed-ratio is defined by

(5)

(1)

(7)

(6)
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where
is the rotational speed of the synchronous reference
is the slip frequency, and the flux linkages
frame,
are given by
(8)
(9)
(10)
(11)
;
;
,
and
where
are the stator leakage, rotor leakage and mutual inductances,
respectively. The per-unit electrical torque equation of the DFIG
is given by

(12)
Neglecting the power losses associated with the stator resistances, the active and reactive stator powers are given by
(13)
(14)

C. Modeling of the Shaft System
The shaft system of the WTG is represented by a two-mass
system [2], [11], in which separate masses are used to represent
the low-speed turbine and the high-speed generator, and the connecting resilient shaft is modeled as a spring and a damper. The
motion equations are then given by
(15)
(16)
(17)
where
and
are the turbine and generator rotor speed, reand
are the mechanical power of the turbine
spectively;
and the electrical power of the generator, respectively;
is an
and
are the inertia constants
internal torque of the model;
and
are the
of the turbine and the generator, respectively;
mechanical damping coefficients of the turbine and the generis the damping coefficient of the flexible
ator, respectively;
is the shaft stiffcoupling (shaft) between the two masses;
ness.

Fig. 2. GRBFN-based wind speed estimation.

an inverse function is using a lookup table. This method however requires much memory space and may result in a time-consuming search for the solution. In addition, real-time calculation of nonlinear function roots may result in a complex and
time-consuming calculation, therefore, reducing system performance. The ANNs, well known as a tool for nonlinear complex time-varying input-output mapping, can be an ideal technique to solve this problem. Therefore, the proposed wind speed
estimation algorithm in this paper is based on an ANN-based
input-output mapping that approximates the nonlinear inverse
function of (3), as shown in Fig. 2.
The ANN used in this paper is a three-layer GRBFN, which
has been shown to be a universal approximator [13]. The overall
input-output mapping for the GRBFN is given by
(18)
is the input vector,
is the center
where
of the th RBF units in the hidden layer, is the number of
RBF units, and
are the bias term and the weight between
is the output of
hidden and output layers respectively, and
the GRBFN that represents the estimated wind speed.
The GRBFN is trained offline using a training data set that
covers the entire operating range of the WTG. In this scheme,
and wind speed
are generthe samples of turbine speed
ated evenly in the operating range with the increments of
0.01 rad/s and
0.02 m/s, respectively. The pitch angle
is fixed when the wind speed is below the rated value. The
value of is varying and sampled only when the wind speed
exceeds the rated value. At each data sample of turbine speed,
,
, and
, the turwind speed, and pitch angle,
bine power sample
is calculated from (3). The entire training data set is then created by combining all the data
samples of turbine speed, turbine power, pitch angle, and wind
speed, given by
(19)

III. WIND SPEED ESTIMATION
where
A. GRBFN-Based Wind Speed Estimation
Given the information of the turbine power
, the wind turbine rotational speed , and the blade pitch angle , the wind
speed
can be calculated from the roots [5] or the nonlinear
inverse function of (3). A commonly used method to implement

(20)
(21)
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are the input and output training data sets, respectively; , ,
are the maximum numbers of data samples for turbine
and
speed, wind speed, and pitch angle, respectively.
After determining the training data set, the parameters of the
GRBFN, i.e., the number of RBF units, the RBF centers, width,
and the output weights, are calculated by an offline training and
optimization procedure as described in [14]. These parameters
are then fixed for online estimation of the wind speed. Since the
training data set covers the entire operating range of the WTG,
the resulting GRBFN provides an accurate wind speed estimation model over the entire WTG operating range.
B. Estimation of Wind Turbine Mechanical Power
Theturbinepower
isestimatedfromthegeneratorelectrical
power while taking into account the power losses in the WTG
as well as the dynamics of the WTG shaft system. Here the elecis measured at the DFIG terminals including the
trical power
stator power and the rotor power , i.e.,
(Fig. 1).Becauseof theuseofthegearbox, thereexisttwodifferent
masses on the WTG shaft system with different mechanical parameters. This causes a significant dynamic difference between
and the electrical power . Therefore,
the mechanical power
it is important to consider the dynamics of the WTG shaft system
from .
in order to estimate
Adding (15) and (16), and including the power losses in the
WTG yields
(22)
where
is the total power losses in the WTG referred to the
generator side. Rewriting (22) in the discrete-time format gives

(23)
Equation (23) estimates the turbine power
stant.

at any time in-

C. Estimation of Power Losses in the WTG
The estimation of the total losses
in the WTG takes into
account the gearbox losses
, the induction generator
, the losses in the RSC
, the losses in the
losses
, the losses in the step-up transformer
,
GSC
(see Fig. 1),
and the copper losses in the R-L-C filter
given by:
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Fig. 3. Equivalent circuit of the IGBT PWM converter.

denotes the gear mesh losses and the second term denotes the
no-load losses in the gearbox. According to [16], for a 3.6 MW
0.02 and
0.005 are reasonable.
gearbox, the constants
According to IEEE Std-112 part 5 [17], five types of losses
should be taken into account in induction generators
(26)
where
,
,
,
, and
are stator copper loss,
rotor copper loss, core loss, windage and frication loss, and
stray load loss, respectively. The stator copper loss is calcu, where is the per phase stator rms
lated by
current and is the stator resistance. The rotor copper loss is
, where
is the per
calculated by
phase rotor rms current,
is the rotor resistance, and
is
the voltage drop across the slip-ring. The core loss is calculated
, where
is the rms magnetizing current
by
is the equivalent core loss resistance. The windage and
and
frication loss is assumed to be constant over the entire operating
[18]. Finally, the stray load loss is
range, given by
, as specified by the IEEE
assumed to be constant at
Std-112 method E1 [17] for a 3.6 MW induction generator at
rated load. By estimating each loss component separately, the
resulting total losses can be estimated accurately (within
error) from (26) [19].
An equivalent circuit of the IGBT PWM converter is shown
in Fig. 3, where each transistor is equipped with a reverse
diode. The losses of the converter can be divided into switching
losses and conduction losses [20], [21]. The switching losses of
the transistors consist of turn-on and turn-off losses; while the
switching losses of the diodes are mainly turn-off losses, i.e.,
reverse recovery energy. As shown in [15], the switching losses
of the transistor and the inverse diode can be expressed as

(27)
(28)

(24)
The gearbox losses are calculated by [15]
(25)
where is the gear mesh losses constant, is the friction conis nominal power of the WTG, and
is the nominal
stant,
generator speed. In the right hand side of (25), the first term

where
and
are the turn-on and turn-off energy losses
of the transistor, respectively;
is the nominal current of
is the rms value of the converter ac-side curthe transistor;
is the reverse recovery energy of the diode;
is the
rents;
switching frequency.
To calculate the conduction losses, the transistor and the
and
diode can be modeled as constant voltage drops,
, and a resistor in series,
and , as shown in Fig. 3.
Simplified expressions of the transistor and diode conduction
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losses for a transistor leg are given by [22]

TABLE I
COMPARISON OF DIFFERENT WIND SPEED ESTIMATION METHODS

(29)

(30)
where
is the modulation index, and is the phase shift angle.
For the values of the transistor and the diode parameters in this
paper (see Appendix), the conduction losses in (29) and (30) can
be further simplified as
(31)
The total losses of the IGBT PMW converter that consists of
three transistor legs are
(32)
Since the VFC consists of two back-to-back IGBT PWM converters: the RSC and the GSC, the losses of both converters can
be calculated by (27)–(32).
and copper losses
(see
Based on the no-load losses
Appendix), the total losses of the transformer at certain operating condition can be calculated by
(33)
where
is the measured per phase stator rms voltage of the
is the nominal per phase voltage at the transformer
DFIG,
HV terminal, is the measured ac-side rms current of the GSC,
is the nominal rms current at the transformer LV terminal.
Finally, the copper losses in the R-L-C filter are calculated as
(34)
D. Comparison of the GRBFN-Based Wind Speed Estimation
Algorithm With Other Methods
The proposed wind speed estimation algorithm is compared
with other two methods, i.e., polynomial roots method and
lookup table method, in terms of the computational time
and the required memory space. The data set described by
(19)–(21), which covers the entire operating range of the
WTG, is used to build the lookup table. It provides a nonlinear
. For a particular operating
mapping of
, , and , the value
point with the known information of
of the wind speed
can be obtained by interpolation using
the data from the lookup table. For the proposed method, the
dimension of the three-layer GRBFN is 3 8 1, i.e, three
inputs, eight RBF units in the hidden layer, and one output. The
parameters of the GRBFN are calculated by an offline training
and optimization procedure as described in Section III-A and

in [14]. The three methods are implemented in MATLAB and
the required computational time is compared in Table I. The
proposed GRBFN-based method is seventeen times faster than
the polynomial roots method and five times faster than the
lookup table method.
In addition, the proposed method and the polynomial roots
method only require a little memory space (less than two hundred bytes) to store the ANN parameters and the polynomial
coefficients, respectively, for their implementation. On the
contrary, the lookup table method requires a large amount of
memory space to store the table data for its real-time implementation. For example, to store a three-dimensional table with
the number of elements of 500 100 100 in a 4-byte float
format, it requires 20 Megabytes memory space. This obviously
increases the cost of hardware and reduces system performance
(especially when using the external memory).
IV. OUTPUT MAXIMIZATION CONTROL OF THE WTG
The DFIG wind turbine control system generally consists of
two parts: the electrical control on the DFIG and the mechanical control on the wind turbine blade pitch angle. Control of the
DFIG is achieved by control of the VFC, which includes control
of the RSC and control of the GSC. The objective of the RSC is
to govern both the stator-side active and reactive powers independently; while the objective of the GSC is to keep the dc-link
voltage constant regardless of the magnitude and direction of the
rotor power. The GSC control scheme can also be designed to regulate the reactive power or the stator terminal voltage of the DFIG.
A. Sensorless Maximum Wind Power Tracking
When the WTG operates in the variable-speed mode, the
pitch angle is fixed. According to (2), the power coefficient
is a fourth-order polynomial of the tip-speed ratio . To extract
the maximum active power from the wind, the shaft speed of
the WTG must be adjusted to achieve an optimal tip-speed ratio
, which yields the maximum power coefficient
. The
can be calculated from the roots of the derivative
value of
of the polynomial in (2). Then, based on the estimated wind
speed , the corresponding optimal generator speed command
for maximum wind power tracking is determined by
(35)
The block diagram of the GRBFN-based sensorless maximum wind power tracking algorithm is shown in Fig. 4. Since
the wind speed is normally varying fast and randomly, but the
responses of the WTG are relatively slow due to its inertia, a
low-pass filter is necessary to provide a smooth rotor speed
command to the DFIG, as shown in Fig. 4. The bandwidth of
this low-pass filter should be less than or comparable to the
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extraction. The design of such a speed controller should take
into account the dynamics of the WTG shaft system. In terms
of (15)–(17), the transfer function from the generator electrical
torque, , to generator rotor speed, , for the two-mass shaft
0) is given by
system (with
(36)
Fig. 4. Block diagram of the GRBFN-based sensorless maximum wind power
tracking.

which can be viewed as a lumped-mass system,
, on the left and a bi-quadratic function on the right. PI
controllers are normally designed to control the lumped-mass
system. The bi-quadratic function causes instability by altering
the phase and gain of the lumped-mass system [23]. On most
, is small so that
practical WTGs, the damping coefficient,
the torsional oscillations are lightly damped if no specifically
designed damping control is present in the WTG controllers.
The oscillating frequencies are given by

(37)
Fig. 5. GRBFN-based sensorless maximum wind power tracking.

bandwidth of the DFIG speed controller in order to achieve
a stable speed tracking. More details will be discussed in
Section IV-B.
Fig. 5 illustrates the principle of the GRBFN-based sensorless
maximum wind power tracking algorithm. It is assumed that the
WTG initially operates at a non-optimal operating point A. The
from the turbine speed
GRBFN estimates the wind speed
and the estimated turbine mechanical power
at point
A. The corresponding optimal generator speed reference
is
determined by (35). The generator speed is then controlled to
track the desired optimal speed reference where the WTG exfrom the wind. The opertract the maximum active power
ating point of the WTG therefore moves from A to the optimal
operating point B at the wind speed .
Thereafter, the wind speed changes while the WTG still op. As a result, the wind
erates with the turbine speed at
turbine mechanical power changes from
to
to adapt
to the new wind speed. The WTG now operates at a non-optimal operating point C due to the variation of the wind speed.
and the estimated turbine meBased on the turbine speed
chanical power
at point C, the proposed algorithm estiand determines the optimal generator
mates the wind speed
. The generator speed is then controlled to
speed reference
track the optimal speed reference to extract the maximum power
from the wind. The operating point of the WTG therefore
moves from C to the new optimal operating point D to adapt to
.
the new wind speed

where
. The value of is typically less than several Hz
on most practical WTGs.
To improve the damping of the low-frequency torsional oscillations of the WTG shaft system, the speed controller has to be
designed so that the closed-loop system has a sufficiently low
bandwidth less than . The speed controller therefore acts as a
low-pass filter to reduce the gains at the oscillating frequencies.
C. Control of the RSC
The RSC control scheme is expected to achieve the following
objectives: 1) regulating the DFIG rotor speed for maximum
wind power capture; 2) maintaining the DFIG stator output
voltage frequency constant; and 3) controlling the DFIG reactive power. In the DFIG-based wind generation system, these
objectives are commonly achieved by rotor current regulation
on the stator-flux oriented reference frame [12].
In the stator-flux oriented reference frame, the -axis is
aligned with the stator flux linkage vector , namely,
and
. This yields the following relationships:

(38)
(39)
(40)
(41)

B. Design of the Speed Controller

(42)

A suitably designed speed controller is essential to track the
for maximum wind power
optimal generator speed reference

(43)
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Fig. 6. PI-type DFIG speed controller with anti-windup design.

where
(44)

Fig. 7. Overall vector control scheme of the RSC:
v = s! (L i + L i =L ).

v

=

0s! L i

,

(45)
Equations (36) and (40) indicate that the DFIG rotor speed
can be controlled by regulating the -axis rotor current components, ; while (41) indicates that the stator reactive power
can be controlled by regulating the -axis rotor current compoand
can
nents, . Consequently, the reference values of
and
regulation.
be determined directly from the
Fig. 6 shows the diagram of the PI-type speed controller that
for maximum wind power exgenerates the reference value
is determined from the maxtraction. The speed command
imum wind power tracking algorithm shown in Fig. 4. To overcome the windup phenomenon of PI controllers, the anti-windup
scheme [24] shown as the dash-line block is applied for the
speed controller as well as all other PI controllers in this paper.
is given by
.
The gain
In this paper, the two oscillating frequencies of the DFIG
0.936 Hz and
2.248 Hz. To suffiWTG system are
ciently damp the low-frequency torsional oscillations, the basic
and , of the speed conprinciples to select the PI gains,
troller (Fig. 6) are as follows. First, the cutoff frequency of the
, should be less than 1 of the oscillating
speed controller,
frequency

Fig. 8. Overall vector control scheme of the GSC.

Fig. 9. Single-line diagram of a DFIG driven by a wind turbine connected to a
power system.

(46)
Generally, the value of should be larger than 5. Second, the
speed controller should reduce the gains of the system (36) at
the oscillating frequencies by more than dB, which means that
(47)
Generally, the value of is selected less than 20 dB in order
to provide the system with satisfactory damping. Based on (46)
and can be approximately deterand (47), the ranges of
and can be obtained by invesmined. The final values of
tigating the system responses in time-domain at the nominal or
other desired operating conditions. The issues of selecting
and will be further studied in Section V by time-domain simulations.
Fig. 7 shows the overall vector control scheme of the RSC. In
the d-q reference frame, there exists cross-coupling terms between the -axis and -axis components. As shown in (42) and

(43),
and
depend on both
and . The coupling may
deteriorate the current loop response if it is not well compensated. To improve the transient performance of the current loops,
a simple decoupling scheme is applied in which the cross-coupling terms in (42) and (43) are not included in the current loop
and
PI controller design. The resulting voltage components
only depend on -axis and -axis currents,
and
,
respectively, and therefore can be regulated independently by
and . This decoupling provides the current loop with fast
response and improved dynamic performance. The outputs of
two current controllers are compensated by the corresponding
and
, to form the total voltage
cross-coupling terms,
and
. They are then used by the PWM module to
signals,
generate the IGBT gate control signals to drive the IGBT converter. The reactive power control of the RSC can be applied to
achieve the desired power factor at the connection point of the
WTG. When the WTG feeds into a strong power system, the reactive power command of the RSC can be simply set to zero.
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Fig. 10. Wind power estimation results. (a) Actual and estimated mechanical power that the wind turbine extracts from the wind. (b) Wind power estimation errors.

Fig. 11. Wind speed estimation results. (a) Actual and estimated wind speed. (b) Wind speed estimation errors.

D. Control of the GSC

A. Wind Speed Estimation

The objective of the GSC is to keep the dc-link voltage
constant regardless of the magnitude and direction of the rotor
power. If the RSC has been arranged for reactive power control,
then the GSC control scheme can be designed to regulate directly the stator terminal voltage of the DFIG. This arrangement
can mitigate terminal voltage fluctuations of the DFIG caused
by the variations of the wind speed, and therefore improve the
power quality when the WTG is connected to a weak power
network [25].
Fig. 8 shows the overall control scheme of the GSC. The control of the dc-link voltage and the DFIG stator terminal voltage
and ) is also achieved by current regulation on a syn(
chronously rotating reference frame. The output voltage signals,
and
, from the current controllers are used by the PWM
module to generate the IGBT gate control signals to drive the
GSC. Again, the – decoupled current control is applied to improve the transient performance of the inner current loop.

In the real system, the wind speed is always fluctuated. A
four-component wind model as defined in [26] is applied to
evaluate the performance of the proposed GRBFN-based wind
speed estimation algorithm. To estimate the wind speed, the mechanical power that the wind turbine extracts from the wind
must be firstly estimated from the measured DFIG electrical
power based on (23)–(34). This estimation takes into account
the losses of the WTG and the dynamics of the WTG shaft
system. Fig. 10 shows that the wind power is accurately estimated with the estimation errors within 0.1 MW, which is less
than 3% of this WTG power rating.
Based on the estimated wind power, the wind speed is then
estimated by the proposed algorithm (Fig. 2). Fig. 11 shows the
wind speed estimation results. The estimated wind speed tracks
the actual wind speed with good precision and the estimation
errors are almost kept within 0.2 m/s [Fig. 11(b)].
Based on the estimated wind speed, the optimal DFIG rotor
for maximum wind power extraction is despeed command
termined. Fig. 12(a) shows that the rotor speed is well controlled
to track its reference accurately during wind speed variations.
The tracking errors are kept within 0.2 rad/s as shown in Fig.
12(b), which is less than 0.11% of the actual rotor speed. The
resulting tip-speed-ratio of the wind turbine is varying around
6.0 as shown in Fig. 12(c). The variations of tip-speed-ratio are
caused by fast variations of the wind speed and the relatively
slow responses of the WTG system. However, the average value

V. SIMULATION STUDY
Considering a grid connected wind turbine driving a DFIG as
shown in Fig. 9. The WTG represents a 3.6 MW variable-speed
wind turbine equipped with a DFIG [11]. It is connected to the
grid through a step-up transformer and two parallel lines. A
three-phase balanced electric load at bus 3 draws a constant active power and reactive power from the system. The parameters
of the WTG and the power network are given in Appendix.
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Fig. 12. Performance of the DFIG speed controller for maximum wind power extraction. (a) Reference and actual rotor speed. (b) Rotor speed tracking errors.
(c) Actual and average tip-speed-ratios of the wind turbine.

Fig. 13. DFIG output electrical power.

of the tip-speed-ratio is 5.95, which is very close to the optimal
tip-speed-ratio
5.96.
Fig. 13 shows the results of the DFIG electrical power. Compared to the results in Fig. 10, the dynamic difference between
the turbine mechanical power and the DFIG electrical power is
caused by the shaft system dynamics and the losses of the WTG.

B. DFIG Speed Controller for Damping Torsional Oscillations
Due to the electromechanical interaction between the wind
turbine shaft system and the power network, grid disturbances

may excite shaft torsional oscillations, primarily, in the shaft
system equipped gearbox [2]. The torsional oscillations can be
seen in the fluctuations of the generator rotor speed, which will
also lead to the fluctuations of the electric parameters of the generator, such as the electrical power and rotor current. Excessive
speed fluctuations may cause excessive rotor current reaching
the trip limit of the converter. When the torsional oscillations
of the shaft system are insufficiently damped, the wind turbine
might have to be disconnected. As shown in the previous section, in order to damp low-frequency torsional oscillations of
the WTG, the gain and bandwidth of the DFIG speed controller
must be properly designed.
The ranges of the integral and proportional gains of the speed
controller (Fig. 6) can be firstly selected in the frequency domain using (46) and (47). The final values of and are then
designed by time-domain simulations.
Assuming that the wind speed is step changed from 10 m/s to
10 s, Fig. 14 shows the responses of the DFIG
13.5 m/s at
when using different integral gains,
output active power
where
(
0.1,
0.2,
1.0, and
4.0). A larger integral gain
gives a higher
bandwidth for the closed-loop system. These results indicate
should be used. It provides the closedthat the smallest gain
loop system with a sufficient low bandwidth so that the lowfrequency torsional oscillations are sufficiently damped.
0.1. The same step
Now the integral gain is fixed at
10 s.
change as in Fig. 14 is applied to the wind speed at
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Fig. 14. Responses of the DFIG output active power P to a step change of
the wind speed when using different integral gains for the speed controller.
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shown in Fig. 16(b). The differences of the DFIG stator terminal voltage between these two cases are shown in Fig. 16(c).
The range of the voltage differences with respect to the nomduring the steady state but is
inal voltage is within
during the transient state. The reasoning is
increased to
that the DFIG system is not ideally decoupled so that the rotor
speed and the active power still have slight influence on the reactive power and the terminal voltage. In conclusion, the results
in Fig. 16 show that the proposed wind speed estimation based
sensorless control system provide an effective and accurate control to the WTG during large transient disturbances.
VI. EXPERIMENTAL VERIFICATION

Fig. 15. Responses of the DFIG output active power P to a step change of
the wind speed when using different proportional gains for the speed controller.

Fig. 15 shows the responses of
when using different proportional gains for the speed controller, where
(
0.01,
0.04,
0.1, and
0.5).
The best damping is achieved by using the gain
.
C. Grid Disturbances
A three-phase short circuit is applied to the bus 4 end of line
2 (Fig. 9) at
10 s; 200 ms thereafter, the fault is cleared
and line 2 is tripped off from the system. Fig. 16 compares the
and terminal
responses of the DFIG output active power
voltage
by using the measured and estimated wind speeds,
respectively. In the decoupled control of the DFIG, the speed
control and the resulting output active power depend on the estimated wind speed. During the transient state of this large disturbance, the performance of wind power estimation degrades; so
does the performance of wind speed estimation. Consequently,
the performance of the DFIG speed control degrades slightly
during the transient state when using the estimated wind speed.
This causes slight differences of the DFIG output active power
between the cases of using measured and estimated wind speeds,
as shown in Fig. 16(a). The performance of the DFIG speed
control is improved when the system returns back to the steady
state. Fig. 16(a) shows that the active power response of the
WTG using the estimated wind speed is still close to that using
the measured wind speed, and the differences are kept within
the acceptable range, even during the transient disturbances. On
the other hand, the reactive power and voltage control of the
DFIG are relatively independent of the wind speed. Therefore
the DFIG stator voltage responses are almost same for the WTG
system using both the measured and estimated wind speeds, as

The proposed wind speed estimation based sensorless maximum wind power tracking control can be applied to other WTG
systems. Here the essential part is the wind speed estimation because a high-performance maximum power tracking control relies on accurate wind speed information. To accurately estimate
the wind speed for other WTG systems, the power losses in the
WTG and the dynamics of the WTG shaft system need to be
appropriately considered, as for the DFIG wind turbine system
in Section III.
Laboratory measurements are carried out to verify the effectiveness of the proposed wind speed estimation algorithm.
Fig. 17 shows the hardware configuration of the experimental
system. A squirrel-cage induction generator (IG) is driven by
a dc motor with the fixed field voltage. The armature winding
of the dc motor is connected to a reversible variable dc voltage
source, so that the armature voltage can be varied to emulate the
variations of the wind power that is caused by wind speed variations. The wind turbine aerodynamic model is implemented on
a personal computer (PC). Based on the wind turbine aerodynamic model, the emulated actual wind speed is then obtained
from the emulated actual wind power (i.e., the measured electrical input power, , of the dc motor). The required voltages
and currents are measured by hall-effect voltage and current
transducers. These measurements are then input to the lab PC
for the implementation of the proposed wind speed estimation
algorithm.
The experiment setup is shown in Fig. 18. The system parameters are listed as follows.
DC motor: rated power 10 Hp, rated armature voltage
125 V, armature resistance
0.2857 , field
47.6 .
resistance
7.5 Hp, number of
Induction generator: rated power
poles 4, rated stator voltage 230 V, rated stator current
19.6 A,
0.148 ,
0.134 ,
0.043 H,
1.1 mH,
1.6 mH.
1 s.
The inertia constant of the system:
To demonstrate the performance of the proposed wind speed
estimation algorithm, the armature voltage of the dc motor in
Fig. 18 is varied to emulate variable wind speed condition. The
resulting emulated variable wind power (i.e., the electrical input
power, , to the dc motor) is applied as the input to the dc
in
motor. The electrical output power of the system (i.e.,
Fig. 17) is measured at the point where the system is connected
to the utility network, as shown in Fig. 19(a). By considering
the losses and the shaft dynamics of the system, the emulated
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Fig. 16. Responses of the DFIG during a three-phase short circuit. (a) DFIG output active power P
DFGI stator terminal voltage V .

1

Fig. 17. Hardware configuration of the experimental system.

wind power is accurately estimated from the measured electrical output power , as shown in Fig. 19(a). Compared to
the DFIG WTG system in the previous sections, the moment of
inertia of the experimental system is much smaller and therefore the system response is much faster. Consequently, the electrical output power and the emulated wind power are almost in
phase. Fig. 19(b) shows that the wind power estimation errors
are within 0.15 kW, which is less than 3% of the system power
rating.
Based on the estimated wind power, the wind speed is then
estimated by the proposed algorithm (Fig. 2) and the results are
shown in Fig. 20. The wind speed varies within the range of
10–13 m/s. The estimated wind speed tracks the emulated actual
wind speed with good precision and the estimation errors are
within a small range of 0.15 0.1 m/s.

. (b) DFIG stator terminal voltage V . (c) Differences of the

These experimental results show that the proposed wind
speed estimation algorithm works perfectly to online estimate
the wind speed by using the measured electrical output power
of the WTG. This is the essential part of the proposed control
algorithm, because it provides the accurate wind speed information for implementing a high-performance maximum wind
power tracking control without anemometers. The experimental
results not only verify the theoretic and simulation studies of
the proposed algorithm but also demonstrate the effectiveness
of the proposed algorithm to more than one type of WTG
systems.
VII. CONCLUSION
To achieve maximum wind power extraction, most control
systems of the variable-speed wind turbine generators (WTGs)
employ anemometers to measure wind speed so that the desired
optimal shaft speed can be derived. These mechanical sensors
increase the cost and reduce the reliability of the WTG system.
Recently, mechanical sensorless maximum power tracking controls, based on direct or indirect wind speed estimation or prediction, have been reported by some researchers. These sensorless control algorithms, however, have some obvious drawbacks: 1) requiring significant memory space, 2) requiring complex and time-consuming calculations, and/or 3) not accurate for
real-time control. These drawbacks reduce WTG system performance.

QIAO et al.: WIND SPEED ESTIMATION BASED SENSORLESS OUTPUT MAXIMIZATION CONTROL

1167

Fig. 18. Experiment setup.

Fig. 19. Experimental wind power estimation results. (a) Actual and estimated wind power. (b) Wind power estimation errors.

This paper has proposed a wind speed estimation based
sensorless output maximum control for variable-speed WTG
systems. A specific design of the proposed control has been
presented for a wind turbine driving a DFIG. A Gaussian radial
basis function network (GRBFN) is used to provide a nonlinear
input-output mapping for the wind turbine aerodynamic characteristics. The turbine mechanical power is estimated from the
measured generator electrical power while taking into account
the power losses of the WTG and the dynamics of the WTG
shaft system. Based on the nonlinear GRBFN mapping, the
wind speed is estimated from the turbine mechanical power
and speed. The optimal DFIG rotor speed command is then
determined from the estimated wind speed. To achieve the
maximum wind power extraction, a DFIG speed controller
has been suitably designed (gain and bandwidth) so that the
low-frequency torsional oscillations of the WTG have been
sufficiently damped. Other control issues, such as the reactive

power and voltage control, have also been investigated in the
entire control system design.
Simulation studies have been carried out on a 3.6 MW WTG
system to verify the proposed sensorless control system. Results have shown that the wind speed was accurately estimated
under both normal and transient operating conditions. The resulting WTG system delivered maximum electrical power to the
grid with high efficiency and high reliability without mechanical
anemometers. In addition, the proposed algorithm can be applied to other WTG systems. Its effectiveness has been further
demonstrated by experimental studies on a small emulational
WTG system.
APPENDIX
Wind turbine: rated capacity 3.6 MW, number of blades
3, rotor diameter
104 m, swept area
8495 m ,
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Fig. 20. Experimental wind speed estimation results. (a) Actual and estimated wind speed. (b) Wind speed estimation errors.

rotor speed (variable) 8.5–15.3 rpm, cut-in wind speed
3.5 m/s, cut-out wind speed 27 m/s.
4.29 s,
Mechanical shaft system (on 3.6 MW base):
0.9 s,
0,
1.5 pu,
296.7 pu.
Wound rotor induction generator (on 3.6 MW, 4.16 kV
3.6 MW, rated stator voltage
bases): rated power
4.16 kV, number of poles
4, power factor
0.9
0.9,
0.0079 pu,
0.025 pu,
66.57 pu,
0.07937 pu,
0.40 pu,
4.4 pu,
60 Hz.
base frequency
0.01 ,
Other components in Fig. 1: filter:
5 mH,
2 F,
5 mH; dc-link capacitor:
20 mF; step-up transformer: MVA rating 1.5 MVA, turn
0.15%, copper
ratio 1.15/4.16 kV, no-load losses
1%.
losses
2.2 V,
0.8 m ,
250 mJ,
Transistor:
300 mJ,
800 A,
2 kHz.
1.7 V,
0.7 m ,
150 mJ.
Diode:
Power network in Fig. 9 (on 3.6 MVA, 34.5 kV bases):
0.001 pu,
0.03 pu,
0.02 pu,
0.002 pu,
0.08 pu,
0.008 pu.
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