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This paper presents an improved maximum-power-point tracking algorithm for wind-energy-conver-
sion-systems. The proposed method significantly reduces the turbine mechanical stress with regard to
conventional techniques, so that both the maintenance needs and the medium time between failures
are expected to be improved. To achieve these objectives, a sensorless speed control loop receives its ref-
erence signal from a modified Perturb&Observe algorithm, in which the typical steps on the reference
speed have been substituted by a fixed and well-defined slope ramp signal. As a result, it is achieved a
soft dynamic response of both the torque and the speed of the wind turbine, so that the whole system
suffers from a lower mechanical stress than with conventional P&O techniques. The proposed method
has been applied to a wind turbine based on a permanent magnet synchronous generator operating at
variable speed, which is connected to the distribution grid by means of a back to back converter.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The use of renewable energy has been increased in the last dec-
ade due to the high cost of fossil fuels and the different agreements
among the industrialized countries with the aim of reducing CO2

emissions. Particularly, wind-energy-conversion-systems (WECS)
are considered as the most cost effective of all the currently
exploited renewable sources [1]. In fact, some countries like Ger-
many, USA and Spain get a considerable amount of generated
power from WECS, which is getting comparable to conventional
generation sources.

In the design of WECS, two major issues may be pointed out.
The first one is the variable and unpredictable availability of the
wind. The second one is the strong dependence that it exists be-
tween the turbine aerodynamics, the generator speed and the
amounts of power that may be extracted from the wind. Therefore,
the use of a maximum-power-point tracking (MPPT) algorithm [2–
4] is mandatory to extract as much power as possible from the
wind when it becomes available. MPPT algorithms may work at
an almost constant generator speed by actuating on the turbine
aerodynamics, but the use of variable speed systems increases
the global conversion efficiency [5]. Additionally, the costs of the
WECS can be reduced if a fixed pitch angle is chosen.
ll rights reserved.
A large number of MPPT techniques has been proposed for both
photovoltaic [6,7] and wind generators [4,8,9]. Some of them need
an accurate knowledge of the turbine parameters and the measure-
ment of the wind speed to calculate the value of the speed gener-
ator that allows operating close to the maximum power point
(MPP) [8]. Therefore, they are sensitive to modeling uncertainties
and may become ineffective in some cases. An interesting method
to achieve MPPT in wind turbines is the so called Perturb&Observe
algorithm (P&O) [10]. This technique has been extensively used in
power processing of photovoltaic panels. In the context of variable
speed WECS, P&O continuously modifies the turbine operation
point, by increasing or decreasing the generator speed following
the sign of the measured power variations. As a result, MPPT can
be achieved without the need of either an accurate knowledge of
the turbine parameters or the actual wind speed. However, be-
cause of the wind turbine characteristics, small changes in the gen-
erator speed may result in large variations of the torque that is
applied to the mechanical transmission among the wind turbine
and the electrical generator [2,3]. This fact could increase the
maintenance needs and reduce the medium time between failures
(MTBF) of the WECS, so that the exploitation benefits may be com-
promised. To solve this problem, an adaptive P&O was proposed in
[3] to reduce the size of the speed steps when the WECS is close to
an MPP. Unfortunately, with strongly varying wind conditions the
maximum power operation point can change quickly, so that the
mechanical stress may be not significantly reduced. Another ap-
proach was proposed in [11], where low-pass filters were added
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to the speed controller to achieve a soft dynamic response of the
WECS.

It is worth to point out that the energy available at high wind
speeds may exceed the maximum power that it can be processed
by the WECS. When this situation appears, the MPPT operation
mode must be stopped and the extracted power must be limited
to the nominal one of the WECS. This mode of operation is called
constant power region (CPR).

This work presents a modification of the conventional P&O
algorithm applied to WECS, in which the typical steps on the ref-
erence speed have been substituted by a fixed and well-defined
slope ramp signal. The goal of this modification is to achieve a
soft transition between two algorithm iterations, so that the gen-
erator torque response is less aggressive and therefore, the
mechanical transmission stress among the wind turbine and the
electrical generator is significantly reduced. From an applied
point of view, the consequence of the proposed method is that
both the maintenance needs and the MTBF of the WECS are ex-
pected to be improved, so that the exploitation benefits can be in-
creased. Moreover, to avoid the additional costs associated to the
use of speed sensors, a sensorless technique based on a simplified
Kalman filter [12] has been chosen to close the turbine speed
control loop. Besides, a variable control structure that was pro-
posed in [13] has been used to eliminate the P&O steps when
the turbine works into CPR. Conventionally, in this operation
mode the P&O algorithm is modified to limit the extracted power
below the nominal one of the system. As a result, the steps on the
speed reference do not drive the turbine to the maximum point of
the power vs. speed characteristic, but to a point that is limited
by the nominal power of the WECS. With the proposed approach,
a linear power control loop is used to maintain the extracted
power close to the nominal one, so that the reference for the
speed control loop follows the output of a relatively slow power
controller instead the steps calculated by the P&O algorithm. It
is worth pointing out that the mechanical stress in the CPR oper-
ation mode is also reduced by applying the proposed variable
control structure. A detailed description of the design of the linear
power control loop may be found in [13].

The proposed techniques have been applied to a WECS based on
a PMSG operating at variable speed, which is connected to the dis-
tribution grid by means of a back to back converter (see Fig. 1). In
variable speed wind generation systems it is usual to choose a per-
manent magnet synchronous generator (PMSG) because, among
other advantages, the use of a gearbox can be avoided. The control
of the grid side inverter is out of the scope of this paper, but a de-
tailed description may be found in [14].

The paper is organized as follows. Section 2 presents a small-
signal model of both the PMSG and the aerodynamic characteris-
tics of the wind turbine. Section 3 shows the analysis and design
of the speed control loop. The dynamic response of the turbine
power to changes in the reference speed is also analyzed in Section
3. Section 4 describes both the conventional and the proposed P&O
Fig. 1. General scheme of the win
algorithms. In Section 5 some simulations results are presented,
showing the response of the proposed control scheme to wind
speed variations. Finally, in Section 6 some conclusions are out-
lined about the performance achieved by the proposed P&O algo-
rithm with regard to the conventional one.
2. Small-signal modeling of permanent magnet synchronous
generators and wind turbines

2.1. Permanent magnet synchronous generators model

Fig. 2a and Eq. (1) show a model of PMSG with a sinusoidal
flux distribution, represented in a stationary three-phase frame
[15]. Rs and L are the stator resistance and inductance, respec-
tively. ua is the phase to neutral terminal voltage and ea is the
phase to neutral electromotive force (EMF) driven by the perma-
nent magnets. After applying Park’s transform, Eqs. (2) and (3) re-
sult, which represent a model of the PSMG in a synchronous
reference frame, also called the d–q frame. Fig. 2b shows the cor-
responding equivalent circuit. Note that, because of the large va-
lue of the PMSG inductances, the output voltage of the generator
can be directly connected to the rectifier, avoiding the use of
additional filter inductors.
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Both d and q components of the stator induced flux are described by
Eqs. (4) and (5). usd and usq are the stator terminal voltages, Isd and
Isq are the stator currents, WPM is the magnetic flux produced by the
permanents magnets, and Ld and Lq are the equivalent stator induc-
tances in the dq synchronous reference system.

wsd ¼ Ldisd �WPM ð4Þ
wsq ¼ Lqisq ð5Þ

The electrical torque applied to the PMSG rotor is represented
by (6), where P is the number of the machine poles. By considering
a PMSG without rotor saliency (where Ld = Lq), and applying the so
called Isd = 0 technique [16], the expression of the generator torque
can be simplified as expressed by Eq. (7). As a consequence, the
electrical torque may be controlled simply by regulating the active
current Isq.

Te ¼
P
2
½WPMisq � ðLd � LqÞisdisq� ð6Þ

Te ¼
P
2
½WPMisq� ð7Þ
d energy conversion system.



Fig. 2. Equivalent circuits of a PMSG: (a) in a stationary three-phase reference frame and (b) in a synchronous reference frame.
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2.2. Wind turbine model

The power generated by the turbine follows Eq. (8), where q is
the density of the air, r is the wind turbine ratio, Vw is the wind
speed, and Cp(k) is the power coefficient, which depends on the
tip-speed-ratio parameter, k. Cp(k) strongly depends on the wind
turbine aerodynamics [17] and it has been modeled following
Eqs. (9) and (10), respectively, where x is the turbine rotational
speed expressed in rad/s. It is worth pointing out that a, b, c, d, e
and f parameters are constant if a fixed pitch angle is considered.

Pr ¼
1
2
qpr2cpðkÞV3

w ð8Þ

CpðkÞ ¼ aþ bkþ ck2 þ dk3 þ ek4 þ f k5 ð9Þ

k ¼ rx
Vw

ð10Þ

From Eq. (8), it may be obtained the expression of the turbine tor-
que, Tr, following Eq. (11).

Tr ¼
1
2
qpr3cqðkÞV2

w ð11Þ

where Cq(k) is the torque coefficient, which follows Eq. (12).

CqðkÞ ¼
cpðkÞ

k
ð12Þ

Fig. 3 shows the aspect of both Cp(k) and Cq(k) characteristics as a
function of the tip-speed ratio. Note that both power and torque
coefficients are non-dimensional terms.
Fig. 3. Power and torque coefficients vs. tip-speed ratio characteristics.
The whole mechanical system is composed by both the wind
turbine and the PMSG, with a global dynamic response that fol-
lows Eq. (13). J is the turbine and rotor system inertia in kg m/s2,
Br is the friction coefficient that will be insignificant for the later
analysis, Tr is the wind turbine torque, and Te is the PMSG elec-
tromagnetic torque. By considering small-signal variations
around an operation point and neglecting the friction term, it re-
sults Eq. (14), where s is the variable of the Laplace transform. It
is worth pointing out that, in the control of motor drives based
on permanent magnet synchronous machines, Tr is normally
considered as a disturbance input of the system. However, in
the case of WECS, the mechanical torque strongly depends on
the PMSG speed, as Eqs. (10)–(12) express. Therefore, the
mechanical torque should not be considered as an external
disturbance.

Note that in this section each of the variables, say x, is composed
by the sum of its DC value at the operation point, X, plus its dy-
namic small-signal value, ~xðsÞ, following the expression:
x ¼ X þ ~xðsÞ.

A linear expression of Tr can be derived by means of a first order
Taylor series, as Eq. (15) expresses. Note that eT r has a term associ-
ated to the wind speed and another one that depends on the gen-
erator speed. The wind speed is the true disturbance input of the
system, while an intrinsic feedback path will result from the first
term of Eq. (16). Starting from Eqs. (9)–(11), the expression of eT r

may be calculated, following Eq. (16). Besides, from Eq. (7) it can
be obtained the expression of the electromagnetic torque in the
small-signal sense, following Eq. (17).

The electric power that it is processed by the rectifier follows
Eq. (18), in which the generator losses have been taken into ac-
count. By linearizing Eq. (18) around an operation point, it results
Eq. (19).
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3. Description of the proposed control scheme for WECS

Fig. 4 shows the proposed control scheme for a WECS driven by
a back to back converter. The grid side inverter regulates the volt-
age at the dc-link and injects into the grid the energy that it is ex-
tracted from the wind turbine by the rectifier. The analysis of the
grid side inverter is out of the scope of this paper, but a detailed
description may be found in [14]. Regarding the rectifier, two inter-
nal control loops regulate independently the PMSG active and reac-
tive currents, isq and isd, respectively, to simultaneously impose
Isd = 0 and regulate the generator torque. The reference for the ac-
tive current loop, i.e., for the desired torque, is the output of the
cascade connected speed controller. Therefore, the torque response
strongly depends on the size of the speed changes. Finally, the ref-
erence for the speed control loop depends on the operation mode
of the wind turbine. In the MPPT region, the speed reference is cal-
culated by the P&O algorithms to extract as much power as possi-
ble from the wind. In CPR, a power loop maintains the generator
power to its nominal value, ignoring the MPPT algorithm.

Starting from Eqs. (14)–(19), a block diagram of the whole rec-
tifier control scheme may be obtained, as Fig. 5 shows. As the inner
current loops are much faster than both the speed and the power
loops, they will be considered as ideal for the analysis that follows,
i.e., ı̃sq � ı̃qref in Fig. 5. The design of Tiq is out of the scope of this pa-
per, but details about this issue may be found in [14].
3.1. Design of the speed control loop

The transfer function from the active current reference to the
generator speed may be obtained from Fig. 5, as Eq. (20) expresses.
Note that a right half plane pole may appear in this transfer func-
tion for certain values of k = rx/Vw, so that a careful design of the
speed controller is mandatory to avoid the system to become
unstable. If eT r were considered just as a disturbance input, the
transfer function from ~isq to ~x would be simplified following Eq.
(21). Fig. 6 shows the Bode diagrams of the speed loop gain,
Tx ¼ PIx ~xðsÞ=IsqðsÞ, by considering both the accurate and the sim-
plified transfer function from ~isq to ~x. In the case of the accurate
model, several values of k have been considered. The proportional
Fig. 4. Scheme of the W
and integral terms for the chosen PI speed controller, PIx, are
kp = �1 and ki = �25, respectively. The values of the parameters
of the WECS under study are shown in Appendix A.
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Note from Fig. 6 the sensitivity of the speed control loop to varia-
tions of k, it is observed that the stability of the speed control sys-
tem could be compromised if an excessively low crossover
frequency is chosen. Moreover, wrong conclusions about the system
stability may be extracted if the designer performs the analysis by
means of the simplified model. Although both the accurate and
the simplified model agree at high frequencies, at medium and
low frequencies the actual response of the wind turbine strongly
depends on k, differing from the one predicted by the simplified
model. It seems that this problem may be solved by choosing a high
enough crossover frequency for the speed loop. However, the gen-
erator speed will respond quickly to changes in the reference for
high values of the Tx crossover frequency. Therefore, if an exces-
sively high crossover frequency is chosen, the resulting ‘aggressive-
ness’ of the speed loop produces an abrupt torque response that
could damage the mechanical transmission of the system. As a con-
clusion, the choice of the speed loop crossover frequency results
from a compromise between the explained issues.

The dynamic response of the rotational speed to changes in
the reference can be obtained by calculating the expression of
the speed closed control loop as expressed by Eq. (22). Note
that the wind speed is considered as a disturbance of the system.
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ECS control stage.



Fig. 5. Block diagram of the whole rectifier control scheme.

Fig. 6. Bode plots of the speed control loop gain, Tx.
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To close the speed control loop, the rotational speed of the gen-
erator must be measured or estimated by means of some kind of
sensorless technique. Several estimation methods have been
proposed in the past [18]. In this work, a simplified Kalman obser-
ver (SKO) [19], has been chosen to estimate the rotational speed
starting from the measurement of the generator voltages and cur-
Fig. 7. Response to steps in the reference spee
rents. The SKO algorithm has a variable reduced state vector and a
constant gain matrix. In the particular case of a PMSG, the SKO in-
put variables are the estimation of the electromotive force (EMF) in
the stationary ab reference frame ea(n), eb(n) following Eq. (23),
where h(n), xe(n) are the position and EMF speed, and �wðnÞ is an
auxiliary variable which represents the estimation error.

eðn� 1Þ ¼ eaðnÞcosðhðn� 1ÞÞ � ebðnÞsinðhðn� 1ÞÞ
hðnÞ ¼ ½hðn� 1Þ þ Tsxeðn� 1Þ þ ke1eðn� 1Þ�
xeðnÞ ¼ xeðn� 1Þ þ �wðn� 1Þ þ ke2eðn� 1Þ
�wðnÞ ¼ �wðn� 1Þ þ ke3eðn� 1Þ

8>>><>>>:
9>>>=>>>; ð23Þ

The filter gains ke1, ke2 and ke3 are calculated by using the
extended Kalman filter recursive algorithm. In this application,
the value of the filter gains has been calculated by means of the dqlr
MATLAB� function [20], resulting ke1 = 0.0038, ke2 = 0.7357 and
ke3 = 0.0007.

3.2. Analysis of the power loop

The transfer function from the speed to the generated power,
following Eq. (24), may be obtained from Eqs. (19) and (20).
The expression of sz in Eq. (24) is detailed in Eq. (25). Note that
this transfer function has a Right Half Plan Zero for certain val-
ues of sz, so that a non minimum phase response is expected.
By multiplying Eqs. (22) and (24), the expression of the refer-
ence speed to power has been calculated, as expressed by Eq.
(26).
d, (a) ePoutðsÞ= ~xref ðsÞ and (b) ~xðsÞ= ~xref ðsÞ.
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Fig. 7 shows the response of both the power Fig. 7a and the speed
Fig. 7b to a step in the speed reference. As it has been previously
pointed out, for certain values of k the power response to changes
in the speed reference is the typical one of a non minimum phase
system. It is mandatory to take this fact into account when design-
ing the MPPT algorithm, because a wrong sign of the power incre-
ments may be measured if an excessively short iteration time is
used, so that the algorithm would work improperly. The stabiliza-
tion time ts can be easily measured from those plots. This time
would be a good choice for the iteration time of the MPPT algo-
rithms. Finally, it may be noted that the stabilization time strongly
depends on the response of the speed control loop, as it can be con-
cluded by comparing Fig. 7a and b.
Fig. 8. Flowchart of P&O algorithms, (a) convent
4. Proposed MPPT algorithm

The P&O algorithm is an iterative method which operates in a
wide range of wind speeds. It works continuously perturbing the
system by increasing and decreasing the speed reference of the
speed loop and evaluating the sign of the achieved power re-
sponse. If a positive power increment is measured, the algorithm
maintains the sign of the reference speed steps. Otherwise, the
sign of the steps is changed. Several studies carried out on WECS
applications show that the P&O algorithm presents disadvantages
in systems with high inertia [21]. Concretely, the torque oscilla-
tions produced by the continuously changing operation point
could damage the mechanical system, especially if its resonance
frequency is excited. The proposed solution achieves soft re-
sponse of the generator torque, so that the risk of damage is dra-
matically reduced.

Fig. 8 shows the operation sequence of both the conventional
[4] and the proposed P&O algorithms. The proposed method is de-
rived from the conventional one by substituting the steps on the
speed reference by a ramp signal. The slope of the ramp signal is
determined by two factors: the size of the step that would be used
in the conventional algorithm, and the stabilization time of the
power response to changes in the reference speed.
5. Simulation results

To evaluate the performance of the proposed technique, it has
been applied to a WECS with the parameters shown by Appen-
dix A. A simulation study has been carried out by means of
PSIM� software [22], which allows programming the whole con-
trol algorithms in C code by using an embedded script block. To
ional algorithm and (b) proposed algorithm.



Fig. 9. Evolution of the generated power (up), of the reference speed (middle) and of the turbine torque (down) with conventional P&O.

Fig. 10. Evolution of the generated power (up), of the reference speed (middle) and of the turbine torque (down) with proposed P&O.
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emulate the wind fluctuations and compare the performance of
both the conventional and the proposed P&O algorithms, a wind
profile without turbulences and without taking into account the
tower shadow effect has been defined, as Eq. (27) expresses. The
frequency xr depends on the desired test time, following Eq.
(28). In this case, a test time ttest = 60 s has been chosen.

Fig. 9 shows the evolution of the generated power, of the refer-
ence speed and of the mechanical torque by using the conventional
P&O algorithm to achieve MPPT. Fig. 10 shows the evolution of the
same variables, measured in the same conditions, by using the pro-
posed P&O technique. Note that both the speed and the torque rip-
ples are significantly decreased by applying the proposed
algorithm. From another point of view, the average value of the
generated power has been calculated by using both algorithms, fol-
lowing Eqs. (29) and (30). Note that no significant differences have
been measured.
vwðtÞ ¼ 10þ 2 � sinðxrtÞ þ 2 � sinð3:5 �xrtÞ þ sinð12:5 �xrtÞ

þ 0:2 � sinð35 �xrtÞ ð27Þ

xr ¼
2p
ttest

rad=s ð28Þ

PoutðaverageÞ ¼
1

ttest

Z ttest

0
ðPoutÞdt ð29Þ

PoutðaverageÞjMPPT proposed

PoutðaverageÞjMPPT classical
� 100% ¼ 98:25 ð30Þ



Fig. 11. Response of the conventional P&O algorithm to step changes in the wind speed from 4 m/s to 12 m/s.

Fig. 12. Response of the proposed P&O algorithm to step changes in the wind speed from 4 m/s to 12 m/s.
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Figs. 11 and 12 show the response of both the conventional and
the proposed P&O algorithms, respectively, to a succession of sud-
den wind steps from 4 m/s to 12 m/s. The proposed technique pre-
sents a softer response than the conventional one for all cases, with
lower oscillations around each operation point.
6. Conclusions

A new MPPT technique for WECS has been proposed and evalu-
ated in this paper. The proposed approach is similar to the well-
known P&O algorithm, but a ramp signal instead of a stepped signal
is used to modify the reference speed of the generator, obtaining a
softer response of the mechanical variables than the typical one of
conventional P&O methods. As a result, the mechanical stress that
is applied to the power train dramatically decreases, so that both
the maintenance needs and MTBF of the WECS are expected to be im-
proved without significantly reducing the system performance.
Appendix A

A.1. Systems parameters
Number of poles
(P)
12
 Switching
frequency
5 kHz
Armature
resistance (Rs)
5 X
 Sampling time
(Ts)
10 ls
Armature
inductances
(Ld = Lq = L)
25 mH
 Inertia
coefficient
systems (J)
0.0833 kg m/
s2
Flux linkages
coefficient
(WPM)
0.9022 volt/
r/s
Blade radius
turbine (r)
1.525 m
DC link voltage
 800 V
 Density of wind
(q)
1.08 kg/m3
Coefficient wind turbine a = 0.043, b = �0.108, c = 0.146, d = �0.0605,
e = 0.0104, f = �0.0006
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