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This paper aims to increase the power production of gearless permanent magnet synchronous
generator (PMSG) based wind energy conversion systems (WECS) in strong (greater than 25 m/s)
wind speed regions. In general, most wind turbines cut off when wind speed is over the cut-out
rate; as a result, the power generation of the wind farm decreases. This study introduces the look-
up table pitch angle and rotational speed control to generate extra power in a strong wind region.
Keywords: Consequently, WECS can produce electric power at a reduced level until the wind speed reaches 35 m/s
Wind energy conversion system and the possibility of shutting down the wind turbines decreases. The proposed algorithm decreases
PMSG the mechanical stress of wind turbine by decelerating rotational speed rather than turbine torque in
FCS-MPC strong wind regions. Furthermore, the model predictive control (MPC) is proposed to replace the PI
Pitch a“g}e control ) controller in the inner current loop of the rotor speed control loop, thereby improving the performance
Strong wind speed region of the stator current track. The proposed control method is validated in Matlab/SimPowerSystem
software. The simulation result confirms that the proposed control method reduces the possibility

of shutdown and guarantees temporally power production in strong wind conditions.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Over the last two decades, global wind energy capacity has
proliferated and become the fastest developing renewable energy
technology (Alizadeh and Yazdani, 2013). The early technology
used in wind turbines was based on squirrel-cage induction gen-
erators (SCIGs) directly connected to the grid. Recently, the tech-
nology has developed toward variable speed. The controllability
of the wind turbines becomes more and more important as the
power level of the turbines increases (Ghedamsi and Aouzellag,
2010). Basically, two types of wind turbines are used in the wind
energy conversion system (WECS), such as variable-speed (VS)
and fixed-speed (FS) wind turbines (WT) (Abo-Khalil et al., 2020).
The VSWTs have many benefits, such as maximum power point
tracking (MPPT), better performance, and power output. Now,
the PMSG based WECS has several advantages, including 100%
variable speed operation, independent active power and reactive
power control and excellent smooth grid connection (Yaramasu
et al.,, 2017). The basic diagram of the PMSG based WECS is illus-
trated in Fig. 1. The machine-side converter (MSC) regulates the
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rotational speed, active power as well as electromagnetic torque
of the generator. The grid-side converter (GSC) is responsible
for delivering active and reactive power to the grid, and it also
maintaines the voltage stability at the DC-link.

Studies of wind turbine collapse in Chou and Tu (2011), Chou
et al. (2019) confirm that strong wind is one primary reason that
wind turbines fall down. However, protection mechanisms are
expected to protect wind turbines in windstorm conditions to
decrease damage. Strong winds can affect the power generation
on the wind turbine (Chou et al.,, 2013). Typhoons and torna-
does cause wind farm supply to fail. If these farms do not have
backup power, the protection mechanism (pitch and yaw control
system) may fail, and the related system may not communicate
with the wind turbine monitoring center. Therefore, wind farm
operation and wind turbine status cannot be collected, causing
wind turbines under high risk situation. The operation of wind
turbines at such high wind speeds is essential. Otherwise, such
high wind speeds are uncommon, so designing wind turbines to
withstand such high loads is unnecessary (Lumbreras et al., 2014).
However, the IEC-61400 standard specifies that the large wind
turbines must withstand wind speeds of at least 70 m/s.

On the other hand, repeated cut in and cutouts can reduce
the reliability, safety and power generation of wind turbines,
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Fig. 1. Basic block diagram of the PMSG based WECS.

especially in strong winds. In Su et al. (2017), the wind turbine
control algorithm that prevents repeated cutouts in catastrophic
wind conditions is introduced and suggested that number of
cutout should be minimized as much as possible. In the standard
method, the control purpose of variable speed wind turbine in
low wind speeds is to increase energy production. This is gen-
erally attained by pitching the blades at the optimal angle and
regulating the rotational speed with the electromagnetic torque
of the generator. Moreover, it is required to restrict the output
power and rotating speed to its rated value or within an accept-
able range during high winds. This is typically done by using the
generator torque to remain constant while rotational speed is
regulated by controlling the pitch angle of the blades (Rezaeiha
et al,, 2017).

At certain wind speeds, loads on the wind turbine are exceed-
ingly increased, whereby the cost of material necessary to tolerate
such loads would be more than the earnings from power produc-
tion in strong wind conditions. For that reason, it is common in
practice to shut down and brake the wind turbine if such a strong
wind speed occurs (Wang et al., 2014). This process can lead
to the sudden shutdown of an entire wind farm, leading to the
oscillation of power grid. Therefore, to increase power generation
and guarantee the regular operation of WECS, an efficient control
method has been developed in this study. A typical power curve
is defined by three wind speed regions: cut-in, rated, and cut-out
wind speed, as described in Fig. 2. The cut-in wind speed is the
wind speed at which the turbine begins to operate and produce
active power (Lydia et al.,, 2013). The blade should be able to
capture enough power to offset the turbine power losses. The
rated wind speed is the speed at which the system produces rated
power, which is also the rated output power of the generator.
The cut-out wind speed is the maximum wind speed at which
the turbine can operate before it is shut off (Ali et al, 2019).
The turbine is stopped when wind speed passes its cut-out value,
preventing damage from excessive wind. However, the sudden
shutoff of wind turbines causes instability of the power grid,
which needs to be avoided.

In the literature, several studies on the operation of WT in
strong wind regions have been reported (Feng and Sheng, 2014;
Markou and Larsen, 2009). In Feng and Sheng (2014), the control
algorithm for a 2MW wind turbine in the wind speed up to
40 m/s is proposed. The reference power, rotational speed and
pitch angle are redesigned to control the wind turbine in high
wind conditions. To mitigate the fatigue load on the blade, pitch
angle control is proposed for variable speed pitch regulated wind
turbines. In Markou and Larsen (2009), the storm control strategy
is introduced to generate electric power for a pitch regulated
variable speed 2MW turbine in storm conditions in which wind
speeds reach 50 m/s. The power-speed regulation and load reduc-
tion damper controller for fore-aft and side-to-side tower loads

are proposed. Fundamentally, only pitch control is proposed in
combination with constant generator torque in over-rated wind
speed and variable speed operation in under-rated wind speed in
combination with constant speed just below the rated power. The
wind turbine runs at a pitch angle of up to 60-70 degrees, which
means the pitch angle is noticeably higher, at 50 m/s, to decrease
the aerodynamic force.

In article (Jelavi¢ et al., 2013), a control method that allows
operating wind turbines in extreme wind speed conditions has
been studied. During the wind turbine’s operation in high wind
speeds, active power and rotational speed reference values are
predicted online; therefore, this control method manages the
maximum load and mitigates stress on the wind turbine and pitch
actuator. Furthermore, in high wind speed regions, only pitch
angle control is activated to limit the aerodynamic power and
rotating speed of the wind turbine. However, it may increase the
mechanical load on the wind turbine blade. All the articles that
were mentioned above applied only pitch angle control in the
high wind speed region, and mostly PI controllers are used to
control wind generators and wind blades. The different types of
advanced control systems of WECS in high wind speed region
is reported in Colombo et al. (2020), Jiao et al. (2021), Civelek
(2020). In article (Colombo et al.,, 2020), robust sliding mode
control (SMC) is proposed to regulate rotational speed under WT
model uncertainty. In the (Dahbi et al., 2018), intelligent neural
network controller is used to control wind turbine generators,
whereas (Viveiros et al.,, 2015) employs two different advanced
control systems such as the fuzzy proportional-integral (Fuzzy PI)
and the MPC system for load reduction. Full state feedback control
system is proposed in Njiri et al. (2019) to mitigate fatigue load
and to extend the lifetime of wind turbine.

In recent years, several different types of model predictive
control (MPC) have been applied to address wind turbine control
issues (Lio et al., 2014). Due to its fast-transient response, easy
implementation, and ability to handle multiple control objectives
and constraints, the MPC has been employed in a wide range of
power electronic applications (Milev et al., 2020b). Compared to
linear control, MPC removes the necessity for a linear PI regulator
and modulation stage, and it offers a conceptually different ap-
proach for controlling power converters. Therefore, in this study,
the MPC is applied to the wind generator current control loop.
The control performance obtained by the MPC is significantly de-
termined by the discrete-time (DT) system model, which requires
an accurate mathematical model of the wind turbine, generator
and power converter. Various studies are found in the literature
to obtain a mathematical model of WECS for implementing an
MPC strategy (Yaramasu, 2014; Klauco, 2012; Gosk, 2011; Yara-
masu and Wu, 2016). It is believed that these research studies
provide a more detailed presentation of the accurate model of
wind turbine.
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Fig. 2. Conventional output power curve of wind turbine.

Considering the demerit of halting wind turbines in strong
wind conditions, this paper introduces the efficient control of the
PMSG based WECS in above the cut-out wind speed.

To generate extra power from WT in the strong wind region, a
new operating region, referred to as operating region 4, is devel-
oped in which the rotational speed and output power are reduced
as wind speed increases. The novelty of this study is that the
proposed control method decelerates the rotational speed to re-
duce mechanical load on wind turbine, not only by aerodynamic
control in operating regions 3 and 4. The power control block is
introduced in the rotational speed control loop and the look-up
table based pitch angle control is also introduced to replace the
conventional PI-based pitch system in the pitch angle control loop
to extend the operation of the WT. With the proposed control
algorithm, the power generation of WT is extended from 25 m/s
to 35 m/s of wind speeds. In addition, to improve the performance
of the current control of PMSG, the MPC control is also proposed
for the generator’s current control loop. The performance of the
proposed method is verified through the simulation results in
Matlab using 2MW gearless PMSG WT. The simulation results
clarify that a WECS with a proposed control system increases the
power generation and maintains the centrifugal load on the wind
turbine and pitch actuator in strong wind regions.

The main contributions of this research are outlined as fol-
lows: (1) A control algorithm for the operation of wind turbines
in strong wind conditions has been developed. A new operating
region (Region 4) is proposed to extend the operation of wind
turbine in strong wind region. (2) The look-up table based pitch
system is developed. The research paper is organized as follows:
Section 2 introduces the problem formulation of wind turbine
control. Section 3 develops the mathematical model of WECS and
WT for MPC implementation. Section 4 presents the configuration
of the proposed control scheme in detail. The conventional and
proposed pitch angle systems are shown in Section 5. Section 6
illustrates wind turbine control in strong wind region. Section 7
illustrates the simulation result of the proposed control and the
conventional method. Eventually, the conclusion of the research
is illustrated in Section 8.

2. Problem formulation and control objective

In this study, three operating regions are presented: Partial
load, full load and strong wind conditions as illustrated in Fig. 7.
The control objectives within these three operation regions are
described as follows:
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1. Partial load region (Region 2): The control goal is to opti-

mize output power of wind turbine.

Full load region (Region 3): the control goal is to regulate

the output power at the rated value by pitch angle control

and rotating speed control. In addition, the rotating speed
of the generator is adjusted in Region 3, not remaining at
the rated value.

. Strong wind region (Region 4): Instead of shutting wind
turbines down, the control goal is to regulate output power
and rotating speed at a reduced level until 35 m/s wind
speed.

2.

3. Mathematic model of wind energy conversion system
3.1. Wind turbine model

The aerodynamic power which is captured by the turbine
blades can be calculated (Merabet et al., 2012) by:

P = 0.5pAV?Cy(2, B) (1

where: Cy(A, B) is the power coefficient of the wind turbine and
the theoretical maximum value is 0.59 according to Betz limit, p
is air density, A = 7w R? is sweep area of blade surface, R is a blade
radius, v is wind speed.

The wind turbine’s mechanical torque and tip speed ratio (TSR)
are given by:

1 V2
Tm = icp()‘«v /3):07TR T (2)
R
g = m? (3)
Uw

The wind turbine power coefficient C, is obtained as fol-
lows (Yin et al., 2007):

116
C, =022
Py

i
1
1 0.035

A+0.88 ~ p3+1

—12.5
exp i

—0.48 — 5> (4)

Ai (5)

3.2. PMSG model

The dynamic model of a PMSG is obtained fully in a syn-
chronous dq rotating frame, representing that no AC states are
involved in the model. These reference frames are usually used in
the FOC and VOC for controlling the MSC and GSC, respectively,
in the WECS application.
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The dynamic models of stator voltage is expressed in dq frame,
which rotates synchronously with magnetic flux as follows (Pillay
and Krishnan, 1989):

|:Usd:| |:Rs Oi| |:isd:| d |:¢sd:|
= + —
Usq 0 R isq dt bsq
o o]
+ (6)
Wy 0 ¢sq

where: and isq are the generator currents in dq reference frame,
¢sq and ¢q are the generator flux linkages in dq reference frame,
w; is the electrical rotational speed, R is the generator winding
resistance. The stator flux linkages (Qin et al., 2021) are expressed
in dq frame as:

¢sd Lsd 0 isd ¢r
= S+ (7)
Psq 0 Lsq||isq 0
where: Ly and Lyq are the flux linkages in dq reference frame, ¢,
is the rotor flux linkage.

The continuous time (CT) stator current dynamics of PMSG in
dq reference frame is presented as (Springob and Holtz, 1998):

E isq(t) — A1) isq(t) +B usa(t) LW (8)
dt isq(t) B isq(t) Usq(t)

CT matrices are illustrated in terms of rotor electrical speed and
parameters of SPMSG (Yaramasu, 2014) as:

- wr(t)qu l 0
sd sd
Alt) = ;(t)Lsg Rs B= 0 1 ’
qu qu LSCl
0
W)= | @) 9)
Lsq

The active and reactive power which are defined in terms of the
dg-axis voltages and currents are expressed as:
Py = 1.5(vsgisq + Usqisq)

. . (10)
Qs = 1~5(Usqlsd - Usdlsq)
The electromagnetic torque is calculated as follows (Morinaga
et al,, 2013):

Te = 1-513 [Krisq + (Lsd - qu)isdisq] (11)

where: K; is rotor flux, Ly and Lsq are the dg-axis inductances.

The motion equation of wind generator is defined as fol-
lows (BinWu Y. Lang et al., 2011):

dwe
=Tyn —T 12

J it m — Te (12)
where: ] is the equivalent of inertia of wind turbine and genera-
tor.

3.3. Discrete time model of PMSG

Using the forward Euler discretization method, the discrete
time (DT) model equivalent to the CT model is obtained. To
approximate derivatives, the present sampling instant (k) and
future sampling instant (k+1) should be measured and calculated.
The approximation of derivatives by the forward finite difference
approach is given by the following (Wang et al., 2017) equation:

{dx(t)} __ X(KTs + Ts) — x(KTs)
t=KkTs

13
dt Ts (13)
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which is simplified as
dx(t)

x(k + 1) ~ x(k) + Ts (—) (14)
dt /i ur,

The DT dg-axis current dynamics of SPMSG is defined as fol-
lows (Milev et al., 2020a):

igg(k+1) isa(k) vb(k)
[ } = <1>(1<)[ } + I [ ] + Iw(k) (15)
P (k+ 1) isq(k) vP (k)

where: vspd(k) and vqu(k) are the dqg-axis predicted voltages. @(k),
I, Iy (k) are the DT matrices (Dahbi et al., 2018), determined as
follows:

RsTs r(t)LsqTs Ts
1- @rtlsals LR
Lsq Lsq Leg
o(k) = wr(t)LsaTs 1 RTs |> Iy = 0 S|
qu qu LSq
0
Fw(k) = wr(t)KrTs (16)
Lsq

where: T is sampling time, K; is rotor flux linkage. Based on the
measurement of dc link voltage and switching signals of MSC
which considered as control sets, the prediction of the dqg-axis
generator voltages (vfd(k) and qu(k)) are defined (Yaramasu and
Wu, 2016) as follows:

vh(k) cosO(k)  sind,(k)
= vqc(k)
vl (k) —sind;(k) cosO(k)
_L T s
2 2 2 p
3 . V3 V3 sp(Kk) (17)
2 2 sP(K)
p p

where: s;(k), s (k) and sP(k) are the switching signals of the three
phase rectifier for MSC, 6,(k) is the rotor position angle.

The purpose of the cost function minimization is to evaluate
the minimum error between the predicted and reference value of
a control variable with respect to each switching state. Eventually,
the cost function is designed to satisfy the control objective and
is defined as follows:

ha [k + 1) — Py + 1)) +
gi(k) = + flimiccis)

g [k + 1) = 2 (k + 1]’

(18)

where: ig(k + 1) and ig (k + 1) are the extrapolated reference
current at (k+1) sampling instant, Aiq and Aiq are the weighting
factor for dqg-axis stator current.

The constraint related terms of the cost function is given as:

oo if,/i2y(K) + igq > imax
flimit(is) = e [ B . (19)
0 if,/iZ,(k) + 1§q < Imax

If the magnitude of stator current is smaller than the maximum
current, fiim;:(is) will be zero. Otherwise, it will be infinity.

4. Control scheme configuration of MSC

The overall control scheme of the WTG is illustrated in Fig. 10
in detail. In this paper, PMSG based WT, in which a three-phase
stator is connected to grid by a three-phase power converter, is
investigated. wy, and isye are directly measured by the generator
for regulation of rotational speed and output power. The i, are
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|

DC voltage source in this scheme.

In operating region 2, the reference value of rotor speed is
calculated by the MPPT control block and rotor speed is regulated
at the optimal value ((uzpt) to generate maximum power from the
WTG. The wj,, is obtained by optimal tip speed ratio based on the
measurement of wind speed ((v) as follows:

w:)kpt = )\.Optv (20)

When WT enters to operating region 3, reference value of
rotational speed is calculated by the power control block which
reduces the rotational speed to regulated output power. The
measured power (P) is subtracted from its reference value (P*)
and the error is sent to the PI regulator. The output of this PI
controller is then subtracted from rated rotational. As a result
of this, the reference rotational speed (w},) is calculated in op-
erating regions 3 and 4. In the rotational speed control loop,
the measured rotational speed is compared to its reference value
and error is sent to the PI controller that generator g-axis stator
current (i;‘q). This controller provides the desired g-axis current
to manipulate the generator torque, which results in adjusting
the rotational speed of the generator at its reference value. The
reference power P* is set to its rated value (2WM) in region 3 (see
Fig. 3). The reference output power is reduced as a preset power
curve in region 4 as shown in Fig. 7.

The DC link voltage vqc, generator three-phase stator current
isabc, mechanical rotational speed, and rotor position angle 6, are
measured to design the MPC controller in current control loop.
Based on the measured variables and wind generator parameters,
the predictive control block computes the prediction of dg-axis
current at (k+1) sampling instant. Also, the reference current in
the present sample (k) is transformed to (k+1) sampling instant
by the extrapolation block. After that, the cost function block
evaluates the optimal switching signal that minimizes the error
between predicted and extrapolated currents. Then the optimal
switching signal is sent to power converter.

Fig. 4. The standard pitch angle control scheme.

5. Pitch angle control system
5.1. Conventional PI based pitch angle control system

This section introduces two different pitch angle control strate-
gies. Most wind turbines pitch the blades to restrict output power
while the rotational speed of turbine remains constant in high
wind speed regions. Fig. 4 illustrates the conventional pitch angle
scheme.

The conventional control system determines the pitch angle
reference using PI controller, which is the error between refer-
ence power (P*) and measured power (P*) and this error is sent
to the pitch actuator. The pitch actuator is regarded as a hydraulic
servo system. Due to the physical restriction of the servo system
as well as wind blades, pitch regulation rates are restricted under
value of £10°/s. In order to operate wind turbines in strong
wind regions, new pitch angle control system will be needed.
Therefore, the following subsection will discuss the proposed
pitch control system that permits the WT to operate in strong
wind regions.

5.2. Look-up table based pitch angle control system

The proposed pitch scheme is depicted in Fig. 5, and Fig. 6
shows the preset pitch angle reference value in operating region
3 and 4.

When a wind turbine moves to the operating region 3 from 2,
the pitch angle is determined by the look-up table. This gives fast
regulation of pitch angle compared to conventional pitch systems.
The pitch value is correlated with wind speed and is designed
to decelerate rotational speed instead of keeping it constant at
the rated speed. When WTG enters operating region 4 (wind
speed is greater than 25 m/s), the rotational speed is already
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reached at a reduced level. In addition, the reduction of rotational
speed requires a small pitch angle, which maintains the balance
of stresses due to centrifugal force.

6. The control and operation of WTG in strong wind region

Fig. 7 illustrates the power curve with the new operating re-
gion. The proposed power curve provides the same output power
as a typical wind turbine in operating regions 1, 2 and 3. Unlike
conventional control methods, WTG with the proposed power
curve continues power generation at a reduced level in region 4.
According to the study of power extension, the extension of the
power curve above the cut-out wind speed should be gradually
reduced until a new cut-out wind speed is reached. Therefore, the
output power in operating region 4 is regulated and designed at a
reduced level so that stress does not exceed the maximum value.

The major stresses on the turbine are aerodynamic loads on
the blade and centrifugal force. Specifically, the centrifugal force
is defined as the product of the square of the rotational speed
and the wind velocity, which always acts radial outward, conse-
quently raising load demands at higher tip speeds. For this reason,
the proposed method decelerates the rotational speed instead of
the mechanical torque during region 4. As a result, the acceptable
conditions for generating power can provisionally reach the wind
speed of 25 m/s to 35 m/s. In other words, the power production
is maintained until the average wind speed over 10 min exceeds
30 m/s or the average wind velocity over 3 s exceeds 35 m/s,
which helps to extend the power production of WTG. In addition,
the pitch actuator activity is reduced due to the reduction of
rotational speed. This causes a provisionally reduced stress on
the pitch actuator. The reference output power calculation in all
operating regions is given in Table 1:

As illustrated in Table 1, the output power of wind turbines
in operating region 4 is calculated by the logistic equation. The
reduction of output power needs to be smooth to avoid sudden
increases in generator torque; thus, the generator will be under
severe thermal stress. Fig. 8 shows the rotating speed of a wind
turbine with wind speed. The black line depicts the rotating speed
curve using the traditional method, while the blue line depicts
the rotating speed curve using the proposed control method. It
demonstrates that when the generator enters operating regions

Energy Reports 8 (2022) 11429-11439

Table 1
Reference output power calculation in all operating
regions.

Reference output power Operating regions

P — Region 1

0 < Ps < Prated — Region 2

Ps = Prated — Region 3

— d H
Ps = 7 029 —0.899a)) — Region 4

Table 2
Simulation parameters.

Parameter of wind turbine

Blade radius R 39 m

Rated wind speed Urated 12 m/s

Air density p 1.205 m/kg?
Optimal tip speed ratio Aop 7.461

Parameter of wind generator

Rated output power Praeq 2 MW
Stator resistance R 0.005 mohm
dg-axis inductances, Lsg = Lsq 5.5 mH

Pole pairs p 11

Rotor flux ¢, 136.25 V s/rad
Equivalent inertia ] 10000 kgm?
Sample time T; 25 us

3 and 4, the rotating speed slows, ensuring safe operation in high
wind conditions. The proposed control system drives to stop the
wind turbine more easily due to the reduction of rotational speed.

7. Simulation result and discussion

In this paper, the non-salient pole PMSG is considered. A
hydraulic servo system is used as the pitch angle electric drive.
This drive system has a 0.1 s time delay, and the operating speed
is £10°/s. Table 2 illustrates the parameters of the wind turbine
generator. Fig. 9 illustrates the wind speed profile to confirm
the performance of the proposed control system in the strong
wind region. At 31 s in the linear wind speed profile, wind speed
reaches its cut-out value for wind turbine as shown in Fig. 9a.
The wind turbine with a conventional control method shuts down
at that moment. On the other hand, the wind turbine with the
proposed control method will avoid cutting off and continue
generating power.

Operation of wind turbine in linear wind condition

Figs. 10 and 11 show the simulation results of PMSG based
WT operation using conventional and proposed control methods
at linear wind speed, respectively. These results differentiate the
advantages and disadvantages of the conventional and proposed
control methods.

Fig. 10a presents the generator’s output power using the con-
ventional control method in all operating regions. In region 2,
between 0-11 s, the MPPT control is activated to generate maxi-
mum power from wind turbines. The features of this region from
the control point of view are that the pitch angle will be constant
(2%) during this operating region (Fig. 10d), and electromagnetic
torque is regulated to control the rotor speed at its optimal
value (Fig. 10b). When wind speed exceeds the rated wind speed
at 11 s, the wind turbine enters operating region 3, in which
pitch control is activated to limit output power to its rated value
(2MW) while electromagnetic torque and rotor speed are set at
their rated value (Fig. 10b, e). When wind speed surpasses the
cutout value at 30 s, the wind turbine moves into the operating
region 4, also known as “Shutdown”. The power generation is
stopped (Ps = 0), rotor speed of the wind turbine is reduced
to zero and pitch angle is set to 90°. Fig. 10f shows the d-axis
stator of the PMSG, and because of non-salient pole PMSG, which
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Lya = Lsq is used in this article, d-axis current of the generator
needs to be zero to generate maximum torque from the wind
generator.

Fig. 10 g illustrates the mechanical torque of wind turbine in
all operating regions. In region 2, mechanical torque increases
with wind speed, while pitch angle sets its optimal value. When
the wind turbine moves to the operating region 3, mechanical
torque is limited by the wind turbine blade’s position, known
as increasing the pitch angle of the blades. In region 4, the
mechanical torque of the wind turbine is reduced to zero by the
pitching wind turbine blade at 90°.

Fig. 11 presents the simulation result of a wind turbine using
the proposed control method in linear wind speed. The simulation
results revealed that the control system guarantees the operation
of the wind turbine in region 4.

Fig. 11a illustrates that the wind turbine generates the same
output power as the conventional control method in operating
regions 2 and 3. When the wind turbine enters operating re-
gion 4, the power generation is continued with proposed control
rather than the wind turbine being shut down; thus, active power
decreases with increasing wind speed and reaches zero at 35
m/s. Fig. 11b depicts the simulation result of the wind turbine’s
rotating speed. In region 2, rotor speed should be adjusted to
the optimal value to generate maximum power at a certain wind
speed. The extreme wind conditions cause a potential risk to the
wind turbine structure when rotor speed exceeds the rated speed
during extreme wind conditions. When wind turbine moves to
operating region 3 from 2, power control block takes the control
of WT, and the rotational speed is reduced to regulate output
power to its reference value in regions 3 and 4. It is considered
that rotating speed gradually decreases when wind speed reaches
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Fig. 10. The simulation result of conventional PI based pitch angle control
system in linear wind speed profile.

its rated value. The rotational speed reduction lowers the pitch
actuator action when the wind turbine operates at a higher wind
speed. In addition, the reduction of the rotational speed makes
it easier to brake and lock the wind turbine and reduces the
centrifugal force on the wind turbine in a strong wind region.
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Fig. 11. The simulation result of proposed look-up table based pitch control in
linear wind speed profile.

Fig. 11c represents the power coefficient of the wind turbine.
The power coefficient should be maximized in region 2 and
reduced to limit output power at the optimal value in regions
3 and 4. In the conventional control method, power coefficient
regulation is achieved by controlling the pitch angle of the wind
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blade, whereas the proposed method controls the power coeffi-
cient by regulating both the rotating speed and pitch angle of the
wind turbine.

Fig. 11d shows the pitch angle of the wind turbine, and it can
be noticed that the wind turbine operates at maximum pitch an-
gles around 15.2° at operating regions 3 and 4. It means the pro-
posed control can reduce the activity of the pitch angle. Fig. 11e
and 11f illustrate the dg-axis stator current. It can be considered
that the actual dg-axis current follows the reference value with
good performance. The electromagnetic torque is controlled to
regulate the rotational speed at its optimal value and generate
maximum power from the wind generator. According to Eq. (11),
the control of electromagnetic torque is achieved by controlling
the g-axis current. In Fig. 10g, the mechanical torque of the wind
turbine is depicted, and it shows that when wind speed passes
25 m/s at 31.5 s, the mechanical torque of the wind turbine is
brought down, leading to a reduction of mechanical stress on the
wind turbine.

Operation of wind turbine in practical strong wind condition

Fig. 9b shows the wind speed profile. The wind speed exceeds
the wind turbine’s cut-out value between 20.1 s and 30.1 s.
Figs. 12 and 13 illustrate the simulation result of conventional
and proposed control method, respectively. The active power of
WTG is depicted in Figs. 12a and 13a.

When wind speed passes its maximum value, the wind turbine
with the conventional control method shuts down, and output
power becomes zero, as shown in Fig. 12a. In Fig. 13a, wind speed
is over its rated value in region 3; therefore, pitch angle control
and rotational speed control are activated to limit output power
to its reference value. The rotor speed is regulated to track output
power at its reference value by controlling the electromagnetic
torque. It is clear that the output power reference remains con-
stant while the rotor speed of the wind turbine is decelerated
to regulate the output power of the wind generator in region
3. The wind speed passes from 25 m/s to 20.1 s; therein, the
power generation and rotational speed of the generator decrease,
corresponding to the wind speed increases in the proposed con-
trol method. Instead of shutting the wind turbine, the proposed
control can generate electric power from the wind generator in
region 4.

Figs. 12b and 13b depict the simulation results of the wind
turbine rotor speed. In region 2, rotor speed should be adjusted
to the optimal value to generate maximum power at a certain
wind speed. The extreme wind condition causes a potential risk
to the wind turbine structure when rotor speed exceeds the rated
speed during extreme wind conditions. The rotation speed is
reduced to regulate output power to its reference value in regions
3 and 4. It is considered that rotating speed gradually decreases
when wind speed reaches its rated value. The turbulent wind
condition which causes to overspeed of wind turbine, leads to
unnecessary shutdown in strong wind condition. However, in
order to evaluate the full effects of turbulent conditions on wind
turbine structure and operation, further study will be conducted.
Figs. 12c and 13c illustrate the power coefficient of the wind
turbine. When the wind turbine operates in region 2, the power
coefficient is constant at its maximum value. Then it moves to
operate regions 3 and 4, which reduce to limit mechanical power.
The pitch angle of the wind turbine is illustrated in Figs. 12d
and 13d. The proposed method reduces the pitch angle action in
operating regions 3 and 4, whereas the wind turbine with the
conventional control method is shut down and the pitch angle
is set at 90°. Figs. 12e, 13e, 12f and 13f illustrate the dg-axis
stator currents, respectively. d-axis current is set to 0 during the
operation. However, g-axis current is controlled to regulate the
electromagnetic torque during all operating regions.
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Fig. 12. The simulation result of conventional PI based pitch angle control
system in practical wind profile.

8. Conclusion

This paper introduces the control algorithm to increase the
power production of PMSG based WECS in strong wind regions.
The conventional method is compared with the proposed method
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Fig. 13. The simulation result of proposed look-up table based pitch control in
practical wind profile.

considering the same operating conditions and system parame-
ters. The rotational speed and look-up table based pitch angle
control systems are introduced to adjust the rotational speed
and regulate the output power of the generator in regions 3 and
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4, From the results, both control systems perform similarly in
operating region 2. In operating region 3, the proposed control re-
duces the rotational speed to regulate output power which causes
the rotational speed to decelerate, whereas conventional control
maintains the rotational speed at the rated value. Then WT enters
operating region 4; the proposed control system reduces the
active power and rotational speed with a specific value, whereas
conventional control shuts down the wind turbine. The proposed
control continues power generation without a sudden shutdown.
On the other hand, the conventional control method stops power
generation. Plus, under the proposed control, pitch actuator ac-
tion and high-aggressive aerodynamic behavior of wind turbine
can be reduced. The wind turbine with the proposed control is
able to generate power at up to 35 m/s, thereby increasing the
power production of WT. However, if wind velocity is greater
than 35 m/s, wind turbines are shut down and stopped. Also, the
tower dynamics, which is one of the major issues in strong wind
conditions, is not considered in this research. Therefore, further
research will be done regarding the tower dynamics of WT.
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