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Abstract The study of a Variable Speed Wind Energy Conversion System
(VS-WECS) based on Permanent Magnet Synchronous Generator (PMSG) and inter-
connected to the electric network is presented. The system includes a wind turbine,
a PMSG, two converters and an intermediate DC link capacitor. The effectiveness
of the WECS can be greatly improved by using an appropriate control. Furthermore,
the system has strong nonlinear multivariable with many uncertain factors and dis-
turbances. Accordingly, the proposed control law combines Sliding Mode Variable
Structure Control (SM-VSC) and Maximum Power Point Tracking (MPPT) control
strategy to maximize the generated power from Wind Turbine Generator (WTG).
Considering the variation of wind speed, the grid-side converter injects the generated
power into the AC network, regulates DC-link voltage and it is used to achieve unity
power factor, whereas the PMSG side converter is used to achieve Maximum Power
Point Tracking (MPPT). Both converters used the sliding mode control scheme con-
sidering the variation of wind speed. The employed control strategy can regulate both
the reactive and active power independently by quadrature and direct current compo-
nents, respectively. With fluctuating wind, the controller is capable to maximize wind
energy capturing. This work explores a sliding mode control approach to achieve
power efficiency maximization of a WECS and to enhance system robustness to
parameter variations. The performance of the system has been demonstrated under
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varying wind conditions. A comparison of simulation results based on SMC and
PI controller is provided. The system is built using Matlab/Simulink environment.
Simulation results show the effectiveness of the proposed control scheme.

1 Introduction

During the last few decades, the progress in the use of renewable green energy
resources is becoming the key solution to the environment contamination caused by
the traditional energy sources and to the serious energy crisis (Tseng et al. 2014;
Chou et al. 2014). Thus, power generation systems based on renewable energy are
making more and more contributions to the total energy production all over the
world (He et al. 2014; Guo et al. 2014). On the other hand, among available renew-
able energy technologies, wind energy source is the most promising options, as it
is omnipresent, environmentally friendly, and freely available (Chen et al. 2013a).
Compared to other types, wind energy system is regarded as an important renewable
green energy resource, mainly as a consequence of its high reliability and cost effec-
tiveness. So, wind energy conversion, has become a fast increasing energy source
in the global market (Ma et al. 2014; She et al. 2013). In addition, it is predicted
that the wind power system could be supplying 29.1 % of the world energy by 2030
and higher later on (Meng et al. 2013). Consequently, this increasing trend must be
accompanied by continuous technological advance and optimization, leading to bet-
ter options concerning integration to the electric network, reductions in expenses, and
improvements concerning turbine performance and dependability in the electricity
deliverance (Che et al. 2014; Wang et al. 2014; Nguyen et al. 2014).

In addition, wind energy source could be utilized by mechanically converting it to
electrical energy using wind turbine (WT). During the last two decades, various WT
concepts have been developed into wind power technologies and led to significant
augmentation of wind power capacity. Wind turbine systems can be classified into
two main types: fixed speed and variable speed. The fixed velocity system operates
almost at constant speed even in variable wind speed which allows direct connection
of the generator to the electric network. Recently, fixed speed wind energy conversion
systems, due to poor power quality, poor energy capture and stress in mechanical parts
have given way to variable velocity systems (Meng et al. 2013). Furthermore, variable
speed wind generation system has distinct advantages over fixed-speed generation
system, such as lower mechanical stress, operation at maximum power point, less
power fluctuation and increased energy capture (Chen et al. 2013a; Li et al. 2012). So,
to design reliable and effective systems to utilize this energy, variable speed wind
generation systems are better then fixed velocity systems. This is due to the fact
that variable velocity systems can accomplish reliability at all wind speeds and the
maximum efficiency, improved electric network disturbance rejection characteristics,
and the reduction of the flicker problem (Patil and Bhosle 2013; Melo et al. 2014; Li
et al. 2013).
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In the field of wind energy generation technology, Permanent Magnet Synchronous
Generator (PMSG) and Doubly Fed Induction Generators (DFIG) are emerging as
the preferred equipment which is used to transform the wind power into electrical
energy (Nian et al. 2014; Zhang et al. 2013; She et al. 2013; Tong et al. 2013; Chen
et al. 2013b). At present, one of the troubles associated with VS-WECS is the exis-
tence of gearbox coupling the generator to the wind turbine and which causes prob-
lems. So, the gearbox suffers from faults and requires regular maintenance (Cheng
et al. 2009; Najafi et al. 2013). In contrast, PMSG with higher numbers of poles
has been used to eliminate the need for gearbox which can be translated into higher
generation efficiency (Orlando et al. 2013). Besides, wind power generation based
on the PMSG has gained increasing popularity due to several advantages, including
its higher power density and better controllability, the elimination of a dc excitation
system, low maintenance requirements, higher efficiency compared to other kinds
of generators and low energy loss (Alizadeh et al. 2013; Xia et al. 2013; Alshibani
et al. 2014; Zhang et al. 2014). Besides, the performance of PMSG equipment has
been improving and the price has been decreasing recently (Yaramasu et al. 2013).
Therefore, it has been considered a promising candidate for new designs in Wind
Energy Conversion Systems (WECS). With those advantages, PMSGs are attracting
great attention and interests all over the world. So, some of them have become com-
mercially accessible, for example, Enercon E70 (2.5 MW), Vestas V112 (3.0 MW)
and Goldwind 1.5 MW series products (Cardenas et al. 2013; Yaramasu et al. 2013).

To control the PMSG based WECS, power electronic converter systems are com-
monly adopted as the interface between the WECS and the power grid (Blaabjerg
et al. 2013; Ma et al. 2013). They give the ease for integrating the WECS units to
achieve high performance and efficiency when connected to the electric network
(Cespedes et al. 2014). Thus, the wind power converters have various power rating
coverages of the WECS (Blaabjerg et al. 2013), as shown in Fig. 1. Then, under
variable speed operation, the power converters are used to transfer the PMSG output
power in the form of variable frequency and variable voltage to the fixed frequency
also fixed voltage electric network (Vazquez et al. 2014; Ma et al. 2014). Several
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Fig. 1 Evolutions of wind turbine dimension and the corresponding capacity coverage by power
electronics converters seen from 1980 to 2018 (estimated)
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Fig. 2 Control of active and reactive power in a WECS based PMSG

power converter configurations were presented in the literature for PMSG based
WECS (Nuno et al. 2014; Li et al. 2013; Xia et al. 2013).

Figure 2 shows the schematic diagram of a typical WECS connected to an electric
network. The power electronic conversion system consists of a back-to-back PWM
power converter which is composed of a PMSG side converter, a grid-side converter
and a dc link. The capacitor decoupling, offers the opportunity of separate control
for each power converter. The generator side converter works as a rectifier and it is
used to control the torque, the speed or power for PMSG (Chen et al. 2013b; Giraldo
et al. 2013; Xin et al. 2013). The grid side converter works as an inverter. The main
role of the inverter is to remain the dc-link voltage constant and to synchronize the
ac power generated by the WECS with the electric network (Alizadeh et al. 2013;
Zhang et al. 2014). Besides, the inverter should have the capability of adjusting active
and reactive power that the WECS exchange with the power grid and achieve unity
power factor of the system (Nguyen et al. 2013).

On the other hand, to increase the annual energy yield of wind energy conversion
system (WECS), Maximum Power Point Tracking (MPPT) control is necessary at
below the rated wind velocity. The MPPT technique enables operation of the turbine
system at its maximum wind power coefficient over a wide range of wind veloc-
ities. Consequently, maximum power can be extracted from available wind power
by adjusting the rotational velocity of the PMSG according to the varying in wind
speed (Chen et al. 2013c; He et al. 2013; Elkhatib et al. 2014). In addition, it is vital
to control and limit the converted mechanical power during higher wind velocities
and when the turbine output is above the nominal power (Alizadeh et al. 2013; Melo
et al. 2014). The power limitation may be done either by pitch control, stall control,
or active stall (Polinder et al. 2007; Spruce et al. 2013). Figure 2 shows the general
control structure for modern WECS.
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With high penetration of wind power resources in the modern electric network, the
power quality from WECS is attracting great attention and interests all over the world
(Nguyen et al. 2013). The recent development has been focused mainly on control
methodologies for maximum electrical power production (Karthikeya et al. 2014).
Accordingly, various control methods have been proposed. Conventional design of
WECS control systems is based on Vector Control with d—q decoupling (Xin et al.
2013; Alepuz et al. 2013; Shariatpanah et al. 2013). The control strategy involves rel-
atively complex transformation of currents, voltages and control outputs. Also, the
standard design methods consist of properly tuned proportional integral (PI) con-
trollers. Thus, the performance highly relies on the modification of the PI parameters
(Chen et al. 2013a; Giraldo et al. 2013; Corradini et al. 2013). So, this technique
requires accurate information of WECS parameters. Consequently, the performance
is degraded when the actual system parameters differ from those values used in the
control system. In addition, VC requires complex reference transformation. Due to
the advantages of simple structure and low dependency on the parameters, direct
control techniques such as Direct Power Control (DPC) and Direct Torque Control
(DTC) were widely used into the WECS (Rajaei et al. 2013; Zhang et al. 2013;
Harrouz et al. 2013). They are an alternative to the VC control for WECS because
they reduce the complexity of the VC strategy and minimize the employ of genera-
tor parameters. The voltage vectors are selected directly according to the differences
between the reference and actual value of torque and stator flux or between active and
reactive power. Consequently, the converter switching states were selected from an
optimal switching table. Besides, DPC and DTC do not necessitate coordinate trans-
formations, specific modulations and current regulators. But, there are high ripples
in flux/torque or reactive/active powers at stable state and the switching frequency
is variable with operating point due to the employ of predefined switching table and
hysteresis regulator (Rajaei et al. 2013). Also, its performance deteriorates during
very low speed operation.

For WECS integration into power network and, because the VC and direct con-
trol techniques show a limited performances, especially against uncertainties and
cannot follow the changes in WECS parameters (Leonhard 1990), Sliding Mode
Control approach (SMC) can be used. It has low sensitivity with respect to uncer-
tainty, dynamic performance and good robustness (Slotine and Li 1991; Utkin 1993;
Utkin et al. 1999; Sabanovic et al. 2002; Evangelista et al. 2013a). It is one of the
powerful control approaches for systems with unknown trouble and uncertainties
(Li et al. 2013a,b). Besides, SMC is insensitive to parameter variations of systems.
Thus, SMC is suitable for wind power applications (Evangelista et al. 2013a, b; Huang
et al. 2013; Susperregui et al. 2013) propose sliding mode control to maximize the
energy production of a WECS. Subudhi et al. (2012), Xiao et al. (2013) propose a
pitch control based siding mode approach to control the extracted power above the
rated wind speed. Xiao et al. (2011), Martinez et al. (2013) introduce sliding mode
regulator to control the WECS for fault conditions. Chen et al. (2013), Bouaziz and
Bacha (2013), Guzman et al. (2013) present a sliding mode control methodology of
power converters.
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Fig. 3 Schematic of control strategy for WECS

Among the main research subjects in the WECS field, there is the study of novel
control methodologies which can maintain MPPT despite the effects of the para-
meter variations of system, uncertainties in both the electrical and the aerodynamic
models and variations of wind speed. In this context, this chapter presents proposes
a nonlinear power control strategy for a grid connected VS-WECS topology based
on Permanent Magnet Synchronous Generator (PMSG). The schematic diagram of
proposed system is shown in Fig. 3. The system under consideration employs WECS
based PMSG with a back-to-back voltage source converter (VSC). The generator side
converter is employed to control the speed of the PMSG with MPPT. The grid-side
converter is used in order to control the DC link voltage and to regulate the power
factor during wind variations. This work explores a sliding mode control approach
to achieve power efficiency maximization of a WECS and to enhance system robust-
ness to parameter variations. Also, a pitch control scheme for WECS is proposed so
as to prevent wind turbine damage from excessive wind velocity.

The rest part of the study is organized as follows. In Sect.2, the models of the
wind turbine system and the PMSG are developed. SMC strategy for WECS is
proposed, designed, and analyzed in Sect. 3. Section4 presents the simulation results
to demonstrate the performance of the proposed SMC strategy. Finally, the conclusion
is made in Sect. 5.

2 Modelling Description of WECS

The block diagram of proposed WECS is shown in Fig.3. So, it is seen that the
system consists of different components including: wind turbine, PMSG, voltage
source converter, and controllers. The wind turbine is used to capture the wind energy
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that is converted to the electricity by PMSG with variable frequency. Consequently,
the generated voltages are rectified by a rectifier and an inverter. The extracted power
will be transferred to the grid through a filter.

2.1 Wind Turbine

Wind turbine is used to convert the wind power to a mechanical power. The power
generated by a wind turbine can be written as Chen et al. (2013a):

1
Prurbine = 5pACp(, Bv? (1)

where, Pry,rpine 1S the mechanical power of the turbine in watts, pis the air density
(typically 1.225kg/m3), A is the area swept by the rotor blades (in m?), Cp is the
power performance coefficient of the turbine, v is the wind velocity (in m/s), B is
the turbine blade pitch angle, and A is the Tip Speed Ratio (TSR). Thus, if the air
density, swept area and wind speed are constants, the output acrodynamic power is
determined by the power performance coefficient of wind turbine system.

The wind turbine mechanical torque output 7;, given as:

1 1
T = 5pACP(, Byv: — 2)
Wi

In addition, Cp is influenced by the tip-speed ratio A which is defined as the ratio
between the rotor blade tip and the speed of the wind, and is given by Errami et al.
(2013):

R
A=

3)
v

where w,, and R are the rotor angular speed (in rad/sec) and the radius of the swept

area by turbine blades (in m), respectively. The computation of the power perfor-

mance coefficient Cp requires the use of the information of blade geometry and blade

element theory. Consequently, these complex issues are usually empirical considered

and a generic equation is used so as to model the power performance coefficient

Cp (A, B) based on the modeling turbine system characteristics described in Errami
et al. (2013) as:

Cr= 28 _g4p 5D
= —(— — . —_ e 1
P=

1 1 0.035
— = - “)
A A+0088 BI+1

where B is the blade pitch angle (in degrees). Cp is a nonlinear function of both
blade pitch angle (8) and the tip speed ratio (1).
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Fig. 4 Characteristics C, versus A; for various values of the pitch angle 8

The Cp (X, B) characteristics, for various values of the pitch angle g , are illus-
trated in Fig.4. The maximum value of Cp, that is Cp max = 0.41, is achieved for
Aopr = 8.1 and for B = 0. According to Fig.4, there is one specific A at which
the turbine is most efficient. This optimal value of Cp occurs in different values of
A. Consequently, if B is fixed, there is an optimal value A,,, at which the turbine
system follows the Cp max to capture the maximum power up to the rated velocity
by adjusting rotor speed. Besides, if wind speed is supposed constant, C p value will
be dependent on rotor velocity of the wind turbine. Accordingly, for a given wind
velocity, there is an optimal value for rotor velocity which maximizes the power
supplied by the wind. If the PMSG velocity can always be controlled to make the
turbine operate under optimum tip-speed-ratio A,p,; during wind velocity variations,
then the power coefficient reaches its maximum value C p n,x. That is equally saying,
the turbine system realizes Maximum Power Point Tracking (MPPT) function (Chen
et al. 2013c¢).

Then, for a given wind velocity the system can operate at the peak of the P (wy,)
curve and the maximum power is extracted continuously from the wind. Conse-
quently, the curve connecting the peaks of these curves will generate the maximum
output power and will follow the path for maximum power operation. That is illus-
trated in Fig. 5.

When the rotor velocity is adjusted to maintain its optimal value, the maximum
power can be gained as:

1
Prurbine = EIOACPmaXU3 )
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Fig. 5 Wind generator power curves at various wind speed

2.2 Mathematical Model of the PMSG

175

The PMSG dynamic model is given in a rotative frame (dg) where the d axis is aligned
with the rotor flux. So, the generator model in the d-q frame can be described by the
following equations. The electrical equations of the PMSG are shown in (6), (7)and
(8), the torque equation in (9) and the mechanical equation in (10) (Shariatpanah

et al. 2013).
) d
Veq = Rgig + wepg + E%
) d
Ved = Rgig — wepg + E(ﬁd
The quadratic and direct magnetic flux are given by:

¢q = Lyliq
¢a = Laia + ¥y

3
T, = 5Pn [Vrig + (La — Lg) iaig]

dwy,
J—=T,—T,, — Fo,,
dt

(6)

(7

()

€))

(10)
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The electrical rotating speed of the PMSG, w, is defined as:
We = PpnWm (11)

where

Vg, Vga Stator voltage in the dg frame;

ig,iq  stator current in the dg frame;

L4, Ly inductances of the generator on the ¢ and d axis;
stator resistance;

permanent magnetic flux;

electrical rotating speed of the PMSG;

machine pole pairs;

total moment of inertia of the system (turbine-generator);
viscous friction coefficient;

mechanical torque developed by the turbine.

SNSF s ®

Thus,
dig 1 . .
o = L—q(vgq — Rgiy — weLgiq — wery) (12)

dig 1 . .
i L—d(vgd — Rgig + weLyiy) (13)

If the PMSG is assumed to have equal d-axis, g-axis ininductances (L, = Ly = Ly),
the expression for the electromagnetic torque can be described as:

3
Te = 5pn [vriq] (14)

3 Control Strategy of the WECS

3.1 Adopted MPPT Control Algorithm

The reference velocity of the PMSG corresponding to the maximum power extractable
from the wind turbine system at a given wind speed is retrieved by the MPPT tech-
nique. This algorithm is operated when the wind speed is below the threshold. Then,
for each instantaneous wind velocity, the PMSG optimal rotational speed @y, —op:
can be computed on the basis of the following expression (Zhang et al. 2014):

VA
Wm—opt = ;pt (15)
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Each wind turbine can produce maximum power by (5). Therefore, the maximum
mechanical output power of the turbine system is given as follows:

1 Rm—opt \°
PTurhine_max = _pACPmax (m—()m‘) (16)
2 )“()pl

Accordingly, we can get the maximum power Pr,pine_max by regulating the turbine
velocity in different wind speed under rated power of the WECS. In addition, if the
speed of generator can always be controlled in order to make turbine system work
under optimum tip speed ratio A,,;, regardless of the wind velocity, then the power
coefficient reaches its maximum value Cp yax (Kuschke et al. 2014). The Pyppr
curve is defined as function of w;; 4, the speed referred to the generator side:

Pyppr = wan,up, (17)
K =Lpac R’ (18)
= 2:0 P max hopr

K depends on the blade aerodynamics and wind turbine parameters. The MPPT
controller system computes this optimal speed w,—op, and an optimum value of tip
speed ratio A,p, can be maintained. Thus, maximum wind power of the turbine can be
captured. Depending on the wind velocity, the MPPT algorithm regulates the electric
output power, bringing the turbine system operating points onto the “maximum power
point,” like in Fig.5 (Errami et al. 2013).

3.2 Pitch Angle Control System

At wind velocities below the rated power area, the wind turbine system regulator
maintains the power performance coefficient Cp of the turbine at its maximum.
But, at higher wind velocities, the power coefficient decreases to limit the turbine
speed. So, most high power wind turbine systems are equipped with pitch control
to achieve power limitation, and where wind speed is low or medium, the pitch
angle is controlled to allow turbine system to operate at its optimum condition. On
the contrary for high wind speeds, the pitch control is active and it is designed to
prevent wind turbine system damage from excessive wind speed (Polinder et al.
2007). This means that, when the wind speed reaches the rated value, the pitch angle
controller enters in operation to decrease the performance coefficient of power. The
angle of blades 8, will increase until the wind turbine system is at the rated velocity.
Figure 6 illustrates the schematic diagram of the implemented turbine blade pitch
angle controller. Py is the generated power.



178 Y. Errami et al.

,

‘m—rated

P

rated

Fig. 6 WECS Pitch angle controller

3.3 Sliding Mode Control (SMC) and MPPT Algorithm
Jor Generator Side converter

The generator side converter controls the PMSG rotational speed to produce the max-
imum power extractable from the wind turbine system. Thus, the generator side three
phase converter is used as a rectifier and it is used to keep the PMSG velocity at an
optimal value obtained from the MPPT algorithm. This controller makes the WECS
working at highest efficiency. The proposed control strategy for the generator side
converter is based on SMC methodology. The adopted MPPT algorithm generates
®m_opt» the reference speed. On the other hand, it is deduced from equations (10)
and (14) that the generator velocity can be controlled by regulating the g-axis stator
current component (ig;).
According to the theory of SMC, the error of PMSG speed is selected as sliding
surface:
So = Wm_opt — Wm (19)

Wm_opris generated by a MPPT controller.

Consequently:
dSw da)m opt da)m
— = — — — 20
dt dt dt 20)
Using (10), the time derivative of S,, can be calculated as:
das d 1
o _ Onopt (1 T _ Fa,) 21)

dr dt J

When the trajectory of PMSG speed coincides with the sliding surface (Evangelista

et al. 2013a),
das,
S = —=
YT dt

(22)
In order to obtain commutation around the sliding surface, each component of the
control algorithm is proposed to be calculated as the addition of two terms (Evange-
lista et al. 2013Db):
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Ue = Ueqg + Up (23)

where u,, is the equivalent control concept of a sliding surface. It is the continuous
control that allows the continuance of the state trajectory on the sliding surface. The
expression for the equivalent control term is obtained from the equation formed by
equalling to zero the first time derivative of S,,. As a result, during the sliding mode
and in permanent regime, u,, is calculated from the expression:

ds,
— =0 24
dt 24

Although, u,, is used so as to guarantee the attractiveness of the variable to be con-
trolled towards the commutation sliding mode surface. So, it maintains the state on
the sliding surface in the presence of the parametric variations and external distur-
bances for all subsequent time. Also, the system state slides on the sliding surface
until it reaches the equilibrium point. Then it is restricted to the surface

Uy = ky,sgn(Sy) (25)

where k,, is a positive constant, which is the gain of the sliding mode regulator. u,
keeps the system dynamic on the sliding surface S, = 0 for all the time.

Moreover, SMC is a discontinuous control. So as to reduce the chattering, the
continuous function as exposed in (26) where sgn(S,,) is a sign function defined as
(Xiao et al. 2011):

1 S > €
sgn(Sey) = 1 32 =S, (26)
-1 —-&=35,

where ¢ the width of the boundary layer. It is a small positive number and it should
be chosen attentively, otherwise the dynamic quality of the system will be reduced.

On the other hand, to ensure the PMSG speed convergence to the optimal velocity
and to reduce the copper loss by setting the d axis current to be zero, current refer-
ences are derived. Based on equations (10), (14), (19), (22), (23), (24) and (25), the
following equation for the system of speed can be obtained:

igy = ———(T, +Jd‘”’"——””’+Fw + Jkosgn(Se)) (27)
T 3pyy dt " v
where k,, > 0.
igr =0 (28)

In addition, from (21) the following equation can be deduced:
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ds, do S
thw =S» r;;opt _Tw(Te_Tm_me)
N 3 dw,
= —keSesgn(Sy) + 7‘”(Tm = S Pa¥ipig + Fom + Thosan(So) + 7 'Z;”P’)
(29)

Then, to regulate the currents components iy and i, to their references, it is necessary
to define the sliding surfaces, as follows:

Sqa = igr —ig (30)
Sq =ligr — g 3D

Substituting (12) and (13) into above equations gives:

dSq  digr  dig 1 - j
= = T = (g = Ryl + Luwedy) (32)
S
dS, dig  dig
dt — dt di
digr 1 : :
- dt L_(ng — Ryiyg — Lyweiq — welry) 33)
N

when the sliding mode occurs on the sliding mode surfaces:

=By (34)
T dr
dSy
Sa=——=0 35
4= (35
Consequently, the control voltages of q axis and d axis are defined by:

. . diqr
Vgr = Rgig + Lsweiqg + ey f + Ly o + Lskgsgn(Sy) 36)
Var = Rgiq — Lsweiq + Lgkasgn(Sq) 37)

where k; > 0 and kg > 0.
In addition:

dSy 1 . .
SdW =S, I:_L_S(ng — Rgig + stezq)]

Sd : .
= —kqSasgn(Sq) + L_ [_ng + Rgld - stelq + Lsdegn(Sd)] (38)
s
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asy [diqr - dﬁ}

Sg—~+ =
T dr dt dt

S di . ,
= —ky Sy5gn(Sy) + L—" [Ls d‘;’ —Vgq + Ryig + Lyweiq + oo + kaqsgn(Sq)]
s
(39

Theorem 1 If the dynamic sliding mode control laws are designed as (27), (28),
(36) and (37), therefore the global asymptotical stability is ensured.

Proof The proof of the theorem 1 will be carried out using the Lyapunov theory of
stability. To determine the required condition for the existence of the sliding mode,
it is fundamental to design the Lyapunov function. So, the Lyapunov function can
be chosen as (Evangelista et al. 2013b):

1 2 1 2 1 2
Tl:zsw+§Sq+§d (40)

From Lyapunov theory of stability, to ensure controller stability and convergence of
the state trajectory to the sliding mode, Y| can be derived that (Huang et al. 2013),

dY

— =<0 41
PR (41)

According to the definition of Y, the time derivative of Y| can be calculated as:

dY\ . dS, . dSq . dS,
—=8,—+Syg—+S,— 42
dt 0 g TR TRy, (42)

Using Equations (29), (38) and (39), we can rewrite (42) as:

d
dt

d Wm_opt

S 3 .
= —kyS,sgn(Sy) + Tw(Tm - EPanlq + Foy, + kaSgIl(Sw) +J a1

)

Sa . .
— kaSasgn(Sy) + I [—vgd + Rgig — Lyw,ig + Lskdsgn(Sd)]
s

Sg [, di
— kg Sgsgn(Sy) + L—q [LS T —veq + Ryiq + Lyweia + wery + Lskqsgn(Sq)]
s

dt
(43)
Substituting (27), (36) and (37) into above equation gives:
dY
T —koySwsgn(Sw) — kaSasgn(Sa) — kqSqsgn(Sy) (44)

As aresult:
dT
= ko 1Sl = kalSal — kg[S < O (45)
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Fig. 7 Schematic of SMC strategy for WECS

Accordingly, the global asymptotical stability is ensured and the velocity control
tracking is achieved.

Finally, PWM is used to generate the control signal to implement the SMC for
the PMSG. The double closed-loop control diagram for generator side converter is
shown as Fig.7.

3.4 Grid Side Controller Methodology with SMC

The grid side converter (GSC) works as an inverter. The main function of the GSC is
to keep constant dc bus voltage, regulates the reactive and active power flowing into
the grid and to provide grid synchronization. So, it can regulate the grid side power
factor during wind variation. Besides, there are many strategies used to control GSC
(Yaramasuetal. 2013; Blaabjerg etal. 2013; Maetal. 2013). In this study, Pulse Width
Modulation (PWM) associated with SMC is used in order to control the converter.
Double-loop structure is used: the inner control loops regulates g-axis current and
d-axis current, but outer voltage loop regulates the dc-link voltage via controlling
the output power. The schematic diagram of the GSC based on the proposed control
strategy is shown by Fig.7.
The voltage balance across the inductor L ¢ and R ris given by:

€a iq d la Va
ep | =Ry |ip |+ Ly a1 ip |+ | v (46)
€c ic ic Ve
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where

eq, ep, €. voltages at the inverter system output;
Va, Vb, Ve grid voltage components;

ig, ip, lc line currents;

Ly filter inductance;

Ry filter resistance.

Transferring equation (46) in the rotating dq reference frame gives:

Bt Loy~ Ryia_s +olyi ) 7)
=~ = —(eq — Ryiq— oL fig_fr—v
dt L, d fld—f flg—f —Vd
Tt _ Lie,—ryi Lyi ) (48)
= — (€5 — lg—f — @ ld—f — V,
dt L; q fta—f fld—f q
where
ed, eq inverter d-axis and g-axis voltage components;
Vd, Vg grid voltage components in the d-axis and g-axis;
ig—f,iq—y d-axis current and g-axis current of grid.
w network angular frequency

The network angular frequency is computed by a Phase Locked Loop (PLL).
The instantaneous powers are given by:

3 . .

P = E(vdld_f +Vyig—yr) 49)
3 . .

Q = 5 Waig—y = vgid—y) (50)

Thus, the DC-link system equation can be given by:

dUy, 3 vg . Vg . .
== ey 51
dt 2(Udcld f+UdC"7 §) = lde b

where
Uje  dc-link voltage;
ige  grid side transmission line current;
C dc-link capacitor.
—
If the grid voltage space vector u is oriented on d-axis, then:

vg=Vandv, =0 (52)

Therefore, using Eq. (52), we can rewrite Eqs. (47—48) as:
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dig_
f l;thed—Rfidff-l-waiq,f—V (53)
dig— . .
Ly=4t = ey = Ryig—y — Lgiay (54)

Also, the active power and reactive power can be expressed as:

3

P=ZVigy (55)
2
3.

0= Evlq_f (56)

As aresult, reactive and active power control can be achieved by controlling quadra-
ture and direct grid current components, respectively. So, the q-axis current reference
is set to zero for unity power factor, but the d-axis current is determined by dc-bus
voltage controller to control the converter output active power. The GSC controller is
implemented based on the electric network current d-g components, as it is depicted
in Fig.7. The control method consists of a two closed loop controls to regulate the
reactive power and the dc link voltage independently. Then, the fast dynamic is asso-
ciated with the line current control, in the inner loop, where the SMC is adopted to
track the line current control. Moreover, in the outer loop, slow dynamic is associated
with the dc-bus control. The outer control loop uses the Proportional Integral (PI)
controller to generate the reference source current iy, s and regulate the DC voltage,
although the reference signal of the q-axis current iy, 7 is produced by the reactive
power Q,according to (56).
We adopt the following surfaces for iy y and i, s:

Sa—f = ldr—f —ld—f (57)
Sq—f =lgr—f —lg—f (58)

where iy r and iy, ¢ are the desired value of d-axis current and g-axis current,
respectively. Also, iyr— ¢ is produced by the loop of DC-bus control and the reference
signal of the g-axis current iy, r, is directly given from the second loop outside of
the controller and it sets to zero to reach unity power factor control.
Using equations (53) and (54), the time derivatives of S;_ rand S, _ ycan be
calculated as:

dSq— _ digr—y _did_f _ digr—y

1
——(ea—Ryiq- Lysig—s—V) (59
dt dt dt dt Lf(ed fla—ftwLyig—r=V) (39)

dSy—; digr—y dig—y dig—y 1 _ ,
jtfz th_ jhfz ‘;’tf_L—f(eq_szq,f—wLﬂd,f) (60)
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when the sliding mode takes place on the sliding mode surface, then:

dSq_

Si_f= dtf=o (61)
ds,_

Sy = ;tfzo (62)

Combining (53), (54) and (57)—(62) the controls voltage of d axis and q axis are
defined by:

dld —
Var—f =Ly dr f+Rfld f—Lywig_r+V +Lskygrsgn(Sq—r) (63)
Vgr—f = Rypig_y + Lywig_f + Lyky_rsgn(Sy—s) (64)

where kg >~ Oand k;— 5 > 0.
Be51des from (59) and (60), the following equations can be deduced:

Sa—f

dSq—f _sy digr—§
dt —-f

1 . .
_ ;(ed —Rpig—y+ Lfoig_5— V):|
= —kq_ de,_fsgn(Sd,f)

Sa—r digr—y . .
+—|Ly —eq+Rypig—f—Lywig_r+V+kg_rLypsgn(Sq—y)

Ly dt
(65)

dSy_y dig_y
s St = s [

= —kq—fSq—rsgn(Sq—)
Sq—rf

[—eq + Rypig—f + Lywia—s + kgL psgn(Sy—s)] (66)

Theorem 2 [fthe Dynamic sliding mode control laws are designed as (63) and (64)
therefore the global asymptotical stability is ensured.

Proof The proof of the Theorem 2 will be carried out using the Lyapunov theory of
stability. To determine the required condition for the existence of the sliding mode,
it is fundamental to design the Lyapunov function. So, the Lyapunov function can

be chosen as: . 1
_ 1@

From Lyapunov theory of stability, to ensure controller stability and convergence of
the state trajectory to the sliding mode, Y, can be derived that,
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dY

2220 (68)
dt

By differentiating the Lyapunov function (67), we obtain:

dY, dSq—f dSy—r
ar I T TRl Ty

(69)

Based on equations (65) and (66), it can be obtained:

dr,
o = ka—fSa-ysen(Sa—y)
Sa—f [L digr—y

* Lf dt

—eq+ Ryig_y—Lfwig_¢r+V+ kd_fosgn(Sd_f):|

S,—
—kg—§Sq—sgn(Sy—r) + Ziff [—eq +Rpig— ¢+ Lfwig_r+ kq_fosgn(Sq_f)]

(70)
Substituting (63) and (64) into above equation gives:
dYs
I = —kq—rSa—rsgn(Sq—y) — kg—rSq—rsgn(Sy—r) 71)
Therefore:
dY;
= ~ka—r [Sa=s| = kg—r [Sq-s[ < 0 (72)

As a result, the asymptotic stability in the current loop is guaranteed and the dc-bus
voltage control tracking is achieved. Finally, PWM is used to produce the control
signal. The structure of the dc-link voltage and current controllers for grid-side
converter, for the WECS, is illustrated in Fig.7.

4 Simulation Result Analysis

This paragraph presents the simulated responses of the WECS under varying wind
conditions. In this example simulation, Matlab/Simulink simulations were carried
out for a 2 MW PMSG variable speed wind energy conversion system to verify
the feasibility of the proposed method. The parameters of the system are given in
the Tables 1 and 2. Besides, during the simulation, for the PMSG side converter
control, the d axis command current component, iz, is set to zero; while, for the
grid side inverter system, Q,.r, is set to zero. On the other hand, the DC link voltage
reference and the grid frequency value are Uy.—, = 1500V and 50Hz, respectively.
The topology of the studied WECS based on PMSG connected electric network is
depicted in Fig.7. The grid voltage phase lock loop (PLL) system is implemented
to track the fundamental phase and frequency. On the other hand, this paragraph is
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divided into two parts, that is, Sect.4.1 demonstrates the satisfactory performance
of the WECS under varying wind conditions, while Sect. 4.2 reflects the robustness
of both the rectifier and inverter control systems against electrical and mechanical
parameter deviations.

4.1 WECS Characteristics with SMC Approach

The WECS response under SMC strategy is illustrated by Figs.8, 9, 10 and 11.
Figures 8 and 9 show, respectively, the wind speed profile, the simulation results
of pitch angle, coefficients of power conversion C), tip speed ratio, rotor angular
velocity of the PMSG and total power generated of WECS. The rated wind speed
considered in the simulation is v, =12.4m/s. Then, it can be seen, that when the
wind velocity increases, the rotor angular speed increases proportionally too with a
limitation, the power coefficient will drop to maintain the rated output power. Then,
at the wind velocities less than the rated rotor velocity, the pitch angle is fixed at 0°
and the power performance coefficient of the turbine is fixed at its maximum value,
around 0.41. The speed of PMSG is controlled in order to make the turbine system
operates under its optimum tip speed ratio A,,, = 8.1, regardless of the wind speed.
So, the PMSG velocity is regulated at an optimal value obtained from the MPPT
algorithm. Thus, this control makes the wind turbine working at highest efficiency.
On the contrary, for high wind speeds and if v is greater than the rated velocity vy,
the operation of the pitch angle control is actuated and the pitch angle 8 is increased.
Then, the pitch control is used to maintain the PMSG power at rated power and it is
designed to prevent damage from excessive wind velocity. So, the power performance
coefficient of the turbine decreases to limit the rotor speed. Consequently, extracted
power is optimized with MPPT algorithm and keeps at his nominal value when the
wind speed exceeds the nominal value. Figure 9c shows the power extracted. As can
be seen, if the wind velocity is up the rated wind speed, the power extracted reaches
its maximum level. Figure 9b illustrates the waveforms of the mechanical velocity
of the PMSG tracks the optimum velocity obtained from MPPT algorithm so as to
guarantee the maximum power conversion at the optimal tip speed ratio. Then, it
is clearly shown that the PMSG speed tracks the reference velocity closely. As the
WECS successfully operates with MPPT (A = 4,,,), the primary control objective
is adequately attained, and the PMSG power finely follows the maximum value.
Figure 10a depicts the simulation result of reactive power. As can be seen, the WECS
supplies grid system with a purely active power. The fulfilment of the second control
objective can be appreciated in Fig. 10b, where the WECS dc link voltage and the
external reference U, are depicted together. The dc link voltage is regulated toward
its reference of 1,500 V. This proves the effectiveness of the established controller
systems. Figure 11 illustrates the variation and a closer observation of three phase
current and voltage of grid. Besides, the frequency is controlled and maintained at
50Hz through a Phase Lock Loop (PLL) process. It is obvious that the grid voltage
is in phase with the current since the reference of reactive current is set to zero. So,



188

13.5

Y. Errami et al.

13
12.5
12
11.5

Wind speed (m/s)

10.5

— Wind speed
- - Rated speed

10
0

Time (s)

3.5

(b)

25

15}

Pitch angle

051

0.5
(c)
04F
0.3}
0.2 |-

0.1}

Coefficient of power conversion

Time (s)

Fig.8 Waveforms of WECS characteristics with SMC(Part 1). a Instantaneous wind speeds (m/s).
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unity power factor of wind energy conversion system is achieved approximatively
and is independent of the variation of the wind velocity but only on the reactive
power reference (Q,.r). Consequently, the simulation results demonstrate that the
SMC strategy shows very good dynamic and steady state performance and works
very well.
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4.2 Robustness of the SMC Controller Under Electric
and Mechanic Parameter Variations of WECS

In order to prove the robustness of the proposed controllers, model uncertainties were
included considering the parametric uncertainties. Besides, these variations were also
used in a percentage scale that takes the respective nominal values as references. An
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increase was considered in the stator resistor, the magnetising inductance and the
total moment of inertia of the system values. So, the robustness in face of parame-
ter variations was tested for the cases when the parameter that used in Sect.4.1 is
perturbed 50 % from its nominal value. Moreover, in order to establish a basis for
performance comparisons, we also implemented a traditional linear control scheme
based on Proportional Integral (PI) control scheme. The results are compared in
Figs. 12, 13, 14 and 15. With the similar control parameter values and grid voltage
condition as used in Sect.4.1, superscripts ‘A’ and ‘B’ in Figs. 12 and 13 refer to
present section (affected by parameter variations) and to waveforms corresponding
to Sect.4.1 (with nominal parameters), respectively. Figure 12 shows the compari-
son of the generator speed between the SMC method and PI strategy. In Fig. 13, the
curves describe the test of sensitivity in face of parameter deviations for the coef-
ficient of power. The responses of both control strategies shown in Figs. 14 and 15
verify the parametric robustness of the proposed scheme for the dc link voltage. As it
is shown in the simulation result, the SMC strategy gives lower overshoot and faster
response. The result indicates that the SMC control has faster velocity response and
shorter settling time. Furthermore, it can be concluded that the proposed nonlinear
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Fig. 11 The waveforms of three phase current and voltage of GRID

sliding mode control is rather robust against parameter variations than its PI coun-
terpart. Consequently, the robustness of proposed SMC to the parameter deviations
is convincingly verified.
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5 Conclusion

This chapter deals with a control strategy of the variable speed wind energy conver-
sion system based on the PMSG and connected to the power network. A structure
of back to back PWM is presented. The Sliding Mode Control approach (SMC) is
used to implement the Maximum Power Point Tracking, DC link voltage regulation
and unity power factor control under varying wind conditions. The employed con-
trol strategy can regulate both the total reactive and active power independently. The
detailed derivation for the control laws has been provided and the conditions for the
existence of the sliding mode are found by applying Lyapunov stability theory. The
WECS robustness and performances under the studied control strategy are discussed.
The robustness in the presence of parametric uncertainties was tested for the cases
when the parameters are perturbed 50 % from its nominal value. A comparison of
simulation results based on SMC and PI controller is provided, where the proposed
nonlinear sliding mode control is rather robust against parameter variations than its
PI counterpart. Besides the SMC strategy gives lower overshoot and faster response.
The simulation results show the effectiveness of the proposed sliding mode control.

Appendix

Table 1 Parameters of the power synchronous generator

Parameter Value

P, rated power 2 (MW)
wy, rated mechanical speed 2.57 (rd/s)
Rstator resistance 0.008 (£2)
L, stator d-axis inductance 0.0003 (H)
Yy permanent magnet flux 3.86 (wb)
Pn pole pairs 60

Table 2 Parameters of the turbine

Parameter Value

p the air density 1.08kg/m?
A area swept by blades 4775.94m?
v, base wind speed 12.4m/s
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