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Abstract: As the penetration of the Wind Energy Generation System (WEGS) into the modern
power systems is extensively increased, an efficient control strategy of a WEGS plays an
essential role in wind power utilization. This study presents Sliding Mode Control (SMC)
design for the Variable Speed Wind Farm Systems (VS-WFS) based on Permanent Magnet
Synchronous Generator (PMSG) and interconnected to the electric network. The proposed
control laws are used to regulate both grid-side and generator converters. The generator side
converters are used to track the maximum wind power. The function of the grid side inverter is
to transfer the total extracted wind power from DC-link to the electric network and regulate the
DC-link voltage. A SMC scheme is developed in the sense of Lyapunov stability theorem for
the VS-WFS. Besides, the effectiveness of the proposed SMC scheme is demonstrated by
comparison with a traditional Proportional Integral (PI) control strategy for fault conditions as
well as for normal working conditions. Simulation results with Matlab/Simulink environment
are presented to support the theoretical considerations demonstrating the potential contributions
of both control strategies. The proposed SMC scheme can provide excellent control
performance than the traditional Pl strategy.

Keywords: Wind farm system, PMSG, MPPT, Variable-speed control, PFC control, Nonlinear
Control, Sliding mode approach, Electric Network Connection.

1. Introduction

During the last few decades, with technological advancement, wind energy has grown
rapidly and becomes the most competitive form of renewable energy systems [1]. Moreover,
the most important aspect for connecting a Wind Farm System (WFS) with the electric network
requires a power electronic converter that allows variable velocity operation, reduces both
wind-energy cost and mechanical stress and increases reliability of system [2-3]. Then,
operation at an optimum speed in response to wind velocity minimizes fluctuations of power
output and their effects on the power distribution network. For this reason, variable speed WFS
has attracted considerable attention around the world [4]. On the other hand, with the increased
penetration of WFS into energy generation systems all over the world, Wind Turbine
Generators (WTGs) based on Permanent Magnet Synchronous Generators (PMSG) are
becoming popular for variable velocity power system and the use of the PMSG in large WTGs
is growing quickly [5]. It is connected directly to the turbine without system of gearbox and so
it can operate at low velocities. Moreover, this generator can reduce again weight, losses, costs,
demands maintenance requirements [6]. Also, with the advance of power electronic
technology, the wind farm systems are at present required to participate actively in distribution
network system operation by appropriate generation control methodologies [7-8]. Furthermore,
variable speed operation of Wind Energy Conversion System (WECS) is mandatory in order to
adjust the rotational velocity of PMSG. Then, for various wind velocities, the WECS can be
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operated in the Maximum Power Point Tracking (MPPT) strategy to extract the maximum
wind power by adjusting the shaft velocity [9-10]. On the other hand, power electronic devices
play a significant function in integration of WECS into an electrical network. They are
generally adopted as the interface between the WECS and the power grid to give the ease for
integrating the WECS units to reach high performance and effectiveness when connected to the
electrical network [11]. The power electronic devices are used to control the speed of wind
turbine, to decouple the PMSG from the power grid and the WECS does not need to
synchronize its rotational velocity with the electrical network frequency [12]. It is important to
note that it is fundamental to confine the converted mechanical power during high wind
velocities and if the turbine extracted power reaches the nominal power [13-14]. Then, power
limitation can be realized either by pitch control, stall control or active stall system. Diverse
power conversion interfaces were presented in the literature for WECS based PMSG [15-23].
Figure 1 depicts the typical structure of WECS. It consists of a PMSG side rectifier and a grid
side inverter interconnected through a dc-link system. The rectifier is used to control the
power, the torque or the speed for PMSG. The capacitor decoupling allows the opportunity of
separate control for each power electronic system. The task of the inverter is to synchronize the
ac power generated by the WECS with the electrical network and to remain the dc-link voltage
constant. Moreover, the inverter ought to have the aptitude of adjusting reactive and active
power that the WECS exchange with the electric network and reach Unity Power Factor (UPF)
of system. Furthermore, with a growing penetration of WECS in the modern electric network,
it is mandatory that these systems should also be able to work under irregular and grid
disturbances, correspondingly to the IEEE standards and the new grid codes [24]. As a result,
the power quality from WECS creates significant defies for control strategies of power
generation systems [24]. In recent studies, various control methods have been proposed for the
operation of the grid side and the generator side. Conventional design methods of WECS
control are
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Figure 1. Typical structure of WECS connected to an electric network

based on Vector Control (VC) using d—q decoupling strategy and Proportional Integral (PI)
regulators [19-23]. It is a linear method which is in general adjusted for a particular functional
point of the WECS. Consequently, the performance of this control is significantly relies on the
tuning of the system parameters. Also, it needs suitable decoupling, necessitates complex
rotary transformation and several loops in the regulator. This will deteriorate the transient
performance of VC and influence the stability of system within varying operating conditions.
To surmount the drawbacks of VVC, direct control methods such as Direct Power Control (DPC)
and Direct Torque Control (DTC) were proposed lately [25-30]. The direct control approaches
are distinguished by fast dynamic response, robustness against the WECS parameters variation,
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simple structure, no coordinate transformation and enhanced dynamic performance. But, its
performance deteriorates during very low velocity condition and at stable state there are
significant ripples in flux /torque or active /reactive powers. Furthermore, the switching
frequency is variable with operating point due to the utilization of predefined switching table
and hysteresis regulator of WECS. On the other hand, for WECS integration into power grid
and to overcome the abovementioned problems, there is the study of novel control approaches
which must cope with the effects of the parameter variations of WECS, the nonlinear behavior
of the system, typical uncertainties in both the electrical and the aerodynamic models, diverse
external perturbations and the random variations of wind velocity [31]. Particularly, Sliding
Mode Control (SMC) is a popular strategy due to the fact that it offers a numerous good
properties, such as external disturbance rejection, fast dynamic response, high dynamic
performance against unmodelled dynamics and low sensitiveness with respect to uncertainty
[32-35]. Consequently, SMC is appropriate for wind power system applications. [36-38]
propose the use of SMC approach to maximize the energy production of a WECS. [39-40]
propose a pitch control based siding mode strategy to regulate the extracted power above the
rated wind velocity. Sliding mode regulator to control the WECS for fault conditions is
discussed in [41]. [42-43] use a SMC strategy of power converters.

In this context, this paper proposes a Variable Speed Wind Farm System (VS-WFS) based
on the PMSG. The block diagram of proposed WFS is depicted in Figure 2. The system
consists of 3 PMSGs connected to a common DC-bus system. Each PMSG of the VS-WFS is
connected to the DC-bus through a rectifier. Therefore, velocity controllers are used so as to
maximize the extracted energy from the wind, below the rated power area, while the control
objectives of grid-side inverter system are to deliver the energy from the PMSG sides to the
electrical network, to regulate the DC-link system voltage and to achieve Unity Power Factor
(UPF) of VS-WFS.
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Figure 2. Configuration of the system.

Besides, VS-WFS has strong nonlinear multivariable with many uncertain factors and
disturbances. For these reasons, SMC approach is used to achieve optimal control of the VS-
WEFS and the stability of the regulators is guaranteed using Lyapunov analysis. The aim of the
control approach is to maximize the extracted power with the lowest possible impact in the
utility grid frequency and voltage for fault conditions as well as for normal working conditions.
On the other hand, a pitch control scheme for WFS is proposed to prevent wind turbines
damage from excessive wind velocity. Also, system responses with the proposed SMC method
are validated via simulations results and compared with those of conventional Vector Control
(VC) based Proportional Integral (PI) controller systems.
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The remainder of this paper is organized as follows. In Section 2, the model of the WFS is
developed. In Section 3, SMC of the wind farm system will be presented. The simulations
results are presented and analyzed in Section 4. In Section 5, some conclusions are given.
References are provided in Section 6. Finally, Section 7 presents the parameters of the system
under study.

2. Mathematical model of individual wind turbine generator
A. Wind Turbine Model

The mathematical relation for the mechanical power extracted from a variable velocity
Wind Turbine (WT) is expressed as [44]:

1
I:!rurbine = E pSCP (2” ﬁ)vs (1)
where, p is the air density (typically 1.225 kg/m?), S is the area swept by the rotor blades (in
m?), C, is the coefficient of power conversion and V is the wind velocity (in m/s). The tip-
speed ratio A is given by [45]:

4= R )
Vv

where Rand @, are the rotor radium (in m) and rotor angular velocity (in rad/sec),

respectively. The wind turbine mechanical torque output Tm given as:

T, -1 psc. pv = @
2 @,
The power coefficient is a nonlinear function of the tip-speed ratio A and the blade pitch
angle g (in degrees). Also, a generic equation is used to model the power coefficient C, (4, 5)

based on the modeling turbine system characteristics described in [45] as:

21
1116 -G
C, —5(7—0.4ﬁ—5)e (4)
1 1 0.035

2210088 p+1

The C.(4,p) characteristics, for various values of the pitch angle £, are shown in

Figure 3. The maximum value of C,, thatis C,__ =0.41, is achieved with B =0and with

P max

Ao =8.1. Hence, in order to fully exploit the wind power, A should be maintained at ﬁopt ,

which is determined from the blade system design. The particular value A results in the

opt
point of optimal efficiency where the maximum power is captured by the WT system. For each
wind velocity, there exists a specific point in the wind system power characteristic, MPPT,
where the extracted power is maximized. Accordingly, the control methodology of the WFS
load results in a variable velocity operation of the turbine system. So, the maximum power is
generated continuously from the wind (MPPT control algorithm) [46]. That is illustrated in
Figure 4.

B. Modeling of PMSG
In the synchronous d—q coordinates, the voltage equations of the PMSG are expressed as
[45]:

Vi =(Rg + p.Lq).iq +ao,Li, + o, (5)
Vg =(Ry + Py )iy — @, L, (6)
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where Vi and Vg, are the direct stator and quadrature stator voltage, respectively. id and
iu| are the direct stator and quadrature stator current, respectively. Rg is the stator resistance,
Lq and L, are the inductances of the generator on the g and d axis, i, is the permanent
magnetic flux and @, is the electrical rotating velocity of the PMSG, defined by:

W, = P, )

where P, is the number of pole pairs of the generator and ,, is the mechanical angular

velocity.
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Figure 4. Wind generator power curves at various wind speed

If the PMSG s assumed to have equal g-axis, d-axis in inductances (L, =L, = L), the
expression for the electromagnetic torque of generator can be described as:

3 .
Te = E P, [V/f Iq] (8)
The dynamic equation of the wind turbine system is described by:
399 7 1 R ©)
dt

where Jis the moment of inertia, F is the viscous friction coefficient and T_is the
mechanical torque developed by the Wind Turbine (WT).
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3. The proposed control methodology of WFS
A. Maximum Power Point Tracking (MPPT) and Pitch Control system

Optimal operation of the WFS is to extract the maximum power from wind. In variable
velocity WTGs, the speeds of the PMSGs are varied to achieve maximum coefficient of
performance for the turbine systems. Therefore, optimal control algorithm of the system means
that it has to track the optimum value of the shaft rotational velocity. Hence, the MPPT
controller structure is used to generate the reference speed command of system. For any

particular wind velocity, the turbine is capable to operate at the maximum power line as shown
in Figure 4. In addition, it should always operate at Zopt. As a result, the optimum rotational

velocity of the wind turbine system can be simply estimated as follows:

VA,

_ opt

O opt = R (10)
@y oy 18 the reference velocity, of the generator, which when applied to the velocity control

loop of the PMSG side converter control system, maximum power will be produced by the
WTG. So, the maximum mechanical extracted power of the turbine system is given as follows:

3
1 Ra,_
PTurbinefmaxi = EpACPmax [%J (11)
opt
Consequently, we can get the maximum power P ... . DY regulating the PMSG

velocity in different wind speed under rated power of the WFS. Moreover, the pitch angle
controller is used in order to prevent WT damage from excessive wind velocity. The active
power output is controlled based on the velocity of rotor. Once maximum rating of the power
PMSG is reached in high wind velocities, the pitch angle is increased so as to shed the
aerodynamic power and the wind turbine system operates at lower efficiency. Therefore, by
reducing the coefficient of power conversion, both the power and rated rotor velocity are
maintained for above rated wind speeds of WFS. The schematic diagram of pitch angle

controller model is shown in Figure 5 where Pge is the extracted power of the turbine system.

B. Variable structure control strategy for generator side converters with sliding mode control
approach and MPPT

For each PMSG, the generator side three-phase converter is used as a rectifier with a
Sliding Mode Variable Structure Control (SM-VSC). It works as a driver controlling the

Om

MAX ks

D —rated ’_> ﬁ
Prated
>+ PI

Figure 5. WFS pitch angle controller

generator operating at optimum generator velocity Dy _opt in order to obtain MPPT from wind
[46]. Besides, it is deduced from equations (8) and (9) that the WT speed can be controlled by
regulating the g-axis stator current component (iqr). As a result, the control diagram for
individual generator-side converter system is shown as Figure 6.
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In order to satisfy the sliding mode algorithm condition, it is necessary to define the sliding
mode surface for the speed controller:;

Sa) = a)m—opt — (12)
D opt is generated by a MPPT strategy.
Turbine
Prated
wm_opt
Equations (19-20)
and (28-29)
wm
Figure 6. Individual PMSG side converter control diagram.
It follows that:
ds, _ do, o da, (13)
dt dt dt
Combining (9) and (13) the following function is defined as:
ds, dao, o 1
@ :7”1_0 _— —T - Fa) (14)
dt dt J (T =T )
Also, when the sliding mode algorithm occurs on the sliding mode surface [34]:
S, = %, g (15)
dt

So, in order to obtain commutation around the surface with good dynamic performances, the
control algorithm includes two terms [36]:

U, = Uy +U, (16)
Ueq is valid only in the sliding surface. During the sliding mode and in permanent regime,
Ueq
be controlled towards the commutation sliding mode control surface. Then:

U, = 4,59n(S,) a7
where gz, > 0.

On the other hand, SMC is a discontinuous control. So as to reduce the chattering, the
continuous function as exposed in (18) where sgn(S,,) is a sign function defined as [78]:

is calculated from (15), while U, is used to guarantee the attractiveness of the variable to

1 S,>~¢
18
sgn(S,,) = S?" e[S, (18)
-1 -&>S,

& is a small positive number. If the ¢ is too large or too small, the dynamic quality of the WFS
will be reduced. Then, the value of & should be chosen carefully.
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Accordingly, so as to reduce the copper loss by setting the d axis current component to be
zero and to ensure the PMSG velocity convergence to the optimum speed, references of
currents components are derived. Then, the following equation for the system velocity is
obtained from equations (12-16):

where g2, > 0.
Also, iy, =0 (19)
do
= oo (T, + 3 2 Fp 4, 500(S,) (20)
3pnl//f dt
ds do S
S, —~2=§,—=" (T -T —-F
S 3 - dC()m opt
=—4,5,59n(S,) + 3 Ty —5 Pyt Fon+Ju, sgn(S,,) +J T‘p)

(21)

On the other hand, SMC is used in order to regulate the currents components to their
references. Let us introduce the following sliding surfaces for the current components id and
Iq :

S, =i, —i, 22)

Sy =1y 1, (23)

where iqr 14, are the desired values of g-axis and d-axis current, respectively. So, it follows

that:
dS, _diy dig 1

dt  dt dt L
ds, di, di, di, 1 . .
d7Iq B d: _?::T;_f(vgq ~Rjiy— L, —ay,) (25)

when the sliding mode occurs on the sliding mode surfaces:

(Vg —Ryis + Laji,) (24)

S, = B (26)
dt
S, = % -0 27)
dt
As aresult, from equations (22-27), the control voltages of g axis and d axis are defined by:
i i diy, 28
Vg =Ry, + Loy + o, + L a5t Lk, sgn(S,) (28)
Var = Rgid o Lsa)eiq + Lskd Sgn(sd) (29)

where K, >0 and k, > 0.

ds 1 . .
Sy—2=S,| ——(, —R,i, +La,i
In addition, ° dt '{ LS( w Rl thaely) (30)

=-k,S, sgn(Sd)+SL‘S‘[—vgd +R, iy — L, + LK, sgn(Sd)}
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a5, [di, _di
“dt Y dtdt (31)

S dig, . .
=-k,S, san(S,) +L“[LS L v, +Rji, + Lo, + o, +k L sgn(Sq)}

dt

S

Theorem 1: If the dynamic sliding mode algorithm laws are designed as (20), (28) and (29),
therefore the global asymptotical stability of WFS is ensured.
Proof: To determine the required condition for the existence of the sliding mode control, it is
fundamental to design the Lyapunov function. So, the following Lyapunov function is defined
as:
SORRETLE YL INE Y, (32)
T T

From Lyapunov stability techniques, to guarantee the attraction of the system throughout

the sliding mode surface, Yq can be derived as:

dYy
dt

By differentiating the proposed Lyapunov function (32), we obtain:

Yy g 95, ¢ 98 o B (34)

dt " dt dt % dt

Using (21) and (30-31) the following function is defined as:

Y, S 3 d@n_on
= _ﬂwsw Sgn(sw) +7M(Tm )y pn‘//f Iq + FCOm + Jlu(u Sgn(sw) +J 77)
dt J 2 dt
S . . (35)
—k;S,san(S,) +fd[—ng +Ryiy — Lo, + Lk, sgn(S, )]
S, |, dig . )
-k,S, sgn(Sq)+f L, ot =V, + R, + Loy + o +k L sgn(S,)
So, with (20), (28) and (29) the following equation is obtained:
dyY, 36
dt = _lu(oS(u Sgn(sru) - kd Sd Sgn(sd ) - quq Sgn(Sq) ( )
Then, the following inequality is satisfied:
dYy
= H[Su] keS| Ky [8,[ < 0 (37)

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

Finally, PWM is used in order to produce the control signal to implement the SMC for the
generator side system. The double closed-loop control diagram for individual generator-side
converter is shown as Figure 6.

C. Grid-side controller strategy with SMC

The structure of the wind farm system used for this study is shown in Figure7. It consists of
3 PMSGs based on 2MW generators connected to a common DC-bus. Each PMSG of the WFS
system is connected to the DC-bus through a rectifier system, but the DC-bus is connected to
the grid through only one DC/AC inverter. The grid-side converter is used in order to stabilize
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the DC-link system voltage, to deliver the energy from the PMSGs sides to the electric network
system and to set a UPF of WFS during wind variation. SMC is adopted to regulate the
currents and output voltage in the inner control loops and the DC voltage controller in the
second loop. Consequently, it can regulate instantaneous values of reactive power and active
power of grid system connection, respectively.

Transformer

Filter 0,8KV/22K
!

PMSG1

Electric
Grid

(5]
-

Equations
(49), (50)

W\
By

Figure 7. Schematic of control strategy for wind farm system
5
In the rotating dq reference frame, if the electric network system voltage space vector U is

oriented on d-axis, then the voltage balance across the inductor Lf is given by [47]:
didff

L — = ~Ryiy_¢ +L @i, -V (38)
di, _ _
L, i &, —Rily s —Lioly (39)

where L, and R; are the filter inductance and resistance respectively; €, ande,are the

inverter g-axis and d-axis voltage components, respectively. i i(H are the values of g-

a-f
axis current and d-axis current, respectively. V is the grid system voltage component in the d-

axis voltage component. In addition, the active power and reactive power can be given as
follows:

P= gwd_f (40)
Q- gViq,f (41)

So, reactive power and active power control can be achieved by controlling direct and
quadrature current components, respectively. Moreover, the DC-side equation can be given by
[48]:

1.dug _

2 dt
where Pg . Is the total output real power of generator stators. The d-axis reference current is

_p (42)

determined by DC-link system voltage controller in order to control the converter output real
power. For this reason, there are two closed-loop controls for the power converter. The fast
dynamic loop is associated with the line current control in the inner loop where the SMC is
adopted to track the line current control, but in the outer loop slow dynamic is associated with
the dc bus system control. Also, the proportional integral (PI) linear controller is used so as to
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generate the reference source current idr_f and regulate the dc voltage, but the reference signal

of the g-axis current qu is created by the reactive power Q_. according to (41).

Let us introduce the following sliding mode surfaces for the g- axis current and d-axis
current;

ref

St =g —ly_g (43)
Sqot =lgr_g —lg s (44)
where iy, (14 ; are the desired values of g- axis current and d-axis current respectively.

The reference i for the iq_f current is derived from the desired power factor. So:

gr—f

s, di,, di,, di,, 1 _ _
il =" _ = (e,-R,i, , +L, @i, , -V (45)
dt dt dt dt L, (& ~Rilg-r +Lyly =)
ds,, di,, di., di., 1 _ .
oo el el 2 (e, — Ry —Lily_) (46)

dt dt dt dt L,
when the sliding mode occurs on the sliding mode control surface, then:

Sy =—"=0 (47)
d—f dt
ds
Sq—f = dqt—f =0 (48)
Combining (38), (39) and (43)-(48) the control voltages of d axis and q axis are defined by:

didr—f H H 49
V=L, " Ryig_—Le@ig_; +V + Lk, sgn(S,_,) (49)
Vgt = Ryig_¢ +Lyaly_ + LK, sgn(S, ;) (50)

wherek, ( =0 and k,_; > 0.

In addition,
ds di 1
S, , —t—-g | _ = (e, —R,i,_, +L,ai,_, V)
d-f dt df|: dt Lf d fld-f f q-f (51)
=Ky ¢Sy ¢ SIN(S, ()
Sd—f didr—f . .
+ L, ey +Riiy_; —Liwi,_( +V +K,_(L;sgn(S,_ ;)
L, dt
S dSq_f s _diq_f
q-f - ~g-f
dt dt (52)

Sy
Ly

=—K, ¢S SAN(S, ;) +

q-fq-f

[~y +Ryig_¢ + Loy, +k, (L, sgn(S, ) |

Theorem 2: If the dynamic sliding mode algorithm laws are designed as (49) and (50) then the
global asymptotical stability of system is ensured.
Proof: So as to determine the existence condition of the sliding mode control, it is required to
design the Lyapunov function. Since, we can define a new function of Lyapunov including the
g axis current and the d axis current as:

1 1
Y, :Esjff +ESZ

q-f

(83)
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From Lyapunov stability techniques, to guarantee the attraction of the system throughout
the sliding mode surface and the sliding manifold is reached after a limited time, Y, can be

derived as:
dy
L <0 (54)
dt
By differentiating the Lyapunov function (53), we obtain:
dy ds ds
g, 0t g (55)
dt dt ot
So, with (51) and (52):
Y,
at =—Ky_Sq_¢ SIN(Sy_¢)
Sq_i diy : : (56)
+——| Ly ———& +Riiy_; —Loi, ( +V + Ky L;san(Sy_¢)
L, dt
Se . .
=Ky ¢Sq ¢ SAN(S, () + L [—eq +Ryiy ¢ + Lol +k, (L;sgn(S, )]
f
Combining (49) and (50) in (56) the following equation is obtained:
dYy
dtf =—Ky_¢Sq_ SAN(Sy_;) — kq—f S sgn(sq—f) (57)
Then, the following inequality is satisfied:
dy
dtf =Ky Sy Koo [Sqe] <0 (58)

Consequently, the asymptotic stability in the current loop is guaranteed and the dc-bus
structure voltage control tracking is achieved. At last, PWM is used so as to produce the
control signal. The configuration of the dc-link voltage and current controllers for grid-side
converter is depicted in Figure 7.

4. Simulation and analysis

To verify the performance of the proposed control strategy, the simulation tests are
implemented using Matlab/Simulink. This paragraph presents the simulated responses of the
WEFS under changing wind conditions and the grid system voltage dips conditions. In this
example of simulation, it is used a variable speed WFS with a rated power of 6 MW. The farm
consists of three 2MW wind turbine systems. The complete system was simulated by
Matlab/Simulink using the parameters given in Table 1 and Table 2. During the simulation, for

the PMSG side converter control systems, the d axis command current, iy, , is set to zero;

although, for the grid side inverter system, Q. , is set to zero. On the other hand, the DC-link

ref
voltage reference is fixed at U, , =1900V and the electric network frequency value is

steady at 50 Hz. The topology of the studied WFS based on PMSGs connected distribution
network is depicted in Figure 2, Figure 6 and Figure 7. The grid voltage phase lock loop (PLL)
system is implemented to track the fundamental phase and frequency. This section is divided
into two parts, that is paragraph 4.1 demonstrates the acceptable performance of the WFS
under varying wind conditions and normal working conditions, although paragraph 4.2 reflects
the behavior of the WFS during the voltage dip. The simulation results are comparable with
those in [12].
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A. WFS characteristics under normal working conditions
The WFS response under SMC is illustrated by Figure 8-11. Figure 8a to Figure 8f show,
respectively, the simulation results of instantaneous wind velocities, coefficients of power

conversion Cp, pitch angles, rotors angular velocities of the PMSGs and total power

generated. The rated wind speed considered in the simulation (v, =12.4 m/s). It can be seen,

for each turbine system, the pitch control system is not active since the velocity never reaches
the rated value (Figure 8(c)). At wind velocities below the rated speed area, the wind turbine

controller maintains the coefficient of power at its maximum. The initial pitch angle S keeps
the value of 0° and the power coefficient Cp is the maximum approximately C . = 0.41(

Figure 8(b)). The WFS operates under MPPT algorithm. At higher wind velocities, the
coefficient of power diminishes to limit the rotor velocity. As shown in Figure 8(d), for high
wind speeds at rated speed area, the mechanical angular velocities are saturated and constant.

They have been limited by pitch control. The value of Cp are kept close to their optimal

values in normal operation as illustrated in Figure 8(b). For each turbine, Cp is kept at the
maximum value of 0.41 for a variable velocity region, but, if the wind speed reaches the rated

wind velocity of the turbine systems (V, =12.4 m/s), it is decreased according to the increase of

the pitch angle as depicted in Figure 8(c). It can be seen, for each turbine system, that when the
wind speeds increase, the rotor angular velocity increases proportionally too. Also, the pitch
angle control method can limit, at high-wind-speed regions, the PMSG power and rotor
velocity to their rated values (Figure 8(f) and Figure 8(d)). The total power generated of WFS
is shown in Figure 8(f). The results show variation in the power extracted when the incoming
wind speeds are different for each turbine system. Moreover, because all the turbines are
working at their optimum level, and if the wind speeds are up the rated wind velocity, the total
power generated reaches its maximum level (6MW). The PMSG2 speed is plotted in Figure
8(e), it follows its reference signal which depends on the wind speed and MPPT algorithm.
Figure 8(e) shows that the mechanical angular velocity closely follows the optimum speed that
is calculated from Eq. (10). The velocity regulation is such that it is difficult to discern any
difference between the optimum speed and the actual mechanical speed. Notice this optimum
speed is adjusted in response to the wind velocity changes to hold the maximum of coefficient

of power conversion. It can be seen that, if the generator speed @, is higher than the rated

speed @, ,.eq and the wind velocity is above the rated speed (V, =12.4 mis), the pitch

angle is activated to remove excessive power extracted from wind. Figure 9 shows the
simulation result of reactive power of WFS. As can be seen, the wind farm supplies electric
network system with a purely active power. Figure 10 shows the simulation result of dc link
system voltage. The converter dc-link voltage is regulated constant at the reference value 1900
V. It can be observed that the grid-side regulator controls the dc-link voltage and the reactive
power flow, and the generator side regulator controls the PMSG velocity. Figure 11 shows the
variation and a closer observation of three phase voltage and current at Bus 1. The frequency is
controlled and maintained at 50 Hz through a Phase Lock Loop (PLL) system. It is obvious
that unity power factor of WFS is achieved approximatively and is independent of the variation

of the wind velocity but only on the reactive power reference (Q, ). It can be seen that the

proposed strategy is efficient. This result further confirms the satisfactory working of the
proposed control even for the variation of wind speed. Besides, simulations results and
proposed strategy (Section 3) strongly agree and show good WFS performance.
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b) A performance comparison of a nonlinear and a linear control

In order to verify the performance of the proposed strategy based on the SMC approach,
comparative simulation studies, involving conventional Proportional Integral (PI) linear
controller, are presented. The proposed control strategy was compared against a reference [12].
To this aim, a series of simulations was carried out focusing on the velocity of PMSG, DC link
voltage, three phase voltage and frequency performance. Figure 12 illustrates WFS response
under conventional PI controller. Figure 13 and Figure 14 compare the system response for the
proposed SMC and classic PI control, respectively. As shown in Figures 13a-e and Figure 13b-
f, the transient responses of both dc link system voltage and speed of PMSGs for the SMC
strategy are fast, while the dynamic response of the conventional Pl control is largely
dependent on the Pl parameter controllers. Also, at transient state, the peaks of dc link voltage
and velocity reach very high values with Pl regulators than SMC. On the other hand, to
demonstrate the pertinence of the proposed SMC approach, we test the performance of each
controller under short circuit fault. So, the fault event is a three-phase to ground short-circuit
fault,
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at the Bus 4 of the 1 MW loads (Figure 2), and it is introduced at t = 4.3s for 150 ms. Figure
13c-g and Figure 13d-h illustrate the waveforms of RMS lines ground voltage variations and a
closer observation of three phase voltage at Bus 1 during the electric network fault period.
RMS lines ground voltages and three phase voltage at Bus 1 clearly show the different reaction
at transient states by the SMC strategy and Pl regulator. According to Figure 13c-g, if using Pl
controllers, three phase voltage fluctuations were more severe distorted. So, Pl control system
is highly sensitive to external disturbances of system. Besides, the waveform of three phase
voltage is easily distorted. In contrast, the system using SMC methodology is less sensitive to
three phase grid short circuit fault. Figure 14 shows the difference in frequency performance
between the two controlling strategies SMC and PI controller. An increase in frequency can be
observed as can be seen in Figure 14(a). But, the size of the overshoot is very small. Within a
short period of time, the frequency response is capable to converge to the nominal value.
Consequently, the proposed strategy obviously improves the VS-WFS performances. Figure 14
shows that maximum frequency deviations are reduced from 1.34 Hz to less than 0.22 Hz with
SMC, and that the fault induced frequency variations almost disappear. Also, the frequency
excursion is arrested earlier in SMC. Consequently, the frequency deviations are substantially
reduced during the fault. According to the simulation results, it can be seen that the proposed
strategy is efficient and the control performance is acceptable.
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5. Conclusion

This study has successfully designed a SMC to handle the control of the VS-WFS. The
control strategy has used Maximum Power Point Tracking (MPPT) to maximize the total
generated power of VS-WFS. A pitch control scheme for the PMSG wind turbine systems has
been proposed to limit the speeds of turbines and the turbine output powers at their ratings. The
SMC scheme is derived in the sense of Lyapunov stability theorem, so that the system stability
can be assured. The efficiency of the proposed SMC scheme is confirmed by numerical
simulations for fault conditions as well as for normal working conditions, and its advantage is
indicated in comparison with traditional Proportional Integral (PI) control strategy. According
to the simulation results, it can be seen that the proposed strategy is efficient and the control
performance is acceptable. The achievements obtained in the study are recited as follows:
(i) The successful construction of the dynamic mathematical model of VS-WFS. (ii) The
successful utilisation of SM control to improve VS-WFS performance under fault conditions as
well as for normal working conditions. (iii) The dc link voltage can be well controlled to
guarantee reliable operation of the power electronic devices. (iv) Compared with the VC
method, the proposed SMC scheme can provide pretty well steady-state and transient
performance under the network system fault conditions.
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7. Appendix: Parameters of the system under study

Table 1. Parameters of The Power Synchronous Generators

Parameter Value
P, rated power 2 (Mw)
om rated mechanical speed 2.57 (rd/s)
R stator resistance 0.008()
L, stator d-axis inductance 0.0003 (H)
v+ permanent magnet flux 3.86 (wb)
p, pole pairs 60

Table 2. Parameters of The turbine

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