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VARIABLE STRUCTURE SLIDING MODE CONTROL AND
DIRECT TORQUE CONTROL OF WIND POWER GENERATION
SYSTEM BASED ON THE PM SYNCHRONOUS GENERATOR

Youssef Errami *— Mohammed Ouassaid **
Mohamed Cherkaoui ™" — Mohamed Maaroufi =~

This paper presents a Variable Structure Sliding Mode Control (VS-SMC) scheme and Direct Torque Control (DTC)
for Wind Farm (WF) based on the Permanent Magnet Synchronous Generator (PMSG). The WF consists of a 3 PMSGs
which are connected to a common dc bus system with rectifier. The dc-bus is connected to the electrical network using only
one inverter system, a grid-side filter as well as the transformer. The efficiency of the WF can be greatly improved using
an appropriate control approach. So, the control strategy uses the technique of DTC to regulate the speeds of PMSGs for
Maximum Power Point Tracking (MPPT) mode. Besides, by employing VS-SMC the grid-side inverter is controlled to inject
the generated power into the electrical network, to regulate DC-link voltage and to achieve Unity Power Factor. The used
control strategies provide an optimal control solution for WF systems based on the PMSG.
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1 INTRODUCTION

In recent years, considerable progress has been made to
use diverse types of renewable energy sources [1]. Partic-
ularly, wind energy has been paid greatly attention owing
to the energy shortage and environmental worry [2]. On
the other hand, variable speed wind generation system
(VS-WGS) has different advantages over fixed-velocity
generation system, such as lower mechanical stress, less
power fluctuation, operation at maximum power point
tracking (MPPT) and increased energy capture. So, VS-
WGS is becoming the most important and fastest in-
creasing application of wind generation system [3]. In
terms of the VS-WGS, wind systems with permanent
magnet synchronous generator (PMSG) become very at-
tractive because of their high efficiency, low maintenance
requirements, better controllability, high power density,
and improved reliability thanks to the absence of gear-
boxes. Also, PMSG do not necessitate electrical excita-
tion. Consequently, with those advantages, PMSG has
been considered a promising candidate for novel designs
in VS-WGS [4-6]. Hence, usually system with a PMSG is
connected to the grid via an AC-DC-AC converter and,
the VS-WGS doesn’t need to synchronize its rotational
velocity with the grid frequency [7]. For this reason, the
power control of VS-WGS is receiving considerable inter-
est around the world. In this context, this paper proposes
a novel direct torque control (DTC) and variable struc-
ture sliding mode control (VS-SMC) scheme for Wind
Farm (WF) based on the PMSGs. The block diagram

of proposed WF is shown in Fig. 1. Each generator of
the farm is connected to the DC-bus through a rectifier,
but the DC-bus is connected to the grid through only
one DC/AC inverter. The efficiency of the variable speed
farm can be greatly improved using an appropriate con-
trol method. So, several control schemes have been pro-
posed for WECS. They consist of two back-to-back PWM
converters with a common DC-link. On the other hand,
control algorithm based on the Vector Control (VC) strat-
egy has been investigated for both converters with PI
control, where decoupling control of active current and
reactive current is fundamental [8-10]. Then, the direct
torque control (DTC) strategy is an alternative to VC for
PMSG used in WECS. The DTC technique is to control
both the torque and the stator flux of PMSG, at the same
time during one control period, by selecting appropriate
stator voltage vector [11].

Many studies have examined DTC of permanent
magnet synchronous motors (PMSM) [12-13]. Generally,
when compared to VC, DTC possesses several advan-
tages like: the control is without using current loops, a
pulse width modulation (PWM) modulator is not used,
the control does not require coordinate transformation
between the stationary frame and synchronous frame, as
in the conventional VC, and DTC minimizes the use of
machine parameters, then it is little sensible to the pa-
rameters variation. Furthermore, the WF is connected to
the grid through only one DC/AC inverter. The objec-
tives of grid-side converter are to deliver the energy from
the PMSGs sides to the utility grid, to regulate the DC-
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Fig. 1. Block diagrams of Wind Farm

link voltage regardless of the wind speed and to achieve
unity power factor. So, several control schemes have been
proposed for grid side converter such as Vector Control
(VC) and direct power control (DPC) [14-15]. Besides,
the VC is based on Proportional Integral (PI) controller.
Decoupling control of active current and reactive current
is required and reactive and active powers are controlled
respectively by the converter. However, the main disad-
vantage for this control strategy is that the performance
highly relies on the connected grid voltage conditions, the
accurate tuning of PI parameters and the completeness
of current decoupling. Accordingly, DPC was developed
for the control of grid connected inverter and it was an
alternative control approach. This strategy is based on
the principles of Direct Torque Control (DTC) and uses,
for the optimal switching table, the virtual flux vector
which is the integration of the converter voltage, the an-
gular position of the converter voltage vectors or with
constant switching frequency in order to regulate the in-
verter [16]. The major advantage of this approach is that
it does not need neither coordinate transformations, nor
linear current controller nor modulators. Recently, slid-
ing mode control (SMC) which is based on the variable
structure control (VSC) method can be used to accom-
modate the effects of uncertainties and to provide an
effective method of improving the robustness of the con-
trol system against parameter variation. Moreover, VSC
approach is insensible to external trouble and variations
of WF parameters with a minimum of implementation
complexity [17]. Then, for power controller, [18] propose
the nonlinear SMC scheme below the rated wind velocity
to maximize the generated power and, [19] introduce high
order sliding mode controllers so as to reduce the chat-
tering effect. Consequently, SMC is an attractive choice
for control of grid-connected dc/ac converters.

For these reasons, this paper deals with the control
strategy combines the technique of maximum power point
tracking (MPPT) method and DTC in speeds controllers
to achieve optimal control of the WF, while SMC ap-
proach is used for grid inverter to regulate the DC-link

voltage and to achieve unity power factor. Also, the sta-
bility of the controller is guaranteed using Lyapunov anal-
ysis.

The remainder of this paper is organized as follows:
Section 2 gives the models of the individual wind turbine
generator and PMSG. In Section 3, control of WF will be
presented. Section 4 presents and discusses the simulation
results. Finally, some conclusions are given in Section 5.

2 MODELING OF WF

2.1 Wind turbine characteristic

Output aerodynamic power of the wind-turbine is ex-
pressed as [9]

1
PTurbine = EPAOP()\; ﬂ)’US (1)

where, p is the air density, A is the area swept by the

rotor blades (in m?), v is the wind speed (in m/s), Cp

is the coefficient of power conversion and £ is the blade

pitch angle (in degrees) . The tip-speed ratio is defined

as [9]

th
v

A= (2)
where w; and R are the shaft speed (in rad/sec) and
rotor radium (in m), respectively. The torque output of
the wind turbine T;, is given by

1pACp()\,B)U3i . (3)

Tm B 2 Wi

The turbine is coupled to the generator through a
gearbox. Then: w,, = Gw; where w,, and G are the
rotor angular velocity and the gear ratio, respectively.
The power coefficient C'p is a nonlinear function of 8 and
the tip-speed ratio A. If the swept area of the blade and
the air density are constant, the value of Cp is a function
of A and it’s maximum at the particular A,p; [10]. For
this reason, in order to fully utilize the wind energy, A
should be maintained at A,p:, which is determined from
the blade design.

A generic equation is used to model the power coeffi-
cient Cp (A, B) based on the modeling turbine character-
istics described in [10] as

1,116 m
Op:—( —0.45—5)6 s

2\ N, @
1 1 0.035

Ai AF+0.083 [B+1°
The maximum value of Cp(A, 5), that is Cp,_, = 0.41,
is achieved for 3 = 0° and for A,y = 8.1. This particular
value Aop¢ results in the point of optimal efficiency where
the maximum power is captured from wind by the wind
turbine.

1
PTuTbine = ipACP U3 . (5)

max
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Consequently, for each wind speed, there exists a specific
point in the wind generator power characteristic, MPPT,
where the extracted power is maximized. Then, if the
PMSG can operate in the optimal rotational speed wop ,
the system can operate at the peak of the power curves
at various wind speed and the maximum extracted power
can be achieved. That is shown in Fig. 2. Hence, the curve
connecting the peaks of these curves will generate the
maximum output power (MPP) for a given wind speed
and follows the path for maximum power operation.

2.2 PMSG model

The stator magnetic flux vector ¢s and the rotor mag-
netic flux vector 1y can be drawn in the rotor flux (d-¢),
stator flux (z—y) and stationary (a—3) frames. The var-
ious reference frames are shown in Fig.3 where § is the
load angle that’s constant for a certain load torque and
0, is the rotor angle.

123

Both stator and rotor flux rotate at synchronous speed.
The generator equations in the d—q reference frame are

. d

Vgd = Rgld + Ed]sd - Wewsq ) (6)
. d

Vgq = Rglq + Ei/)sq + Welsd (7)

wsd = Ldid + wf P wsq = Lqiq .

The electrical rotating speed of the generator, we, is de-
fined by

(8,9)

We = PnWm - (10)
Thus
di
Vgd = Rgid + Ld% - WeLqZ.q ’ (]‘]‘)

) di .
Vgq = Ryig + qu—g + welgiq +wey .

(12)
The expression for the electromagnetic torque can be
described as

3 . .
Te = Epn [wsdlq - ’@[quzd] .

(13)
In addition, the dynamic equation of the wind turbine is
given as

dwm,

J——=T. - T, — Fun,

T (14)

where J is the total moment of inertia of the system, F' is
the viscous friction coefficient and T, is the mechanical
torque developed by the turbine.

These equations can be transformed by using Clarke
transformation (15): abc — a-n, Park Transformation
(16) a—fB — d—q and the vector representation shown in
Fig. 4.

(5)-35
cos(6,)

(Z) - [—sin(&)

Thus, transformation

IS

cos(2m/3)

cos(4m/3)
sin(27/3) ] b

sin(47/3)
) (5) 0
cos 0

E, sin § Eq
E, ) |—sind cosd| \ Fy

is obtained, where E represents the current, voltage or
magnetic flux.

(17)

Moreover, equation (18) can be obtained

(18)
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Then, using equations (13), (17) and (18) the torque T,
of PMSG in the z—y reference frame is given by

Accordingly, from (19), if the amplitude of the stator flux
linkage can be constantly controlled, we can deduce that
the torque of PMSG is directly proportional to the y-axis
component of stator current.

For salient pole PMSG, L, = Lq = L, and the torque
flux linkage of PMSG in the x-y reference frame can be

expressed as
()15 2)(5) ooz

i/sz

When the stator flux linkage oriented to the x axis, it
has 15, = 0. Then

L
0

0
Ly

cos 0

7
) —sind

I¢

by

Ty (21)

1
= — ind.
I Py sin
Then, using equations (19) and (21) the torque T is given
by
3
T.= —
2L
Consequently, from (22), it is possible that the torque of
the PMSG is controllable by regulating the torque angle
0 under the condition of keeping the amplitude of the
stator flux linkage 15 constant.
Furthermore, the relation between the stator flux and
voltage vectors is given by

Pn|Ys|thysiné . (22)

t
Vs = Vs0 +/ (vs — Ryis)dt (23)
0
where 149 is the initial stator flux.
If the stator resistance is ignored, then the stator flux,
as given in equation (23), can be approximated as equa-
tion (24) over a short time period.

t
3 .
Te = 5pnltsliy - (19) Vs = Pso +/0 vsdt . (24)
Generator side
PMSG converter
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Fig. 7. Block diagram of individual machine side converter controller
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Besides, during one period of the control algorithm Ty,
voltage vector applied to the machine, remains constant.
Thus

1/}S(k + 1) = 1/}s(k) + vsTs (25)

where ¥s(k+ 1) and 94(k) are the stator flux vectors at
the sampling times (k + 1)7Ts and kT, respectively.
Relation (25) leads to

Aty = v,T, (26)

is the stator flux variation vector.

As a result, according to (26), the variation of the sta-
tor flux vector is achieved through the application of the
appropriate stator voltage v,. The stator flux vector ro-
tates in the same direction as the applied stator voltage
vector and with a rotation speed proportional to the sta-
tor voltage magnitude. Hence, by adequate voltage vector
selection, we can decrease or increase the stator flux phase
and amplitude to obtain the required performances. Also,
the choice of the voltage vector depends on the position
of the flux vector.

Moreover, voltage vector plane is divided into six
sectors as shown in Fig. 5, and two adjacent vectors
are selected in order to increase or decrease the ampli-
tude respectively. There are eight voltage vectors (V;

i = 0,1,2,...,7) available for the voltage source rec-
tifier. Among them, there are two zero voltage vectors
(Vi, i = 0,7) and six nonzero voltage vectors (V;

i = 1,2,3,...,6). Consequently, when the stator mag-
netic flux is moved clockwise in sector 2, voltage space
vector Vj is selected so as to decrease the amplitude volt-
age and space vector V3 is selected in order to increase
the stator magnetic flux amplitude. When the stator mag-
netic flux moves clockwise, if still in sector 2, V; is used
to increase the amplitude and Vg is used to decrease the
amplitude. The torque of the PMSG can be controlled us-
ing DTC by means of controlling the stator magnetic flux
rotation speed in case the stator magnetic flux amplitude
is kept constant.

125
3 WIND FARM CONTROL STRATEGY

3.1 Adopted MPPT control algorithm

For each Wind Turbine Generator (WTG), the objec-
tive of the MPPT controller is to generate the reference
velocity command which will enable the WTG to extract
maximum power from the available wind power. More-
over, for any particular wind speed, the optimal rotational
velocity of the WT'G can be simply estimated as

’U)\OptG

Wime-opt = R .

(27)

The MPPT controller computes this optimum speed and
an optimum value of tip speed ratio A,p: can be main-
tained then maximum wind power, of the WTGs, can be
extracted. So, the maximum mechanical output power of
the turbine is given as

me—opt ) 3

28
Nope (28)

1
Prurbine max = EPAOPnlax(

Consequently, we can get the maximum power
Pryrbinemax by regulating the WTG speed in different
wind speed under rated power of the WF system.

3.2 Pitch controller

When wind velocity is low or medium, the pitch angle
is controlled to permit the individual WTG to operate
at its optimum condition. The pitch controller is only ac-
tive in high wind speeds, to prevent the rotor speed from
becoming too high. Accordingly, when the wind velocity
reaches the nominal value, the pitch angle controller en-
ters in operation to decrease the coefficient of power for
each WTG. So, the blade pitch angle, 8, will increase un-
til the wind turbine is at the rated speed. Fig.6 depicts the
implemented turbine blade pitch angle controller where
P, is the generated power.

3.3 Control strategy for generator sides convert-
ers with MPPT and DTC

For each PMSG, the generator side three phase con-
verter is used as a rectifier with a DTC strategy. Figure 7
depicts the implemented block diagram of the genera-
tor controller. The adopted MPPT controller generates
Wm_opt » the reference speed. The generator is controlled
based on DTC algorithm. Besides, generator torque refer-
ence is derived based on MPPT strategy and PI controller
is used to regulate the speed of PMSG.

The equivalent two-phase stator voltages along the
stationary a—f axis are obtained as follows

Usey = Ugc (281 — SQ - Sg) 5 (29)
Udc
Ugp = —= (S5 — Ss) (30)

V3
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where Uy, is the DC-bus voltage and (S1,S2,S3) the
switching states of the rectifier. The voltage vectors ob-
tained this way are shown in Fig. 5.

The a—f components of the stator current are calcu-
lated using equation (15)

(31)

isa = Z.sa )
Z'su, + 2isb
== = 32
V3 (32)

ZSO{

The components of the stator flux linkage, in the station-
ary reference frame, are

Vsa = /(usa — Ryise)dt, (33)

’(/Jsﬂ = /(usg — Rgisﬁ)dt. (34)

The flux amplitude and its phase are derived respec-
tively from

¥s = \/m ; (35)
s = arctg Psp : (36)
Vsa
The electromagnetic torque is expressed as
3 : :
Te = <pn [d’sa%ﬁ — 1/155250‘}. (37)

2

Furthermore, the DTC strategy is based on two discrete
hysteresis comparators in which the stator flux and the
torque are controlled directly. The basic principle is that
the errors of flux and electromagnetic torque that exist
between the reference and feedback values are inputs to
the hysteresis controllers as shown in Figs. 8 and 9 so as
to select appropriate voltage vector with the help of a pre-
defined switching table as shown in Table 1. The output
of these comparators (Cy, Cr) and the position of stator
flux linkage space vector (fs) are the three inputs of
this switching table. Consequently, the vector of voltage
makes the flux rotates and produces the desired torque.
Also, with comparators, the amplitude of the flux is kept
in a pre-defined band.

Table 1. Switching vectors

Cy Cr © ©; 03 0, 065 O
1 Vs Vo V5 V& Vi Vi
0 0 Vo \% Vo \% Vo Vz
-1 Vs Vo Vi Vo V3 V
1 Vo V3o Vi V5 V& Wi
1 0 V7 Vo Vz Vo \% Vo
-1 Ve Vi Vo Vs Vi Vs

3.4 Grid-Side Controller Methodology

The configuration of the WF used for this study is
shown in Fig. 10. It consists of 3 PMSGs based 10KW
generators connected to a common DC-bus. Each PMSG
of the WF is connected to the DC-bus through a rectifier,
but the DC-bus is connected to the grid through only
one DC/AC inverter. The objectives of grid-side inverter
are to deliver the energy from the PMSG sides to the
utility grid, to regulate the DC-link voltage and to achieve
unity power factor during wind variation. There are many
methods used to control grid side converter [9]. In this
study, the Variable Structure (VS) controllers are adopted
to regulate the output voltage and currents in the inner
control loops and the DC bus controller in the second
loop (Fig. 10). Hence, it can regulate instantaneous values
of reactive power and active power of grid connection,
respectively.

The voltage balance across the inductor L; is given
by [9]:

Ca ia 4 [fa
ey | Ry | 1y +Lf& i | + [’Ua v :|
. . (&

€c 22 22

where Ly and Ry are the filter inductance and resistance
respectively; v,, vy, and v. represent the grid voltage
components voltages; e, , epand e. represent voltages at
the inverter output; i,, 73 and 7. are the line currents.
Transformation in the rotating d-q reference frame is
calculated as

dig ;1 . .

T Ly (eq = Ryiq s —wLyia g —vg), (39)
dig ¢ 1

ta-f _ (ed —Rypiqy —wlyiqgy — Ud) (40)

de Lf

where e, and e4 are the inverter g-axis and d-axis volt-
age components respectively. i,y and iq_y are the g-axis
current and d-axis current of Grid. vg and v, are the
grid voltage components in the d-axis and g-axis voltage
components respectively.

The DC-side equation can be given by

2 (c V. (41)

3 dt

. Ud . Vg .
+ ch) = Flaf T Flg f
3 d

Udc U c
where Uy, and i4. are the DC- bus voltage and DC-bus
current respectively.

The instantaneous power is given by

3, . .
Q= g(vdquf - Uqldff) ) (42)

P = 5 (vdia-s +vqiqy). (43)

If the grid voltage space vector u is oriented on d-axis,
then
Vg = V7

vy =0. (44)
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Thus, (39-40) may be expressed as

ds —f 1 . .

T T, ¢o = Briag —whpiay),  (49)
did,f 1 . .

1 = L—f(ed — Rfldff + o.)szq,f) . (46)

Then, the reactive power and active power can be ex-
pressed as

3.
Q= §V’L¢I*fv (47)
p- gwd,f (48)

Accordingly, reactive and active power control can be
achieved by controlling quadrature and direct current
components, respectively. Moreover, the aim of the con-
trol of the grid side, is to transfer all the active power
produced by the PMSGs to the grid and also to produce
no reactive power so that unity power factor is obtained.
As a result, the DC-link voltage must remain constant.
The d-axis reference current is determined by DC-link
voltage controller in order to control the converter out-
put real power. For the power converter, there are two
closed-loop controls. The fast dynamic is associated with
the line current control in the inner loop where the non-
linear SM control is adopted to track the line current con-
trol. While, in the outer loop, slow dynamic is associated
with the DC voltage control. Furthermore, the PI con-
troller is employed so as to generate the reference source
current ig,—y and regulate the DC voltage, but the refer-
ence signal of the g-axis current i, is produced by the
reactive power @, according to (47).

Let us introduce the following sliding surface for i4 f
and ’L'q,f

Sa f = fldrf —ld f,

Sq*f =lgrf —lqf-

where ¢4, f and ¢4 are the desired value of d-axis cur-
rent and g-axis current, respectively. Moreover, i4. f is
produced by the loop of DC-bus control and the reference
signal of the g-axis current iq4._s, is directly given from
the outside of the controller and it sets to zero to achieve
unity power factor control. It follows that

[ ] . [ ] . [ ]
Sa_f =lar—f —tqd-f

. ® 1 . .
= ldrf _L_f (ed - Rf’Ld,f + waZq,f - V) (51)
Sqf =lgrf—iqf
. 1 . .
= lgr-f _L_f (eq — szqff — wazd,f) (52)

when the sliding mode occurs on the sliding surface, then

Sqr="545=0. (54)

In order to obtain commutation around the surface
and good dynamic performances, the control includes two
terms [19]

Uc - ueq + Unp, (55)

where w1, is an equivalent control input that determines
the system’s behaviour on the sliding surface. Further-
more, it is the estimated equivalent control which is used
to compensate the unknown system dynamics. So, dur-
ing the sliding mode and in permanent regime, u., is
calculated from (53) and (54). In addition, wu, is used
so as to guarantee the attractiveness of the variable to
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be controlled towards the commutation surface. It main-
tains the state on the sliding surface in the presence of
the parameter variations and disturbances. Then

U, = ks sgn(Ss_r) (56)

where ks =0 and 0 is d or q.
Combining (45), (46) and (49)—(54) the controls volt-
age of d axis and ¢ axis are defined by

Vdr—f = Lf id,«ff -i-Rfidff - waiq,f
+V +kqyrsgn(Say),
Vgr-f = Ryig g+ Lywia r + kg sgn(Sg )

where kdff = 0 and kqff > 0.

Furthermore, nonlinear control SM is a discontinuous
control. So as to reduce the chattering, the continuous
function as exposed in (59) where sgn(.S,,) is a sign func-
tion defined as [20]

1, S, - €,
sgn=1{ S o> 9, (59)
-1 —e=8,,

Pitch angle (deg)
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T

2 Turbine 3

Turbine 2

4 Time (s)

Fig. 12. Pitch angles of wind turbines
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Fig. 14. Total generated power (W)

€ is a small positive number. If the € is too small or too
large, the dynamic quality of the system will be reduced.
After that, the value of ¢ should be chosen vigilantly.

THEOREM 1. If the Dynamic sliding mode control laws
are designed as (57) and (58) then the global asymptotical
stability of (39) and (40), is ensured.

Proof . In order to determine the existence condi-
tion of the sliding mode, it’s required to design the Lya-
punov function. We define the following function, includ-
ing the ¢ axis current and the d axis current as

1 1
Yy=550+55 (60)

From Lyapunov stability theory, to guarantee the attrac-
tion of the system throughout the surface and the sliding
manifold is reached after a limited time, Y can be de-

rived that
Ty =<0. (61)

By differentiating the Lyapunov function (60), we obtain

Tf e Sdff Sdff +Sq7f Sq,f . (62)
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and hence
° 1 . )
Tf = —L—f(ed — Rypig g +wLyiqg 5 — V)Sd,f
1 . .
- L—f(eq — Ryiqy —wLyia§)Sq f
= —Ha-1S3 1 = Ha-Sq
1

- L—f(ed — Ryig g +wLyiy =V —pa yLgSa f)Sa ¢

1 . )
- L—f(eq — Ryiq g —wLyia g — g rLySe1)Sq s
Then, with (57) and (58) the following inequality is sat-
isfied

Yy =—paySis—tqsS;s =0 (63)

Where pg >0 and pg 5 > 0.

Accordingly, the asymptotic stability in the current
loop is guaranteed and the DC-bus voltage control track-
ing is achieved.

Finally, PWM is used so as to produce the control
signal. The structure of the DC-link voltage and that of
the current controllers for grid-side converter is depicted
in Fig. 10.
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4 SIMULATION RESULTS

his paragraph presents the simulated responses of
the WF under variable wind speed. The parameters of
PMSGs used are given in Table 2. The 30 KW wind farm
consists of 3 PMSGs based 10 KW generators connected
to a common DC-bus. The block diagram of WF is shown
in Fig. 11. Furthermore, during the simulation, for the
grid side inverter, the ¢ axis command current, i4. ¢,
is set to zero. Simulation results are given in Figs. 11—
19. Figures 11-16 show the waveforms of wind speeds,
pitch angles, coefficients of power conversion, total power
generated and rotors angular velocities of the WF, re-
spectively. It can be seen, for each turbine, that when the
wind speeds increase, the rotor angular velocity increases
proportionally too and the power coefficient will drop to
maintain the rated output power. So, the WF operates
under MPPT control. Moreover, the initial pitch angle
B keeps the value of 0°, the tip speed ratio A maintains
the optimal value 8.1, and the power coefficient C), is the
maximum around 0.41. Although, when the wind speed
is up the rated wind speed (v, = 12 m/s), the operation
of the pitch angle controllers is actuated and the pitch
angle 3 is increased. This has for consequence decreasing
power coefficient C,, for each WTG. Accordingly, the
tip speed ratios are decreasing. The pitch angles rise to
lower the extracted wind power. Consequently, rotational
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Table 2. Parameters of the power synchronous generators

Parameter Value
P, rated power 0 (kW)
wm rated mechanical speed 100 (rd/s)
R stator resistance 0.05 (£2)
Lg, Lg stator d-axis and g-axis inductance  0.635 m(H)
1y permanent magnet flux 0.192(Wb)
Ppn pole pairs 4

Voltage (V), Current (A)
00

Current Volta e

300

HIH MHI HUIHHMH ]' ( \ ‘
‘ ‘ ‘ JH
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\ ‘\
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1 2 3 4 Time(s)
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0 — ~— ~——
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0.60 0.62 0.64 0.66 Time (s) 0.70

Fig. 19. The waveforms of three phase current and voltage of GRID

speeds and power extracted are keeping constants. Be-
sides, aerodynamic power is optimized with MPPT strat-
egy and kept at his nominal value when the wind speed
exceeds the nominal value. The total power extracted is
shown in Fig. 14. The results show variation in the power
extracted when the incoming winds are different for each
turbine generator. In addition, because all the turbines
are working at their optimum level, and if the wind speeds
are up the rated wind speed, the power generated reaches
its maximum level. Figure 16 shows the optimum speed
and the rotor angular speed of PMSGI. It is seen that
the speed follows the reference quite well. As a result,
speeds of PMSGs are adjusted. Figure 17 presents the
sector in which the stator flux, for PMSGI, is located.
Figure 18 shows the simulation result of DC link voltage
that remains a constant value. This proves the effective-
ness of the established regulators. Figure 19 shows the
variation and a closer observation of three phase current
and voltage of GRID. The frequency imposed by the grid
is 50 Hz. It is obvious that unity power factor is achieved
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approximatively. The simulation results demonstrate that
the control strategies show very good dynamic and steady
state performance and work very well.

5 CONCLUSIONS

This paper has presented a new control approach of a
WF with variable speed PMSGs. Each PMSG of the WF
is connected to the DC-bus through a rectifier, but the
DC-bus is connected to the grid through only one DC/AC
inverter. The control algorithm combines the technique of
DTC to regulate the speeds of PMSGs and SM nonlinear
control theory to sustain the DC-bus voltage and regulate
the grid-side power factor. The algorithm of MPPT has
been used in terms of the adjustment of the PMSGs ro-
tor speeds according to instantaneous wind velocity and
limitation by Pitch angle strategy for high wind speeds.
Consequently, each generator can operate at speed inde-
pendently of the speed of other generator. Under different
wind conditions, Simulation results have been tested. As
a result, WF system with the PMSGs can not only cap-
ture the maximum wind power, but also can maintain the
frequency and amplitude of the output voltage with unity
power factor. The employed control strategy provides an
optimal control solution for wind energy conversion sys-
tems based on the PMSGs.
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