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ABSTRACT

The efficiency of the variable speed wind energpvesion systems (WECS) can be greatly improved
using an appropriate control strategy. In this papenlinear control for wind energy conversionteys
(WECS) based on the permanent magnet synchrononsrager (PMSG) is investigated in order to
maximize the generated power from wind turbine. Tdomtrol strategy combines the technique of
maximum power point tracking (MPPT) method andistidnode (SM) nonlinear control theory, that as it
is well known, presents a good performance undstesy uncertainties. The block diagram of the WECS
with a back-to-back PWM converter structure and BMIS established with the dq frame of axes.
Considering the variation of wind speed, both coters used the sliding mode control scheme. The
objectives of grid-side converter are to deliver #mergy from the PMSG side to the utility gridrégulate

the DC-link voltage and to achieve unity power éacnd low distortion currents, while a speed calter

is designed to maximize the extracted energy ftoervtind, below the rated power area. Simulationltes
show the feasibility and robustness of the propasedrol schemes for PMSG based variable speed wind
energy conversion systems.

Keywords. Lyapunov Theory, Sliding Mode Control, WECS, PM®BPT, Unity Power Factor.

1. INTRODUCTION by power electronic converter[8-10]. So, variable
speed wind energy conversion systems have many
In recent years, the worldwide concern about thadvantages over fixed speed generation, such as
possible energy shortage and the environmentalaximum power point tracking control method,
pollution has led to increasing interest in gerierat increased power capture, power quality, improved
of renewable energy as it is a potential source fa@fficiency and they can be controlled in order to
electricity generation with minimal environmentalreduce aerodynamic noise and mechanical stress
impact [1-2]. In addition, more and more[11-12]. In addition, with the development of power
importance is being attached to wind energglectronics technology, it's possible to contro th
conversion system (WECS) that is growing at #otor speed, to increase wind energy production and
faster rate than any other source energy. F& reduce drive train loads. Thus the variable dpee
economical and cleaner energy characteristics, thgnd turbine generator system is becoming the
WECS are getting a lot of attention and they havenost important and fastest growing application of
been increasing rapidly [3-7]. In the WECS, windwind generation system [12-18].
turbine can operate with either variable speed dn terms of the generators for WECS, several types
fixed speed. For fixed speed wind generatio®f electric generators are used such as Squired-
system, because of the generator is directigage Induction Generator (SCIG), Synchronous
connected to the grid, the turbulence of the winéenerator with external field excitation, Doubly
will result in power variations, and so affect theFed Induction Generator (DFIG) and Permanent
power quality in the grid, whereas for variableMagnet Synchronous Generator (PMSG) with
speed generation system, the generator is cortrollpower electronic converter system [6-12]. Recently,
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the use of the PMSG is becoming more and momgystem under consideration includes a wind turbine
common for several reasons such as: very highenerator, a PMSG, PWM rectifier in generator-
torque can be achieved at low speeds becausile, intermediate DC link capacitor and PWM
PMSG is connected directly to the turbine withoutnverter in grid-side. The block diagram of
gearbox; lower operational noise is achieved; nproposed WECS is shown in Fig.1. In addition,
significant losses are generated in the rotor an/ECS has strong nonlinear multivariable with
external excitation current is not needed. So, th@any uncertain factors and disturbances. So the
efficiency of a PMSG based WECS has beenontrol strategy combines the technique of
assessed higher than other generators and PMSGrniaximum power point tracking (MPPT) method
an attractive choice for variable-speed generaticsind sliding mode (SM) nonlinear control, that, tas i
system [10-11], [15]. In the case of PMSG basei well known, presents a good performance under
WECS, because of the advance of power electronsystem uncertainties [29-30]. A speed and pitch
technology, decreasing equipment costs, theontrol scheme for WECS are proposed.
integration of WECS and the large scaleConsidering the variation of wind speed, both
exploration, the PMSG interfaced to the grid with a&onverters used the sliding mode control scheme. A
full scale power converter is being increasinglyspeed controller is used in order to maximize the
adapted due to full controllability of the systenda extracted energy from the wind, below the rated
its higher power density. Moreover, in order tgpower area [16-20], while the objectives of grid-
adjust the rotational speed to maximize the windide converter are to deliver the energy from the
turbine PMSG output power from the fluctuatingPMSG side to the utility grid, to regulate the DC-
wind, variable speed operation of the system iknk voltage and to achieve unity power factor and
necessary and, for various wind speeds, the windw distortion currents [9].

turbine can be operate as close as possible to itsThis paper is structured as follows. In order to
optimal speed to realize maximum power poingive a clear description of the proposed control
tracking (MPPT) [18-22]. Thus, control strategy formethod, a complete modelling of WECS s firstly
the WECS is used. In order to control the WECSresented in Section 2. In Section 3, control of
several control schemes have been proposed. Twgstem will be presented. The simulations results
controllers are used, one is the pitch controlter f are given in Section 4. Finally, some conclusions
the pitch angle and the other one is the powere presented in Section 5.

controller regulating the output power. Therefore,

there exists a variety of control schemes suchlas P

control [20-23]. They consist of two back-to-back PMSC
PWM converters with a common dc-link. Control

algorithm based on the vector control strategy has Q ﬂ{
been investigated for both converters with PI

control. Thus, decoupling control of active current
and reactive current is necessary and reactive and ‘L
active powers are controlled respectively by the

inverter in grid-side [5-13]. Because of the PI >
control shows a limited performance, especially
against uncertainties and can't follows the changes Fig.1. Block diagrams of WECS.

in system parameters, nonlinear control can be used

in order to accommodate the effects of uncertaintie

and to provide better robustness. So, for powes M ODELING OF WECS

controller, [24-25] propose the nonlinear sliding

mode control scheme below the rated wind speed 51 \Wind Turbine Char acteristic

order to maximize the generated power and, [26-

27] introduce high order sliding mode controllers i A wind turbine can't fully capture wind energy.
order to reduce the chattering effect. Recently, 8 the components of wind turbine have been
sliding mode pitch control scheme is presented igggelled by the following equations. The output

[28]. _ ) _J)ower of the wind-turbine is expressed as [3]:
In this paper, nonlinear control of MPPT and gri

connected for variable speed WECS based on the
PMSG is investigated in order to maximize the
generated power with unity power factor. So, the
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1 generator power characteristic, where the output
Prurbine =_pACP(/1”3)\F (1) power is maximized. So, it is necessary to keep the
2 rotor speed at an optimum value of the tip speed

where o is the air density (typicallyl.225kgfh ratio, A,. Then the system can operate at the peak
Ais the area swept by the rotor blades (?r),ctlP of the P(w,,) curve when the wind speed changes

is the coefficient of power conversion whichand the maximum power is extracted continuously
depend on the wind characteristic and its operatirfigom the wind (MPPT control) [3], [22]. That's
point and v is the wind speed (in m/s). illustrated in Fig.3 Thus, the curve connecting the
Consequently, the output power of the wind turbin@eaks of these curves will generate the maximum
is determined by the power coefficient if the swepoutput power for a given wind speed and follows
area, air density, and wind velocity are constant. the path for maximum power operation.

The coefficient of performance of a wind turbine is
influenced by the tip-speed ratio, which is defined 0
as[2]: oaf

R ol
\' g

whereRand w,,are the rotor radium (in m) and
rotor angular velocity (in rad/sec), respectively.

The wind turbine mechanical torque outpiy, N\
8 10 12
given as: T speed o

1 1 Fig.2. CharacteristicS,vs.A; for various
=EpACP(/l,,B)\7a 3) values of the pitch angj@
A generic equation is used to model the coefficient
of power conversionCp(4,5) based on the ,5x10°
modelling turbine characteristics described in [2]
and [10] as: 2t
2
1,116
__(_—0 4,8 5)e 31.5— i
(4)
1_ 1 0.035 & 1 va
A A+0. 086’ B +1 v3
0.5r
The Cp (A, B) characteristics, for various values of o ! \X \ \
the pitch anglep, are illustrated in Fig 2. The 0 1 Wind generator spasd(rals) °

coefficient of power conversion and so the power Fig 3. Wind generator power curves at various
are maximum at a certain value of tip speed ratio wind speed

called optimum tip speed ratig,;,. The maximum

value of Cp(4,8) , that isCp  =0.41, is achieved 5 5 Modelling of PM SG

for A,y =8.1and for3=0". Then: ) , )
Dynamic modelling of PMSG can be described

in synchronous rotating reference frame where the
P _1 AC. P ) g-axis is 90 ahead of the d-axis with respect to the
Turbine = % 2 A-Pma direction of rotation. Thus, it is given by the

This particular value results in the point offollowing equations [15], [18]:
optimal efficiency where the maximum output di
power is captured from wind by the wind turbine =R)i,*+ L, Y +a) L twy (6)
generator. Consequently, for any particular wind
speed, there exists a specific point in the wind
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) ig ) speed under rated power of the wind power system.
= Ryig+ Ly—2 —wgl 7) e anti
Voa = Rgla+ Ly gt Wetde The MPPT controller computes this optimum speed

whereL andL, are the inductances of theand an optimum value of tip speed radg, can be

generator on thay and d axis, Rjis the stator maintained and maximum wind power can be
captured.

resistanc is the permanent magnetic flux and .
o4 P 9 3.2. Pitch control

w, is the electrical rotating speed of the PMSG,

defined as: The pitch angle controller can keep the WECS
operating at rated active power. So, it's only\aeti
Wy = P (8)  in high wind speeds and it's designed to prevent
where p, is the number of pole pairs of the PMSGIenerator power exceeding rated power. Therefore,
by reducing the coefficient of power conversion,
both the power and rated rotor speed are maintained
for above rated wind speeds. So, the blade pitch
angle,3, will increase until the wind turbine

anda), is the mechanical angular speed.

In addition, if iy =0the expression for the
electromagnetic torque in the rotor can be

described as [10]: generator is at the rated speed [9]]. . The sch’ema
3 diagram of the implemented turbine blade pitch
Te :E P tig 9 angle controller is shown in Fig.4. whefe is the

enerated power.
The dynamic equation of the wind turbine is giveng P

as: 3.3. Nonlinear control of the generator side

converter with MPPT and sliding mode control
dag, _
J dt =Te~ T~ Foop, (10) The adopted MPPT controller generatgs o ,

' o the reference speed which when applied to the

whereJ is the total moment of inertiaF,is the speed control loop of the generator side converter

viscous friction coefficient and T,is the control system, maximum power will be produced

mechanical torque developed by the turbine. by the WECS. The generator side three-phase
converter is used as a rectifier and works as\edri
controlling the generator operating at optimum

3. THE CONTROL SYSTEM rotor speeda), oy in order to obtain maximum
energy from wind [9].
3.1. Adopted MPPT Control Strategy In addition, Sliding Mode Control strategy is

used. It's deduced from equations (9) and (10) that
MPPT controller is used in order to generate thghe wind turbine speed can be controlled by

reference speed command which will enable thggulating the g-axis stator current components
WECS to extract maximum power from the(iq,). So, in order to satisfy the sliding mode

available wind power. In addition, for each » ] L
instantaneous wind speed, the optimal rotationgendition, define the sliding surface for the speed

speed of the wind turbine rotor can be simplyontroller [35]:

estimated as follows [3]: Sy = @h_opt— @ (13)
VAt
Wyt = % (11)

The maximum mechanical output power of the
turbine is given as follows:

3
1 Ryt
F?I'urbine_ max — EpACPmax[/]—pj (12)
opt

P
Fig.4. WECS Pitch angle controller.

Thus, we can get the maximum powWe¥ yine max
by regulating the generator speed in different wind
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W opiS generated by a MPPT method. Ingis asmall positive number. If tisds too small or
" too large, the dynamic quality of the system wil b

addition, in order to determine the stab|I|2|ng
function, the following Lyapunov function is educed. After that, the value efshould be chosen

defined as [29]: VIg|IantIy [31].

Therefore, in order to reduce the copper loss by
Y,==%, (14)  setting the d axis current to be zero and to ensure
the PMSG speed convergence to the optimum
ei.peed, currents references are derived. The
ollowing equation for the system speed is obtained
Efrom equations (9), (10), (16), (17), (18), (19dan
(20):

Because of the system stability needs to be prov
Lyapunovs stability theory is often deployed, and i
order to attract the rotor speed to

referencey,, oy, the following condition must be

fulfilled [32-34]; igr =0 (21)

. .2 :
Yo=8,$,<0 15) o =55 T+ I @n ot Fom
In addition, when the sliding mode occurs on the +k,sgn@, ),
sliding surface, then:
. By differentiating the Lyapunov function (14)we
S,=S,=0 (16)  obtain:

In order to obtain commutation around the surfac€» =Sy S
and good dynamic performances, the control

includes two terms [32]: = 4,8, +2 (% opt+T + Fowp,

(23)
Ue = Uggt+ Uy (17) 3P tige +1,3S,)
Ueq IS an equivalent control input that determines 2
the system’s behavior on the sliding surface. In
addition, it's the estimated equivalent control duiseWhere £, >0
to compensate the unknown system dynamic§&o, with (22), (23) becomes
During the sliding mode and in permanent regime, .
UeqliS calculated from the expression: Y, =-,S,7 <0 (24)
S,=0 (18)  Thus, achieving global asymptotical stability.

u, is used in order to guarantee the attractiveneg%ing the Lyapunov's direct method, sind€, is
of the variable to be controlled towards the _ o
commutation surface. It maintains the state on theearly positive definite, Y is negative definite

sliding surface in the presence of the parametgihd Y, tends to infinity asS, tends to infinity,
variations and disturbances. Then I - P
then the equilibrium at the originS,=0 is

u, = k,sgn(s,) (19) globally asymptotically stable. Thu§, tends to
zero as the time tends to infinity. Moreover, all
wherek,, - 0. trajectories starting off the sliding surfac, =0

Nonlinear control Sliding Mode is a discontinuousmyst reach it in a limited time and then will remai
control. In order to reduce the chattering, then this surface.

continuous function as exposed in (20) where |y addition, a sliding mode control is used in

sgn(S, )is a sign function defined as [31]: order to regulate the currents to their references.
1 Sw =€ A. g-axis current controller design:
_S (20)
sgn®, )= s £2[3) Q-axis current controller is used in order to
_ _ achievd,, , the desired values of g- axis current. So
1 &> Sa) qr
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we define the sliding surface, for the currenSo, with (29) and (30) the following inequality is
component, , as follows[ 34-35]: satisfied:
o Yy =~ S2 35
Sq — |qr _ |q (25) Yq ﬂqu <0 ( )
whereg, - 0.

It follows that:

. .. B. d-axiscurrent controller design
Sq =iy~ (26)
when the sliding mode occurs on the sliding In order to reduce the copper loss, the objective
surface, then: of d-axis current controller is to keep the current on
thed-axis to be zero. Let us introduce the following
S = 34 =0 (27) sliding surface for the current componengs
In order to obtain good dynamic performances and S = b g (36)

commutation around the surface, the Comrqltfollows that:
includes two terms:
Sd =~y (37)

V,

ar = Ve

eq-q* Vn-q (28)

hen the slidi d the slidi
Combing (6), (25), (26), (27) and (28) the controlg, e o o o0 hoce PCCHrs on e SIdng

voltage of q axis is defined by:

' =g = 38
Veq-q= Rglg* Lwd gt @@ Lo (29 Si=%=0 (38)

the control includes two terms in order to obtain

Va-q = KgSAN(S;) (30)  commutation around the surface and good dynamic
performances :
wherek, > 0.
Var = Veq—d Vg (39)

Theorem 1: If the Dynamic sliding mode control

laws are designed as (28), (29) and (30), tbezef Combing(7), (36), (37), (38) and (39) the controls
the global asymptotical stability is ensured. voltage of d axis is defined by:

The proof of the theorem 1 will be carried out gsin V.. =R~ Lwi 40
the Lyapunov stability theory. ead ola”™ = (40)

Proof: To determine the required condition for the Vi-a = KgS9n(Sy) (41)
existence of the sliding mode, it is necessary to

design the Lyapunov function. So, we can define Whereky = 0.

new function of Lyapunov including the q axisTheorem 2: If the Dynamic sliding mode control

current as: laws are designed as (39), (40) and (41), thent
global asymptotical stability is ensured.
Y, :135 (31) Proof: According to Lyapunov stability theorem,
2 the Lyapunov function, including the d axis current
is written as:

From Lyapunov stability theory, in order to
guarantee the attraction of the system throughout Y _1 g2 (42)
the surface [33]Y,, can be derived that, d d

For stability to the switching surface, it is saiéint

\}q <0 (32) tohave :
By differentiating the Lyapunov function (31ye Yq <0 (43)
obtain: By differentiating the Lyapunov function (42)e
. . obtain:
o= S (34) . .
Ye=S S (44)
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So, with (40) and (41) the following inequality isand v, are the grid voltage components in the d-

satisfied: axis g-axis voltage components respectively.

oo 2

Ya =—43S5 <0 (45) The DC-side equation can be given by:
wherey, > 0.
Thus, the global asymptotical stability is ensuredc 3Yac — 3 &id—f M - (49)
and the speed control tracking is achieved. dt 2 Uy Uge °

At last, PWM is used in order to produce thevhereiy, andU,. are the DC-bus current and
control signal to implement the nonlinear controDC- bus voltage respectively.

for the generator. The double closed-loop controlhe instantaneous power is given by [20]
diagram for generator-side converter is shown as
Fig.5.

3.4. Grid-Side Controller Methodology and
implementation 3 _
The grid side converter feeds generated energy PzE(Vd lg 1+ Vgig- 1)

into the grid, keeps the DC link voltage stable and

adjusts the quantity of the reactive and activ?,f the arid voltage space vectar is oriented on d-
powers delivered to the grid during wind variation__. 9 ge sp

Q :g(vd et~ Vala 1) (50)

(51)

or load transients. There are many strategies tosed®!S: then:
control grid side converter [16] . In this papirme vy =V
SM controllers are used to regulate the output (52)
voltage and currents in the inner control loops and Vg =0
the DC voltage controller in the second loop
(Fig.6). Thus, equations (47-48) may be expressed as:
The voltage balance across the induclgr is dig_ _ .
| J " Li—— =6 ~Rijr+@lii -V  (53)
given by[20]: dt
. : dig- ¢ : :
& Ia la| |Va L¢ ;t =6~ R bt ~wliig ¢ (54)
&= R b * Lfa b A (46) " Then, the reactive power and active power can be
& e le] Ve expressed as:

where L; and R; are the filter inductance and P:g\/id—f (55)

resistance respectivelye,, g and e, represent
voltages at the inverter output, , v, and v, Q= §Vi

represent the grid voltage components voltagges;
. . . .. Therefore, reactive and active power control can be
, i andi; are the line currents. Transformation in_ " ; .

. . achieved by controlling quadrature and direct
the rotating dq reference frame is calculag®d cyrrent components, respectively. In addition,
follows: basically, the aim of the control, of the grid sitke

to transfer all the active power produced by the
+twliiy (47) PMSG to the grid and also to produce no reactive

power so that unity power factor is obtained. So,

the DC-link voltage must remain constant.
—wliy ¢ (48) The d-axis reference current is determined by DC-
link voltage controller in order to control the
converter output real power [10], [20]. There are
two closed-loop controls for the power converter.
voltage components respectively. ¢ and i;_;are  The fast dynamic is associated with the line curren

the d-axis current and g- axis current of Gnygl.

q- f (56)

dig_

Vg =&~ R~ Ly

dig_¢

Vo= &~ R L

where €, and g, are the inverter d-axis g-axis
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Generator Side
Converter

N
\ \,\ _‘@ T +
/ A T .
Nt

BY

Prated MPPT
, >CONTROL
_rated
L (a%n_ opt

igr

Fig.5.Block diagram of machine side converter calfer

control in the inner loop where the nonlinear SMIh€ proposed sliding mode controller contains two
control is adopted to track the line current colptro Parts, in order to obtain commutation around the
but in the outer loop slow dynamic is associategUrface and good dynamic performances [32]:

with the DC voltage control. In addition, the PI v =y fv (60)
regulator is employed in order to generate the -t Teqram £ Tr e f

reference source currenj,_; and regulate the DC Combining (53), (57), (58), (59) and (60) the

voltage, but the reference signal of the g-axi§ontrols voltage of d axis is defined by:
current i, _ is produced by the reactive power i
qr-f ddr f

Q. according to (56). Veqo- £ = Lt *+Rilg- ¢ (61)
A. d-axiscurrent controller design “Lidgs +V
The objective ofd-axis current controller is to Vn-a- 1 = Kg- £ SIN(Sy- 1) (62)

keep the current on thd-axis to beiy_¢. In wherek,_; > 0.

addition, the currenty,¢ is provided from a DC- paqem 3: if the Dynamic sliding mode control

link voltage control block. Let us introduce thelaws are designed as (60), (61) and (62), then the
following sliding surface for the current componeniglobal asymptotical stability is ensured.

lg-+ - Proof: Having proposed sliding surfag_; , the
control algorithm should be designed such that
Su-t = byt g1 (57)  vector §;_; is reduced to zero after a limited time.

So, we can define a new function of Lyapunov
whereiy_; is the desired value of d-axis current including the d axis current as:

_leo
It follows that: Ya-t _Esd—f (63)

Sd' _ id' il (58) From  Lyapunov stability theory, in order to
o et guarantee the attraction of the system throughout
when the sliding mode occurs on the slidinghe surface and the sliding manifold is reacheelraft

surface, then: a limited time,Y,_; can be derived that:
. ' 64
Sper = §-1 =0 (59) Yor <0 ©
By differentiating the Lyapunov function (63)e
obtain:
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. . the local reachability condition must be satisfied
Ya-t =Sg-t -1 (65) .
Yyt <0 (74)
So, with (61) and (62) the following inequality is By differentiating the Lyapunov function (64ne
satisfied: obtain:
Yd—f = _/Jd_fsg_f <0 (66) Yq—f = Sq—f S‘,]— f (75)
wherey,_; > 0. So, with (71) and (72) the following inequality is
satisfied:
B. g-axis current controller design Yq-1 = _/uq—fsg—f <0 (76)

The reference signal of the g-axis current idheresq_¢ > 0.

directly given from the outside of the controllélda So, the asymptotic stability in the current loop is
it sets to zero in order to achieve unity powetdac guaranteed. Thus, the DC-link voltage control
control. Let us introduce the following sliding tracking is achieved.

surface for the current componeigt ¢ : Finally, PWM is used in order to produce the
— —i control signal. The structure of the DC-link vokag
Soet = -t Tl (67) and current controllers for grid-side converter is
whereig_¢ is the desired value of g- axis current shown in Fig.6.
So:

4. SSMULATIONSRESULTS

ST M (68) This paragraph presents the simulated responses
of the WECS under variable wind speed. The
when the sliding mode occurs on the slidingharameters of PMSG used are given in Table | and
surface, then: Table II. The block diagram of WECS is shown in
. Fig.7. During the simulation, the d axis command
S-t = $-1 =0 (69) current of the PMSG side converter control system,
ig» IS set to zero; whereas, for the grid side
To satisfy the stability equation and to get aistid inverter, the q axis command currefy, ( , is set

mode control, a possible control variable can be ) ) . oo
given as: to zero. Simulation results are given in Fig.8 ip. F

v =v +v (70) 17. Fig.8-9-10-11-12 show the waveforms of wind

ar=t = eqman T T f speed, tip speed ratio, pitch angle, coefficient of
Combing(54), (67), (68), (69) and (70) the controlsPOWer  conversion, ae_rodynamlc power, rotor
voltage of q axis is defined by: angular velocity and optimum speegl, .. It can

be seen that the wind speed increases, the rotor

v, = Ryi, ¢+ Liwi
eqmg 7 g £ E - (71) angular velocity increases proportionally too, the
v - k. .san power coefficient will drop to maintain the rated
ot = Ko 150N 1) (72) " Gutput power. The WECS operate under MPPT
wherek,_ = 0. control. The initial pitch angle3 keeps the value

of 09, the tip speed ratib maintains the optimal

Theorem 4. If the Dynamic sliding mode control | e 8.1, and the power coefficie®, is the

laws are designed as (70), (71) and (72), thent . )
global asymptotical stability is ensured. maximum around 0.41. Although, when the wind

speed is up the rated wind speef]$12.4m/s), the

Proof. In order to determine the eXIStenCeoperation of the pitch angle control is actuated an

condition of the sliding mode, it's necessary t : X ;
design the Lyapunov function. So, we can defineQ[f!\1e pitch angle 5 increase which has for

new function of Lyapunov including the q axisconsequence decreasing power coeffici€hy and
current as: the tip speed ratio is decreasing. The pitch angle
1., (73) rises to lower the extracted wind power.

Yq—f :ESq_f

To ensure the existence of sliding mode operation,

s
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So, rotational speed and power generated aobservation of three phase voltage of the statoe. T
keeping constants. In addition, aerodynamic powerariable voltage under different speed region
is optimized with MPPT strategy and keeps at hiswdicates the variable speed operation of wind
nominal value when the wind speed exceeds tharbine PMSG. Fig.16. shows the simulation result
nominal value. Fig.12 shows the optimum speedf DC link voltage that remains a constant value.
and rotor angular velocity. It is seen that theorot Thus, proves the effectiveness of the established
angular velocity follows the speed reference quiteegulators. Fig.17 shows the variation and a closer
well. Thus, speed of PMSG is adjusted. Fig.13 anobservation of three phase current and voltage of
Fig.15 show the measured g- axis current and th&RID. The frequency imposed by the grid is 50 Hz.
measured d- axis current. It can be seen that, wittis obvious that unity power factor is achieved
the change of wind speed, g-axis current is adjustapproximatively.  The simulation results
but d-axis current is maintained to zero. Fig.14lemonstrate that the power control shows very
shows the variation and a closer good dynamic and steady state performance and
works very well.

213



Journal of Theoretical and Applied Information Technology

15 May 2012. Vol. 39 No.2 P
© 2005 - 2012 JATIT & LLS. All rights reserved- T
ISSN:1992-8645 www.jatit.org E-ISSI¥17-3195
1386 3
131 1
250 1
=125 1
é 12 Vn 2 - %7opt 1
5 12l |
: — G
7115} 1 15 1
o
c
; 11F k! 1 i
10.5H 1
05¢ 1
100 2 4 6 é 10
i Time(s) % 2 4 6 8 10
Fig.8. Instantaneous wind speed (m/s) Time(s)

Pitch Angle, Tip speed ratio

Pitch Angle
—Tip speed ratio T

Time(s)

Fig.9. Pitch anglg (in degree) and tip speed

Aerodynamic power(w)

Coefficient of power conversion

ratioA waveforms.

Va

o
[

<
=

o
w
.

<
[N
.

(=)
-
L

00 2 4 6 8

Time(s)

Fig.10. variation of coefficient of power
conversionC, .

10

-
o

-
L

©
o
.

(=]
L

o
o

2 4 6 8
Time(s)

Fig.11 Aerodynamic power (w

214

Fig.12. Optimum speedy, ,; and generator

speeda,, (rd/s).
4000
iqr
iq
3000 1
2000 //\—/—\/
1000 1
0 4
-1000, 2 4 6 8 10
Time(s)

Fig.13. g- axis current component of PM$G

and the desired valueg, (A).

Vb, Ve (V)

Va

Time(s)
(a)
800
600§,
400+
Z 200}
Z,: 0
>m -200+
-400}
-600
-800g 6.02 6.04 6.06 6.08 6.1
Time(s)
_ (b)
Fig. 14. The waveforms of three phase voltage
of PMSG.




Journal of Theoretical and Applied Information Technology
15 May 2012. Vol. 39 No.2 N

© 2005 - 2012 JATIT & LLS. All rights reserved-

SATIT

ISSN:1992-8645

www.jatit.org

E-ISSI¥17-3195

id
idr

05-

-05F

-1

0 2 4 6 8 10
Time(s)

Fig.15. d- axis current component of PM&G
and the desired valueg, (A).

2000

1500

1000+

Ude (V)

500+

0 2 4 6 8 10
Time(s)

Fig. 16. DC link voltage.

— Current

Voltage | |

0 2 4 6 8 10

Time(s)

(a)
3000 ;

— Current

2000 Voltage | |
1000
0 | | ! ]
e v \/ \/ \/
-2000 A
-3000¢ 6.02 6.04 6.06 6.08

Time(s)

(b)

Fig. 17. The waveforms of three phase current

and voltage of GRI

5. CONCLUSIONS

This paper has presented the new control of
WECS based on Grid connected PMSG. Control
algorithm based on the sliding mode strategy has
been investigated for the system. The conditions fo
the existence of the SM are found by using the
stability conditions of Lyapunov. Moreover, the
concept of MPPT has been presented in terms of
the adjustment of the PMSG rotor speed according
to instantaneous wind speed and limitation by Pitch
angle strategy for high wind speed. Two control
schemes at both generator side and grid side
converters are implemented. The speed control is
realized through SM nonlinear control where the g-
axis current is used to control the rotational spee
of the generator according to the variation of wind
speed. In addition, using SM method, the inveder i
controlled to maintain the DC-bus voltage and
regulate the grid-side power factor. Thus, the
WECS with the PMSG can not only capture the
maximum wind power, but also can maintain the
frequency and amplitude of the output voltage
with unity power factor . Finally, simulation retsl
show clearly that the proposed non linear SM
controllers are quite efficient for the WECS and
demonstrated the effectiveness and applicability of
the proposed control design.

Appendix
TABLE |
PARAMETERS OF THE TURBINE
Parameter Value
p the air density 1.08kg/m
A area swept by blades 4775.94 A
v, base wind speed 12.4 m/s
TABLE Il
PARAMETERS OF THEPOWER SYNCHRONOUS
GENERATORS
Parameter Value
R rated power 2 (Mw)
a, rated mechanical speed 2.57 (rd/s)
Rstator resistance 0.008()
Ly Stator d-axis inductance 0.0003 (H)
Ly Stator g-axis inductance 0.0003 (H)
@ permanent magnet flux 3.86 (wb)
p, pole pairs 60

s
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