Nonlinear wind turbine control under wind speed variation and voltage dips
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Abstract— Doubly Fed Induction Generator is an attractive
solution in variable wind turbines[1, 2] because of its features
like lessening losses, minimum cost, an improved efficiency
and power control capabilities[2]. Traditionally the control is
based on PI controller which is advisable just for linear
systems. However, wind turbines components work as
nonlinear systems where electromechanical parameters
change frequently [3], thus ,a SOMC is proposed and then a
modest function to smooth control signal is introduced which
will improve power fineness, minimize the chattering and
ameliorate respond time, deal with grid requirements. Matlab
tests are introduced and compared.

Keywords-component; SMC, DFIG, Active and Reactive
Power control , MPPT, Sliding mode control. TAN, SOSM.

l. Introduction

Concerns over the environmental impacts and scarcity of
fossil fuels have led to move towards the clean and
inexhaustible power. Compared with other clean energies,
wind power has been proved as one acknowledged potential
source of energy, like it cost efficiency and reliability [4, 5].
Thus, those factors became important topics in industry and
research [6, 7].Control strategies are necessary to attain
maximum performance. The DFIG WTSs has been an attractive
choice [8, 9] because of to the independent power control plus
it ability to deal with variable speed due to control of back-to-
back converter scheme[10, 11], reduced mechanical
stresses[2], recompense for power pulsations and torque [12]
and improve power quality[2] ,the major feature of proposed
generator is that the power converter is sized between “20—
30%” of entire power which means the cost is reduced[13],
still the generator respond to voltage disturbances is critical, as
expressed in [2, 14] , ,to protect and remain connected to the
network even with faults it is required to control the rotor
converter. [2, 14-16], the control schemes are established with
the wvector control with the classical controller, but this
controller can provide favorable performance restrictive under
ideal voltage conditions. Furthermore, disturbances and
parameter variations will leave us with imperfect performance.
Therefore, papers have offered many control strategies for

DFIG like Sliding Mode Control, smart control or adaptive
algorithms [1, 17, 18], HOSMC [6, 15, 16, 19, 20]. SMC,
despite robust, it suffers two main deficiencies. First,
chattering phenomenon which produced from the high-
frequency switching that damage the performance and excites
high frequency oscillations [21, 22]. To overthrown these
problems, many authors proposed to modify the SMC law [15,
23-25].

In this present paper, SMC is suggested to regulate the
power swapped between the generator and the grid , to
overcome it drawbacks many of methods were proposed like
approximating the sign function by a high gain saturation
function [26] , we decide to use SOMC because it has several
features like:

e Robustness [27, 28].
e subtraction of mechanical stresses and chattering[28].
o  Easy to implement[28].

We proposed an improvement to the 2SMC by adjusting the
discontinuous control signal toward sliding surface, Pl, SMC
and 2SMC controllers are compared, we aim to see how
SOMC can improve performances. This article arranged as
follows; turbine model and the MPPT are given in the second
section. In part 111, DFIG mathematical model is introduced.
Section IV introduces DFIG Vector Control. In section V
SOMC is proposed. At last, matlab results are given and
debated.

1. MODEL OF THE TURBINE:

The power contained in the form of kinetic energy at a speed
Vy, surfaceA, is expressed by

1
P =5 PAV) )

Where p is the air density, but the wind turbine is can regain
only a part of that power:

P, = %pﬂRsz’Cp )

Where: R is the radius; Cp is power coefficient [23], this
coefficient is a related with the wind and wind turbine rotation
pace and the pitch angle.
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The speed ratio A introduced by:
. RQ,
Vv

\
Where R is the blades length, Q is the rotor angular speed. The
theoretical extreme rate of Cy, is given by the Betz limit

Cy o max = 0,593=59,3%

The torque and power coefficient Cy, is represented in function
of tip step ratio (A) and the pitch angle (B) as fellow:

Co=C(Z2-Cp-Cp™ —CE™) (@

®3)

1
4= ()
A+C,
The slow shaft mechanical torque C; is expressed by:
P /4
C =—Lt="pR¥%C 6
t Q 21 p p ( )

t

A. Mechanical System: The mechanical model will be
illustrated in Figure 1
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Figure 1 : Mechanical model

Where: Ji: the turbine inertia, while Jy, : generator inertia, G is
the gearbox ratio. The generator speed and the fast shaft torque

are given in: Q. =6GQ, @ C,=C /G

J

Next, C,—Cen :(—t+ J jd(im + 9, )

G* "

B. Maximum Power Tracking MPPT

Aiming to extract the supreme power is the fundamental
objective of the speed control. Many methods are used to
ensure that [29, 30]. Direct speed controller (DSC) is presented
in fig 2, its concept is founded on generating the optimal
turbine speed for various wind speed value, and use it as speed
reference. Next, with the help of a regulator the turbine
rotational speed is controlled and the mechanical power aimed
to be maximal for each operating point; the reference rotational
speed is defined by:

O =(4,V)/R @0) This, Q=GO ()
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Figure 2 :Direct speed control.
We obtain the active power reference by the following
=C Q (12)

equation: P cem ref m

s_ref

1. MATHEMATICAL MODEL OF DFIG:

We have chosen to use the double-fed induction generator
because with the help of the bidirectional converter in the rotor
it is possible to work in both sub-synchronous and super-
synchronous. The electrical model of the machine obtained
using Park transformation is given by the following equations
[23, 30, 31]:

Stator, rotor voltages: Eqts (13-16)

dg,, dd,
VQs = Rslqs + d: _a)s¢ds ; Vds = Rslds + dtd _a)5¢qs
d¢r d¢r
Vdr:RrIdr+d_td_a)¢qr ;Vqr:RrIqr_'_d_tq_a)¢dr
Where: 0=, —, (17)

Stator, rotor fluxes:
¢ =Ll + Ml (18)
¢, =L 1, + Ml (0) ¢, =L, +Ml, (1)
The electromagnetic torque is:

Con = P(@icles =Byl ) = PM (I 1o = Ty lge ) (22)

The motion equation is:

P =Ll + Ml (29)

d J
C.-C =J—0Q +fQ (23)J=1lubne 1 j (24
em r dt m v=m ( ) Gg g ( )

Where: the load torque is C;, J is the total inertia, mechanical
speed is Q.

IV. The DFIG Vector Control:

In this section, the application of vector control DFIG is to
achieve a decoupling between the quantities generating torque
and flux. For this, we adjust the flux by (lgs or lg), and torque
by (lgs or lg). Thus, the dynamics of DFIG will be reduced to
that of a DC machine. This method can be outlined as shown in
Fig 3.
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Figure 3 : Analogy between the vector control of DFIG and the control of a
DC machine.

The doubly fed induction generator model can be described by
the next equations in the synchronous frame whose axis d is
aligned with the stator flux vector as shown in fig. 4,

(dss = @ys) and (4, =0) [7, 23, 30, 32]. By neglect stator
resistances voltage will be:

Vi =0andV, =V, = 0,4, (25)
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Figure 4 : Stator and rotor flux vectors in the synchronous d-q Frame.

We driver to an uncoupled power control; where, lg controls
the active power, and the reactive power is controlled by the
direct component lgs [33]as shown in fig. 5:

P.=-V, % I (26)

S

dV. M V2 M
_ ss__V|dr — s __Vsldr 27
QS[LS LSSMwsLsLs j()

The equations of the voltages according to the rotor currents
are shown below (fig. 5):

Vdr = Rr Idr + Lro-%_ I‘ro-a)lqr (28)

dl, M
Vqr = erqr + LrGW_ I-raa)ldr +rw¢s (29)

With: o=(1-M?)/LL, (30)

Where: Var, Vqr are rotor voltage; R+ is the rotor resistances; Lr,
Ls are the rotor inductances; M is mutual inductance; o is
leakage factor.
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Figure 5 : Power Control.
V. The sliding mode control

The main advantage of this control is its simplicity and
robustness in spite of uncertainties in the system and external
disturbances and on the other hand it needs relatively less
information about the system and also is insensitive to the
parametrical changes of the system plus it doesn’t need to the
mathematical models accurately like classical controllers but
needs to know the range of parameter changes for ensuring
sustainability and condition satisfactory [15, 16, 19, 20]. The
sliding mode control has three stages: Choice of surface,
Convergence condition and Calculation of the control laws.

Second Order Sliding Mode Control

SMC is an interesting nonlinear method approach.
Nevertheless, the biggest problem of this control is the
chattering phenomenon which causes mischievous effects on
the generator because of the discontinuous surveillance and
that cause overheating and trigger unmodeled high frequency
dynamics [34]. SOMC is an attractive solution [35] , it
generalizes the sliding mode idea by going to a higher order
time derivatives, which decrease chattering and avoid powerful
mechanical efforts while maintaining advantages of the SMC
[34, 35], such as robustness under uncertainties. Aiming at
achieving satisfactory tracking performance for Ps and Qs, the
switching functions given next are adopted

Sp =6 +cpjepdt
31)
So =€ +cQJ'eth
The integral terms cp sand cq are positive constant, are added

for steady-state errors elimination [6, 34]. The voltage applied
represented in the equation below:

Vdr =Vdreq
V.=V __+V

qr qreq qgrn

+V

drn

(32)

The system in reach the sliding surface with the help of the
switching control Vam and Vgm ; Vaeq and Vaeq are the
equivalent control terms ,they make the system move along
the sliding manifold and accelerate the response of the system
while reducing the steady-state errors[36]. The equivalent



control terms are derived by letting s = S, =0, the voltage
to be applied to the rotor are expressed as (33)

Llo( " MV,
Vqreq = _M_\/S(Ps_ref +Gp (Ps_ref - Ps))-l_ erqr - gWerO-Idr -0 Ts
LLo(~®
Vdreq = _W(Qs_ref +Cp (Qs_ref _Qs ))-I' erdr — gw, Lro-lqr
Thus (34);

Vi = Y; + Byl |% sign (e, ) y, = B,sign (e, )

1 .
Vam = Y2~ B, les|2 sign(e,) 'y, =—B,sign(e;)

Where the constants B1, B2, B3 and B4

B - D, B > 42D12(Bl+CD1)
oL, o’L; (B, —®,)
40, (B, +D,)
B, - O, B> 2 35
’ paLrLS o’ (B - 0,) (%)
C;l <D, ng <D,
And (36),

. M MV,
Gl:Ps_ref+vsm[_erqr+gWerO-|dr+g Ls j
GZ = Qs:ref +Vs l(_erdr + gWerUIqr)

LLo

The function sign is defined as:

WU,
1,if ¢>0 "
sign(¢)=10,if ¢=0 =
1,if ¢=<0 —

However, the latter generates on the sliding surface, a
phenomenon called chattering, which is generally undesirable
because it adds to the spectrum control high frequency
components.

S(x.X)=0 ax

Y

[ (0.0)

Xo(1)

Chattering Phenomenon.
In Order to minimize the chattering we will change the sign
function with hyperbolic tangent function which will smooth
the control signal across the sliding surface, the function is
shown in Figure 6 and it’s defined by:

S(x)

S CE A
Thus,
S, if [S(x)|z¢
5= (45)
5O+y'|‘S(x)dt if [S(x)|<¢
0 if |S(x)|2¢
" £[s(x)t if S(x)|<e o

Where: 0 ,17,&, &,y are positive constants.
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Figure 6 : hyperbolic tangent function.

VI. SIMULATION RESULTS

In this section, simulation tests have been performed with
the help of Matlab. A performance comparison with two
different linear and nonlinear controllers “Pl, SMC and 2-
SMC” will be introduced and discussed



Tracking Reference:

Wind speed shown in Fig (7) in order evaluates the designed
control.
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Figure 10: a- Electromagnatique couple b- Rotor current
components

Fig 8 and 9 represent the stator active and reactive powers
and its reference profiles using Pl and SMC, we can notice
that the dynamic response under the PI control is much slower
than SMC control while SMC tracks almost perfectly their
references .However the first order sliding mode controller
includes an appearance of perturbations which presented
through the chattering phenomenon after zooming, we can see
clearly that the 2SMC with the tan function could smooth the
control signals and that caused an elimination of chattering
phenomenon. This outcome tends to guarantee stability and
the power quality even when there is a change in wind speed.
The electromagnetic torque represented in Fig (10-A) is
negative due to the generator operation. We can notice a great
decoupling among the rotor and stator current components is
obtained as shown in fig 10-C-D which guarantee a decoupled
powers control .Our system is examined under a stator voltage
drop between 1.5s and 1.6 s, as shown in Fig. 11; a good
decoupling between stator components is obtained as shown in
fig 12, which guarantee a decoupled control of powers.
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Figure 11: stator voltage



Figure 12: stator courant

VIl. CONCLUSION

In this paper, we have presented a complete system to
produce electrical energy with a doubly-fed induction
generator in wind turbine is presented and controlled using the
sliding mode control than a solution to improve the control
was proposed, simulation results show that the proposed
controller provides a notable efficiency, since it permits to
track the optimum power quickly despite the speed wind
changing. On the other hand, the stator power quantities
provided show smooth waveforms, with good tracking indices.
Consequently, undesirable mechanical stresses and the
chattering phenomena are avoided

APPENDIX

The generator's parameters are presented below: Rs = 1.20, Rr
= 1.8, Ls = 0.1554H, Lr= 1.558 H, M = 0.15, Vs=380
V/220V; P= 2, Fr=0.0027N.s/rad, f=50Hz; J=0.042 kg.m2,
Aerodynamic coefficients C1=0.5, C2=116, C3=0.4, C4=0,
C5=5, C6=21, controller parameter:

t, KoR LLo
sz_’Ki: P ’Kp_lrz—’
L, Lo MV.t,
K. — Kp_IrRr
i_Ir Lro_
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