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Abstract. This paper presents a new sliding mode control (SMC) via fuzzy multi-level
switching (FMLS) technique for doubly fed induction generator-based wind energy conver-
sion system (DFIG-based WECS). The main objectives are: 1) extraction of maximum power
from the wind by achieving maximal power point tracking (MPPT) strategy, and 2) supplying
the grid with zero reactive power. The SMC is combined with FMLS control to minimize
the undesirable effect of chattering inherent to the conventional SMC. Based on the mea-
sured error, five error levels are selected extra-small, small, middle, large, and extra-large.
For each error level there is different switching level. The DFIG and MLS controller will be
tested against various perturbations. Simulation results using Simulink/Matlab conclude that
the proposed controller succeeded in eliminating perturbation and minimizing the chattering
effect.

Key-words: Wind energy conversion system, MPPT, DFIG, Sliding mode control,
Fuzzy control, Multi-level switching.

Nomenclature

WT Wind turbine J Turbine total inertia (K g m?)

DFIG Doubly fed induction generator f Turbine total external damping (Nm/rad s)
MPPT Maximum power point tracking Q Generator speed (rad/s)

d,q Synchronous reference frame index w, wy Angular speed, synchronous speed (rad/s)
S, T Stator and rotor indices Gy Gearbox coefficient

\%4 Wind speed (m/s) v, Voltage (V), current (A)

p Air density (kg/m"3) @, Ter,  Flux (Wb), Electromagnetic torque (Nm)
Ry Blades length (m) P Q Active power (W), reactive power (VAR)
Ta Aerodynamic torque (Nm) P Number of poles pairs

P, Aerodynamic power (W) LM Inductance, mutual inductance (H)

Cp Power coefficient R Resistance (2)

e
~
&

Wind turbine rotor speed (rad/s) o Leakage flux coefficient (¢ = 1 — M2/ L,L,)



430 S. Labdai et al.

1. Introduction

Nowadays, wind energy has become the most promising renewable energy source [1, 2].
The exploitation of wind energy is growing for the reason that it is a clean source and harmful
to nature. The so-called doubly-fed induction generator (DFIG) is widely used in wind energy
conversion system [1]. For the variable speed wind energy conversion applications, The DFIG
rotor windings are connected to the line-grid via a bi-directional power converter, and the stator
is directly connected to the line-grid. Compared with other configurations such as fixed-speed
asynchronous induction generator or variable-speed synchronous generator with full-power stator
converter, the DFIG-based WECS has many advantages: 1) In variable speed operation, the
asynchronous nature of the DFIG allows to generate stator constant-frequency power, while the
extracted wind power can be optimized, as the shaft speed can be adjusted proportionally to the
wind speed. 2) Possibility to operate at sub-and super-synchronous modes. 3) The rotor power
converter rating is reduced to handle a small fraction (30%) of the total converted power [3, 4].
However, it is a challenge to control the DFIG-based WECS since it presents a multivariable
nonlinear and coupled system with many parameter uncertainties (resistance, inductance, inertia,
friction coefficient).

Many proposed control schemes for DFIG-based WECS can be found in literature, most of
them are based on the work presented in [7], authors used vector control with linear proportional
integral (P1) controllers to achieve a decoupled control of the active and reactive power. However,
with the linear control techniques, the system robustness against parameter variations cannot be
guaranteed. To overcome this difficulty, Different robust nonlinear strategies have been presented
in the literature, among the most popular: nonlinear adaptive control strategy which was proposed
in [8, 9]. Using Lyapunov approach, the robustness condition is guaranteed only to constant
unknown parameters. In [10] a robust backstepping control for the DFIG has been proposed.
The controlled system has to have a specific triangular form.

In recent years, the sliding mode control(SMC) has gained a lot of attention. It is popular for
robust control of nonlinear systems. This controller’ s structure which is based on a discontinu-
ous term added to the sliding surface is able to eliminate not only external perturbation but also
achieves robustness against parameters variation and uncertainties. In [11, 12], SMC has been
proposed to control the DFIG-based WECS. Simulation results show that SMC of the DFIG-
based WECS is able to track the desired active and reactive power with good system robustness
and high tracking performances. But, discontinuous term gain is chosen big enough to elimi-
nate the upper bound of uncertainties, unfortunately, this leads to the undesirable phenomenon of
chattering and its effect on stressing and damaging the DFIG. Researchers developed many vari-
ous technique based on smoothing the discontinuous term. We can cite the adaptive sliding mode
control [13], and the high order sliding mode control [14, 15]. These solutions prove effective
in reducing the chattering and guarantying the system robustness, but tend to slow the system
responses. In [16], a new method called multi-level switching technique has been proposed. This
approach use variable switching gains to eliminate the chattering effect. The combination of
Fuzzy logic and SMC has been studied in [17] and [18]. It gives the possibility to implement
human thinking in control strategy and it was able to achieve the system robustness with less
chattering effect.

This paper presents a new sliding mode control (SMC) via fuzzy multi-level switching (FMLS)
technique for DFIG-based WECS. The controller guarantees the maximization of the captured
power and null reactive power regulation. The fuzzy system is used to find the optimal switching
gain for the sliding mode controller that ensures both the system robustness and the chattering
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free operation.

2. Description of the DFIG-based WECS

Figure 1 presents a DFIG based WECS. The turbine converts wind power to mechanical
power, the DFIG speed is then the turbine speed multiplied via the gear box, finally the DFIG
supplies the grid directly with electrical power.

Wind Turbine

Grid

Fig. 1. DFIG-based WECS.

2.1. Turbine model

The wind kinetic power is directly proportional of wind speed and is given by:

1 .

Py = 5pSCy(A B)V? (M
where V is the wind speed, p is the air density 1.225 kg/m? , S is the area circulated by turbine
blades, and C), the power conversion efficiency.

The relation giving the relation between rotor aerodynamic torque 7y, turbine speed €2, and
aerodynamic power P,, is given by :

T, = Lo 20 PSCoN BV @)

The power coefficient C,, (), 8) is a function of the blade pitch angle 3, as well as the tip-
speed ratio A. It is a function of V' the wind speed, 2; the turbine speed, and R the blade
diameter.

R

A
%

3)
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we consider a fixed pitch angle and controlling achieving the maximum power coefficient by
achieving optimal tip speed ratio A\. The power coefficient as a function of A and 5=0 is shown
in figure 2

Cp max =0.55

Fig. 2. Power coefficient.

2.2. DFIG model

The DFIG stator is connected directly to the line grid and the rotor connected via converter
to the line grid. The DFIG model presented after park transformation to rotating frame dgq:
Stator and rotor electrical equations are given by:

vgs = Rsigs + %st - ws~®qs
Vgs = Rsigs + LB a5 + ws.Dys
Vgr = Ryigr + %er — wr.Dgr
Vgs = Rrigr + %@qr + wp. Dy

“

with v(,is the stator(rotor) voltage, i) is the stator(rotor) current, @, is the stator(rotor)
flux, R, is stator(rotor) resistance, w,(,) is stator(rotor) angular speed.
Stator and rotor flux equations are given by:

Dys = Lgigs + M .1y,
Dgs = Lsigs + M. 14,
ODgr = Ly.igr + M. Iy
Ogr = Ly.igr + M.Iys

&)
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with M, L ,is the mutual, stator(rotor) inductance.
The DFIG electromagnetic torque is given by:

M . .
Tern = pf(gqszdr - ®dszq7') ©6)

where p is the number of pole pairs.
The mechanical equation of the DFIG-based WT is given by:

ds}
JE:TafTemfo @)

where J turbine total inertia, 2 is the DFIG speed, T,, is the generator electromagnetic torque
and f is the damping coefficient .

3. Control strategy

3.1. Maximum power point tracking MPPT

Variable speed WECS have the flexibility to operate under various speeds independent of
wind speed, but for a fixed wind speed there is only one DFIG speed that products maximum
power.

AoptV
Ry

The DFIG speed dynamic equation given in (7) and by putting e,, = T}, as external perturba-
tion, it can be written as:

®)

Qopt =

dy 1

dat g

It is a first order differential equation, by considering 7, the input and {2 the output, design-
ing a PI controller can track the reference {2t

(_Tem _fQ+ev) (9)

3.2. Vector control

The vector control principle depends on linking the stator flux to the d-axis of the frame so we
have:

®qs =0, ®ds = ®s (10)

Replacing (10) in (6) the electromagnetic torque equation becomes linear and proportional to
the rotor current ¢4,..

PM
L
From (9), knowing that T, is the electromagnetic torque needed to reference tracking of

Qopt, and considering (11) we obtain 7,4, .y needed to reference tracking of 2,,, and it is given
by:

T€T}'L - (Qsiqr) (11)
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. Ly
lgrref = W(Tem,ref) (12)

The stator active and reactive power is given by:

{Ps = (Udsids + quiqs) (13)

Qs = (quids - Udsiqs)
From on (10), considering a stable grid and the by neglecting the stator resistance we get:
s — 0
o (14)
Vgs = Vs = wsgds

Replacing (10) in (4) the stator currents are:

. M - 1)
lds = — 7 ldr T 7%
{‘d TP (15)
qu = 7Lfslqr
Replacing (10), (14), and (15) in (13) the stator reactive power can be written as:
v s~¢ds M .
Qs = < qLS - stqszdr> (16)

To meet the grid requirement (null reactive power), we can write:

Vgs-Dds _ Vgs-Migr

0= 17
I. L. 17)
From (17), the rotor current reference ig,_re is:
. ¢ds
Ydrref = M (18)

We can resume the DFIG-based WECS control objectives in Table 1.

Table 1. Control objectives

Commands Objectives
idr = Z'dr,ref Qs =0
lgr = Ggrref MeANS t0 Tepy = T ref | 2 = Qopr means to X = Aope

3.3. Sliding mode control of the DFIG-based WECS

From (4) and the above simplifications, the DFIG electrical reduced model is:

igr (19)
ddi’ = f2 + 62 + 9Vqgr

{déﬁf = f1+ 61 + gvar

where: fi1 = —Ryigr+Ly.(ws —w)0igr, fo = —Ryigr+ Ly (ws —w)oigr — %(ws —W)pgs, g =
ﬁ, d;(x) for j = 1, 2 represent bounded uncertainties, w is the stator angular speed w, = 27 f,
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and f is the grid frequency; w is the rotorique angular speed w = P}, and o is the leakage
2

. 1 M
coefficient o = 1 I.I.

In this section we present the classical sliding mode, it is simply based on four steps:

3.3.1. Choice of surface

To achieve tracking of the rotor currents we choose the error to be the sliding surface:

S = r = . r ] r_re
LT e (20)
52 = €qr = lgr — lgrref
3.3.2. Choice of Lyapunov fonction
The Lyapunov candidate function is chosen as:
1 5 .
Vi=3555,7=12 (1)
The time derivative of this function is:
V; =8;8;,j=1,2 22)
By deriving (20) we have
S; = Fj(x) + 6;(x) + guj, j = 1,2 (23)
where Fy = f; — Pdrel ) = f — Bamrel gy = vy, up = vy,
Replacing (23) in (22), the Lyapunov function derivative is:
Vi = 8;(Fy() + 0j(z) + gu;).j = 1,2 (24)
3.3.3. Control law structure
The SMC control law is:
'LLj = uj,eq + uj,d7j = ]., 2 (25)
1
o = L(=F:(2) — kS
Uj,eq 19( J(x) 355 =12 (26)
uja = (= Ajsign(S;))

where: u; 4 is the equivalent control term, u; g is the discontinuous termk; and A; (for j = 1,2)
are positive constants.
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3.3.4. Stability proof of the closed loop system with SMC

As long as g # 0 the control law given in (25) is finite and by replacing it in (24) for j=1,2 we
obtain:

V; = —kijz +S;(6;(z) — Ajsign(S;)) (27)

Vi < —k;S3 + 1851105 (2) = A7)l (28)

Assuming that k; > 0 and that |§,;(xz) < A;, from the Barbalet lemma, we conclude that
the SMC controller given guarantees the system asymptotic convergence and robustness against
uncertainties produced by external perturbation and internal parameters variations.

3.4. Fuzzy sliding mode control of the DFIG-based WECS

One main advantage of SMC is his robustness against internal and external disturbances. Un-
fortunately, the SMC main drawback.is the undesirable chattering phenomenon always occurs in
the sliding and steady state modes as high frequency oscillations, it’s origin is the discontinues
term in the SMC control law. Therefore, a Fuzzy sliding mode control (FSMC) system, in which
a fuzzy logic inference mechanism is used to mimic the switching control law.

Design of the Fuzzy sliding mode control

Let define the sliding surface S; as the input linguistic variables of a fuzzy system, and
the fuzzy switching control term w; ¢ = A;sign(S;) as its output. Then, the associated fuzzy
linguistic rule base can be summarized as follows.

The proposed fuzzy sliding mode controllers in [18], it depends on seven linguistic variables
NB, NM, NS, EZ, PS, PM, PB, triangular membership functions are chosen to represent the
linguistic variables and fuzzy singletons for the outputs are used. as shown in figure 3, and
table 2.

where: NB: Negative Big, - NM: Negative Middle, - NS: Negative Small, - EZ: Equal Zero,
- PS: Positive Small, - PM: Positive Middle, - PB: Positive Big.

Table 2. Base of rules for FSMC

s Si|NB |NM |Ns |Ez | PS | PM | PB
J

NB NB [NB [NB [ NB [ NM | NS | EZ
NM NB | NB [ NB [ NM | NS [EZ | PS
NS NB [NB [NM | NS |EZ [ PS [ PM
EZ NB [ NM [ NS [EZ [PS | PM | PB
PS NM [ NS |EZ [PS |PM | PB | PB
PM NS [EZ [PS |PM [PB | PB | PB
PB EZ |PS |[PM |PB |PB | PB | PB
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B NM NS [EZ S M |PB B NM /NS JEZ S M (PB

fuzzy input fuzzy output

Fig. 3. Input and output membership functions of the fuzzy system.

The fuzzy sliding mode controller (FSMC) is a modification of the sliding mode controller,
where the switching controller u; 4 has been replaced by a fuzzy control input as given below

Uj = Ujeq T uj,fuzzyaj =1,2 (29)

3.5. Fuzzy multi-level switching technique control of the DFIG-based WECS

The discontinuous term gain has to be greater than the upper bound of uncertainties. In
classical SMC before constructing the control law, the upper bound is prior fixed and remains
unchangeable during the control process.

/\j > Zj
- (30)
{Aj = sup{[0; ()], Va}

But, discontinuous term gain is chosen big enough to eliminate the upper bound of uncer-
tainties, unfortunately, this leads to the undesirable phenomenon of chattering and its effect on
stressing and damaging the DFIG. In Fuzzy Multi-Level Switching we consider an unknown up-
per bound directly linked to the tracking error, if the error is big the switching command gain
is great to guarantee the robustness, the more it is reduced the more the gain is small enough to
keep the robustness and reduce the chattering effect, the fuzzy system is presented in figure 4 and
table 3.

s ] A‘ /vB s M A VB
3 A L
\ [\ [\
[ ' Voo
; (N A ’ A
/ /A /A
/ [ / \
[\ / \
: \n 10 5 10 50 m/o 5:)0
a b

Fig. 4. a)Input membership function b)Output membership function.
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Figure 4.a presents the input variable the absolute value of tracking error |e;|,j = 1, 2.

Where each of the input variables is triangular membership function, fuzzy label of VS: very
small, S:small, M: medium, B: big, VB: very big.

Figure 4.b presents the output variable the switching control gain \;,j = 1, 2.

Where each of the output variables is triangular membership function, fuzzy label of VS:
very small effort, S:small effort, M: medium effort, B: big effort, VB: very big effort. Table 3
presents the associated fuzzy linguistic rule base

Table 3. Base of rules for FMLS
Rules Rulel: Rule2: | Rule3: Rule4: | Rule5:
Input VS error | Serror | Merror | Berror | VB error
Output | VS gain | Sgain | Mgain | B gain | VB gain

Figure 5 resumes the global control scheme of the DFIG-based WECS using SMC via FMLS
technique. As is shows, the MPPT is achieved a cascade regulation, the outer loop is the speed
loop controlled by a PI controllers, and the inner loop is the current 44, loop together with the
current ¢4,- loop which are controlled by two SMC based FMLS controllers.

Va «—

Vb «—— GRID

Ve +——
Vas L'-'qs
DFIG (dq)
- Var T vq{
lar
@ SMC via
= L) » FMLS
M lar_ref
n
Agpe G P Tem ref L, lgr_ref
L (S| PI +SO)
r 4 PM@as Y
[ n opt T
igr
Wind

Fig. 5. DFIG based WECS global control scheme.



SMC via FMLS control scheme for DFIG-based WECS 439

4. Results and discussion

4.1. Simulation parameters

In order to validate the proposed technique the DFIG based WECS is tested under Simulink/Matlab
with the following turbine and DFIG parameters:

Table 4. Simulation parameters

Nominal power P, 7.5 kW
Stator resistance R 0.455Q
Rotor resistance R, 0.62 ©)
Stator inductance L 0.084 H
Rotor inductance L, 0.081 H
Mutual inductance M 0.078 H
Total inertia J 0.3125 Kg.m?
Poles p 2
Damping f 0.00673 N.m.s/rad
Grid frequency fr 50 Hz
Nominal speed 25, 157 Rad/s

The wind profile used in simulation is presented in figure 6.

14

13

12

—_ —_
L= -

wind speed (m/s)

E 1 1 1 1 1 1 1 1 1

time (s)
Fig. 6. Wind profile.

The FSMC parameters were not given in [18], and the FSMC gain are selected based on try
and fail, k1 = ko = 100.
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The fuzzy membership functions are based on try and fail, the input membership function
which depend on the absolute value of error are given by: VS=10—3, S=10"2, M=10"1, B=10°,
VB=10!. The output membership functions are linked to the switching command gain and it is
given by: VS=5, S=10, M=50, B=100, VB=500.

The wind profile is shown in figure 6, it is chosen to simulate real wind speed, it begins in
low speed 6m/s and rises to high speed 14 m/s then finally settles to middle speed 10m/s.

To test the robustness of the proposed control scheme, it is compared to normal SMC and the
simulation is carried out under the following parametric changes:

e Between 3s-5s : 30% change of the inductance and mutual inductance, and 100% of the
rotor resistance.

e Between 5s-7s: 300% change of inertia and Damping coefficient.

e Between 7s-9s : 10% change of network frequency.

4.2. Simulation results

Figures 7—13 show the simulation results of the FSMC and FMLS applied on the DFIG-based
WECS.

35 T T T T T T T T T

30 -

24 -

20 -

D-axe rotoric courants (A)

5 L -
[] L -
Reference
A ——FSMC .
— — FMLS
_1[] 1 1 1 1 1 1 1 I I
0 1 2 3 4 5 6 7 8 9 10

time (s)

Fig. 7. DFIG rotor current %4,
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5. Discussion

Figures (7) and (8) shows the tracking performances of current ¢4 and i,., we can see
that both control methods have a good robustness, but, The chattering effect in FSMC is much
higher. Figures (9), (10), and (11) show the reactive power DFIG speed and power coefficient
respectively, the good tracking of these signals means that the proposed approach succeeded in
achieving MPPT and producing maximum power with null reactive power injected to the grid.
The input control signals (the DFIG voltages vq, and v,,) are shown in figure (12) and (13).
For the conventional SMC, the robustness achieved at the price of chattering effect while the
proposed controller (SMC via FMLS) guarantees a good robustness against parametric changes
with minimized chattering effect, another comparison between the FSMC and the FMLS is pre-
sented in table 5. It shows the mean square error of each approach for the speed tracking error
currents ¢,.q and 4, tracking error and stator reactive power regulation. We can see the superior-
ity of the proposed fuzzy MLS technic above the fuzzy SMC. One main advantage also with the
FMLS the controller calculation time is faster due to the rule reduction in that approach.

Table 5. Comparison of FSMC and FMLS

Approach | MSE iq | MSE irq | MSES) | MSE Qs Calculation time
FSMC 8.2046 7.8291 8.2067 | 2.343610° | 3.311580 seconds
FMLS 0.74385 | 0.67452 | 4.7076 | 96661 14.121723 seconds

6. Conclusion

In this paper we presented a new FSMC via FMLS control scheme for DFIG-based WECS.
The control objectives are extracting the maximum available power from the wind, and supplying
the grid with null stator reactive power. The DFIG-based WECS is a perturbed system with many
uncertain parameters. To avoid the undesirable phenomenon of chattering in conventional SMC,
fuzzy multi-level switching technique is adopted. The discontinuous term of the conventional
SMC is calculated according to the absolute value of the tracking error, thus the chattering is
minimal and the robustness is not affected. The simulation results compare the performances
of the proposed control scheme and the SMC system. The superiority of the SMC via FSMC
controller is clearly shown in terms of fast responses, tracking errors under parametric change
and the significant chattering reduction.
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