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ABSTRACT

Accurate control of the wind turbine at its optimal rotational speed for a given wind speed is required to extract
maximum power from the wind turbine generator system in the absence of aerodynamic pitch control. Due to inherent
wind turbine nonlinearities and unpredictable wind speed fluctuations, precise control is a difficult task to undertake. This
paper presents a command strategy of doubly fed induction generator (DFIG) which based on a maximum power point
tracking (MPPT) algorithm with a modified Hill Climb Searching (HCS) and a sliding mode controller with adaptive
twisting algorithm in order to achieve accurate tracking under the wind turbine’s nonlinear dynamics and fast wind
changes. Simulation results for different situations highlight the performance of the proposed strategy under various wind

speed operating conditions.

Keywords: wind turbine (WT), hill climb searching (HSC), doubly fed induction generator (DFIG), high order sliding mode (HOSM),

adaptive twisting (AT).

1. INTRODUCTION

In the last decade, alternative energy sources such
as renewable energies have received a thorough attention
and have been considered as a way of fighting climate
change. Among renewable energies, wind turbine has
become the world’s fastest growing energy generator.

Variable speed wind turbines are widely used in
many high performance applications and offer several
advantages with respect to their fixed speed counterpart,
such as maximum power extraction from the wind and
reduced power electronics requirements and costs. Thus, a
variable speed generator achieves optimal energy
generation by adjusting its rotational speed to track wind
speed. However, wind turbine dynamics is highly
nonlinear and wind speed is continuously variable and
unpredictable. The conflicting requirements between the
nature of wind and optimal energy generation make the
wind turbine control task a challenging research problem.
Typical challenges include varying operating conditions,
high nonlinearities, and external disturbances. This raises
the urgency to consider alternative control approaches for
efficient power generation to keep up with the increasingly
energy demand requirements.

Several generator types are used in wind turbines,
such as Doubly Fed Induction Generators [1],[2] and
permanent magnet synchronous generators[3]. The
permanent magnet synchronous generators require high
power converters to allow the wind turbine speed
variation, and also to permit its connection to stable grids
under various wind speeds, this requires an over sizing of
the power converter which should be at least the same
power as the wind turbine generator, therefore increases
the overall cost [1], in addition to the high generator cost.
The use of DFIGs reduces considerably the cost of the WT
systems [1]. Indeed, the generator speed variation is
performed by placing a rotor side inverter, whose power

represents only 25% of the wind turbine generator power
[1].

Under various wind speed, the wind turbine
operates, in four regions (Figure-1) as follow [4]:

The first and the fourth region, in which the wind
turbine should be stopped and disconnected from the grid
to avoid that it be driven by the grid and also to prevent
mechanical system damages respectively. A second region
is a linear area which the power depends on the wind
speed, and a maximum power point tracking (MPPT)
system is required to extract the maximum power from the
wind, and finally the third region, that corresponds to the
maximal turbine speed, in which the power is kept
constant by adjusting blades angle (pitch control) to avoid
mechanical damages.

In the second area, the optimal power can be
obtained, by adjusting the generator speed to follow its
optimal value generated by an MPPT system, this latter
and according to the wind change, wind turbine
specifications, and operating generator speed, generates an
optimal set point to the inverter in rotor side and then
controls the speed generator. The maximum power can
only get provided by variable speed turbines.

Regarding the MPPT algorithms, there are two
main categories [4]: The Direct Power Control (DPC), in
which the MPPT algorithm acts directly on the output
power [].And the Indirect Power Control (IPC) in which
the MPPT algorithm controls the output power by acting
on the mechanical input power.

In the IPC category, we find the Tip Speed Ratio
(TSR) MPPT algorithm [4], [5], that works to keep up the
TSR to an optimum value, which corresponds to a
maximum input power by adjusting the generator speed
[4]1,[5]. This algorithm is known for its simplicity.
However, it requires a permanent measure of wind speed

[4].
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A second algorithm in same category is the
Optimal Torque OT [4], [5], [7] MPPT algorithm, in
which the generator is controlled to obtain an optimal
torque at a given speed. Hens the optimal power is
obtained. And finally, the power signal feedback (PSF)
MPPT algorithm [4], [6], [7], in which the speed generator
is controlled to obtain an optimal power based on the
optimal curve. The OT and the PSF don’t need
anemometers. However, they require the parameters of
specific wind turbine [4], [5], [6], [7].

The first algorithm considered under DPC is the
hill climbing search (HCS) MPPT algorithm which known
as perturb and observe (P&O) [4],[7].this latter is a
sensorless algorithm [7], and it’s widely employed in
many WT and photovoltaic (PV) applications, because of
its flexibility and simplicity. This algorithm is based on
perturbing the speed generator with a fixed step size [7]
then measuring its corresponding output power until
reaching the maximal power point (MPP). However, and
in a fast wind change the algorithm may lose the
perturbation direction when the change in power is not due
to the perturbation but due to the change in the wind speed
[4], another problem with HCS occurred when choosing a
large fixed step for the perturbation, this causes the
oscillations around the MPP [4] which will never be
reached, also choosing a small step size perturbation
reduces the convergence time [4]. To overcome these
drawbacks, as detailed in section 11, a novel HCS modified
algorithm has been introduced in [8] to resolve the
perturbation direction and step size problems.

Another DPC algorithm was proposed in [4],
[12], it’s the incremental conductance (INC) algorithm,
which is also sensorless algorithm, and doesn’t require
turbine specifications [4], [12]. In this algorithm the output
power is considered as a DC link voltage (V) [4], [12],
[13], [14], and it’s based on changing the Vg with a fixed
step until getting a maximal output power. However, the
step size can generate oscillations around the MPP. In [4],
[15], [16] a modified INC has been proposed, which is
based on a variable step size to avoid the encountered
problems.

At the end, the optimal relation based (ORB)
algorithm, it’s also sensorless algorithm, and it’s based on
a pre-obtained system curve [4], [17]. In this algorithm the
MPP can be tracked by working on the optimal current
curve at all times [4], [18]. And the current command in a
specific wind speed should not exceed the maximum
current curve [4].

To overcome the drawbacks of these algorithms,
a hybridization of two or more algorithms may be applied
[4], [18].

These algorithms described above do not
represent all MPPT algorithms, although there are other
algorithms such as fuzzy logic algorithms [4], [19], neural
network algorithms [4], [20], [21], adaptive MPPT
algorithms, and multi-variable P &O algorithms [4], [22].
These can act on the input power or the output power.
However, they are a bit complicated, and require too much
calculation. These are surmounted with the development
in computing units.

The efficiency and the precision of these MPPT
algorithms depend strongly on the characteristics of the
wind turbine. Indeed, the significant inertia of the turbine
and the time constants presented in the generator
components influence the accuracy and the convergence
time of these MPPT algorithms.

For this purpose, and especially for DFIGs, the
conventional control such as PID controllers reduces the
efficiency of the MPPT algorithms and especially in a fast
wind change, as detailed in section V.

For DFIG, researchers attempted various control
techniques and several solutions have been proposed
including classical and robust control laws, such as vector
and sliding mode control. The field-oriented vector control
technique [23] is used for its simplicity. However, faster
torque dynamic response is achieved with Direct Torque
Control (DTC) [24] at the expense of current distortion,
and torque ripple. These negative effects have been
addressed using predictive DTC in [25] and a hybrid
PWM technique in [26]. On the other hand, a sliding mode
speed controller is proposed in [27]. However, robustness
to parameter variations and uncertain load disturbance is
obtained only when sliding mode truly occurs.

On another aspect, tools of computational
intelligence, such as artificial neural networks (ANNSs),
have been credited in various applications as powerful
tools capable of providing robust approximation for
systems that may be subjected to structured and
unstructured uncertainties [28]This has led to the recent
advances in the area of intelligent control [29], [30].
Various neural network models have been applied to
control the speed of doubly fed induction generators [31],
[32], providing an alternative to conventional control
techniques. Despite the success witnessed by ANN-based
control systems, they face a significant complexity in their
stability analysis.

As a robust control for DFIG, we find the sliding
mode control theory, which was proposed by Utkin in
1977 [33]. Thereafter, the theoretical works and its
applications were developed. Since the robustness is the
best advantage of a sliding mode control, it has been
widely employed to control nonlinear systems that have
model uncertainty and external disturbances [31].

The application of the sliding mode theory began
with the first order sliding mode controller, which used to
control many nonlinear systems; this presents the
advantage of robustness. However, it generates the
chattering phenomenon, which represents high frequency
oscillations around the operating set point (caused by a
discontinued control law).

To reduce the chattering phenomenon, in [31] the
authors have proposed, to change the control law
expression with some continuous functions in order to
avoid its high frequency switching.

So as to reduce this phenomenon, in [32] the author has
proposed the super twisting algorithm (for High-order
sliding mode), but it can only be applied to uncertain
nonlinear systems featuring the relative degree one of the
sliding variable (the relative degree is the number of time
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which the sliding surface should be derived to get the
control variable).

For the systems featuring the relative degree two
of the sliding variable, the author has proposed the
twisting algorithm [35] [36].

The application of the sliding mode algorithm to
control a doubly fed induction generator (DFIG) is used to
improve wind turbine generator efficiency at different
wind operating conditions. In [37] the authors have
introduced the first order sliding mode algorithm to
control the DFIG. However, the chattering phenomenon
remains the main problem.

In [38] and [39], the authors have introduced the
high-order sliding mode using the super twisting and
twisting algorithm to control the DFIG, in order to reduce
the chattering phenomenon. But the problem to define the
optimal parameters of these algorithms remains unsolved,
and the authors have proposed some sufficient large values
of these parameters.

In [40], [41], [42], [43], [44] new strategies to
control DFIG based on adaptive parameters of the super-
twisting and the twisting algorithm respectively, as
detailed in section IV, have been introduced. The idea is
based on increasing or decreasing the value of the
algorithm parameters when it’s required.

In this paper a new control strategy of a DFIG,
which regroups an MPPT algorithm with a robust
controller, based on high order sliding mode (HOSM),
considering the significant advantages of each one. At the
end a comparison study with a conventional control to
show the interest and the effectiveness of the proposed
strategy has been performed.

The rest of the paper is organized as follows:
section 1l outlines the wind turbine dynamic model. The
MPPT algorithm is detailed in section Ill. In section IV,
the HOSM controller design. Simulation results are
reported and discussed in section V. We conclude with
some remarks.
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Figure-1. Wind turbine speed regions.

2. WIND TURBINE DYNAMICS

A. Wind dynamics

The dynamic equation of the power produced by
a wind turbine [45], [46] is:

P= %e,,(a, B)plR%v3 (1)

Where p is the air density, R is the turbine radius
and v is the wind speed. Cp(\,B) is the power coefficient,
which represents the ratio between the blade tip speed and
the wind speed as it’s shown in Figure-2. Cy(A,B) is given
by the equation [47],[48] below:

_ _ . (A -3) _
C,(\,B) = (0.44 —0.0167) sin ((15 _0.33))

0.00184(A — 3)pB (2a)

Qt.R

Where, 1 = — (2b)

AndQt is the wind turbine speed.

s : Turbine blades orientation angle

Power coefficient Cp

Tip—speed ratio A

Figure-2. Power coefficient curve Cp()A) versus tip speed
ratio (TSR) A, with p=0°.

B. Mechanical dynamics
The mechanical
expressed by:

system equation can be

aq
JE=Ct_Cem_Cf 3)
Where,
J : generator and turbine Inertia
Ci : mechanical torque
Cem : electromechanical torque
Cs : friction torque.
Q : angular generator speed.

C. Electrical dynamics

The DFIG dynamic mathematical model in the d-
g axes rotating reference frame can be described by the
following equations [51]:

ddgs
dt

Vgs = Rs.igs + — WSPys (4a)

Vgs = Rs.igs + % + wsPgys (4b)
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Var = Rr.ig, + % — wrg,(4c)

. dpgr
Vgr = Rr.ig, + d: + wrdy,(4d)
With,
¢ds = Ls. ids + Lm- idr (53)
¢qs = LS. iqs + Lm. iqr (5b)
Gar = Lr.igy + L. igs (5¢)
Ggr = L1 igr + L. igs (5d)
Where,
Vgs, Vgs  Stator voltage in d-g axes
Vdr, Vgr  rotor voltage in d-g axes

igs, igs ~ Stator current in d-q axes

iar, igr ~ rotor current in d-g axes

ods, pgs  Stator flux linkage in d-q axes
odr, pgr  rotor flux linkage in d-g axes
Rs, Ry stator and rotor resistance

L, rotor inductance
Lm magnetizing (mutual) inductance
ws, wy  Stator and rotor speed

The stator speed and electromechanical torque are
described as,

ws = w, + PQ (6a)
Cem = P(@ys- iqs + ¢qs- lgs) (Gb)

Where, P is the pole pair number. The active and
reactive power are expressed as,

Py = vgsigs + Vgslgs (72)
P = Varlar + Vgrigr (7b)
Qs = —Vgsigs + Vgslas (7c)
Qr = Varlgr + Vgriar (7d)

The DFIGs are widely used in many industrial
applications such as wind turbines and electric vehicles
thanks to their high-performance and low cost [49].
However, these systems are driven by complex dynamics.
To reduce this complexity, the generator’s flux and torque
are controlled separately. For that, a decoupling is
achieved using a coordinate transformation, which is
called field-oriented control (FOC) technique. Although
this complexity reduction, their efficient operation is still
limited by numerous challenges such as varying operating
conditions, structured and unstructured dynamical
uncertainties, and external disturbances. Therefore, DFIG
flux is expressed as,

bas = P (8a)

¢qs =0 (8b)

Which yields from (5a) and (5b)?

. (0] Ly .

lags = L_SS - L_r: Lar (93)
. Lm .

lgs = L_T:lqr (9b)

Therefore, the electromechanical torque (6b) is
written as,

Lm 4 .
Cem = _PL_s¢slqr (10)

Stator resistance is usually neglected for large
machines and flux ¢gis taken to be constant. Therefore,
Formulation (4a) and (4b) can be written as,

Vgs = 0 (113)
qu =V = wsd)s (11b)

Substituting (9a) and (9b) in (5c¢) and (5d) yields,

L .
Gar = L_T:(»bs +olr.ig, (122)
Pgr = OLT. 04 (12b)
Where,

L%m
oc=1- L (12¢)

Substituting @grand @q from (12) into (4c) and
(4d) leads to,

digr

Vgr = Rpiigy + O‘LTT — WrOLT.ig (13a)

digr .
Vgr = Ryigr + o‘Lr% + wy.oLlr.ig + gw,(13b)

L

Where, g = - ¢, (13c)

m
Ls

The stator active and reactive power in (7) is
expressed as,

L

P, = —USL—':iqr (149)
¢S Lm .
Qs =Us L_s — Vs L_s lar (14b)

D. Statement problem
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Stable Grid

Turbin

Figure-3. Wind turbine system controller.

As it’s shown above in Figure-3, the control
purpose is to introduce a novel strategy, which regroups an
MPPT algorithm and a robust controller in order to
maximize the wind turbine output power under external
disturbances, fast wind change and unknown dynamics of
WT.

3. MPPT ALGORITHM

The maximization of the mechanical input power
does not always imply the maximization of the electrical
output power [8] because of the variation of the DFIG
yield under angular speed change, so the IPC algorithms
will not be a relevant choice for our objective study.

Therefore, we limit ourselves to the DPC
algorithms, and we chose the HCS algorithm to elaborate
the present study to control DFIG, for its simplicity and its
fast convergence time, instead of the INC and the ORB,
which can be used only for wind turbines with AC/DC
converters.

In the HCS algorithm, the wind turbine output
power is directly controlled and optimized. It allows to
reach the MPP at a given wind speed [4],[7], by locating
the side of the MPP in the theoretical power curve, and
force the generator, through a rotor side inverter, to reach
it.

To achieve this goal, the inverter in rotor side,
disturbs the output control variable, with some step value
and measures the output power until the MPP [4], [7] is
reached. However, and during rapid wind changes, the
algorithm fails to locate the right side of the MPP.

To overcome this failure, the modified HCS
algorithm has been proposed in [4],[8]. The variable step
size and the direction of the next perturbation are
calculated by observing the distance between the generator
speed at the operating point and its corresponding in the
optimal power curve [4], [8],[9],[10]at the operating
power Figure-7.

In the modified HCS, there are three steps to
track the MPP [4], [8] as follow:

Mode 0: Searches for a Koy value with the aim to track
peak point through HCS method.

Mode 1: Keeps the system at detected MPP for
the constant wind speed (V).

Mode 2: In case of variable wind speed, the
algorithm updates the value of Ky, in the case of its
change by climatic conditions [4], [8].

The HCS algorithm integrated with fixed and
adaptive step size [4], [52], [53] performs the tracking of
the MPP on the net power curve by incrementing or
decrementing the speed reference (Qef), with fixed value
(AQfixeq) and adaptive value (AQ,qp) respectively as it’s
shown in Figure-4 and Figure-5.

The algorithm starts with a fixed step(AQfixeq)
until the output power becomes negative, and then runs
WithAQ,gp,.

The adaptive step decrease around the MPP,
therefore reducing the oscillations around it [4], [54], [55],
[56], the flowchart in Figure-6, shows the three operation
modes [4], [8].
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Figure-4. HCS control principle with fixed step.
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Figure-5. HCS control principle with adaptive step.

5895



VOL. 12, NO. 21, NOVEMBER 2017

ARPN Journal of Engineering and Applied Sciences

©2006-2017 Asian Research Publishing Network (ARPN). All rights reserved.

ISSN 1819-6608

www.arpnjournals.com

Mode 2 |

|

kope
. P(k Y
&= [kvl’
Ak +1)=p
N
1 Y
. _ [P
AQk+1) = —AQ(k)P . Q= [kup:] AQ(k + 1) = |AQ(0)]

Kope = Ptk AQ(k + 1) = p(Q — Q) sign(AQ(k)). sign(AP(k))
[w(k —
Qope = w(k o

v v v
| Mode=1 | |AQ(k + 1)=AQ(k) + sign(AP(k)) | | Mode=2 | | AQ(k+1) = | | Mode=0 |
| AQk + 1) = p(Q — Q°) |<_
A\ 4 A\ 4
Qref(k +1) = Qref(k) +AQ(k+1)

RETURN

Figure-6. Modified HCS flowchart.
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Figure-7. Adaptive tracking in mode 2 with variable
step size.

The accuracy and the efficiency of the proposed
algorithm [8] depend on the performance of the controller
used, thus the significant inertia of wind turbine also
influences the effectiveness of this algorithm.

Indeed, this algorithm introduces an improvement
of classical HCS algorithms, which use a variable step to
avoid the oscillations around the MPP, and the distance
between the operating speed and its corresponding atthe
optimal curve in the operating power Figure-7,to resolve
the perturbation direction problem [8], this improvement
requires a very fast system feedback under fast wind
changes, and the speed set point should be achieved very
fast and accurately. To this end, a robust controller based

on sliding mode has been applied to control DFIG under
various wind change.

The next section, details the different steps of
controller law building, and a compared simulation has
been performed to show the benefit of the proposed
strategy as it shown in figure below.

Stable
Grid

Turbin

HCS -
Modified

Figure-8. HCS MPPT algorithm with HOSM controller.

4. SLIDING MODE CONTROLLER
To design a sliding mode controller, there are three
steps [50]:

a) Choosing a sliding surface,
b) Define the convergence conditions and
c) Design a stabilizing control law.

A. Sliding surface

The sliding surface S defines the desired dynamic
behaviour of the system and the error convergence. The
sliding surface is given by the following equation [50]:
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SG) = (5 + ) "e(x) (15)

Where, A is a strictly positive constant and n is
the smallest positive integer to ensure controllability such

that < # 0
The variable e(x) is the error.

B. Convergence condition

Two conditions must be satisfied for the system
to converge to the sliding surface: the reaching condition
and the sliding condition. Consider a positive scalar
function V (x) >0. The control law has to force the
decrease of this function to make the sliding surface
attractive and invariant [50]. Choosing

V(x) =550 (16)

Taking the time derivative of V(x) results into the
following condition,V (x) < 0, i.e., S(x).S(x) < 0.

C. Stabilizing control law

This condition is used to determine appropriate
control laws that bring controlled variables to their
respective sliding surface and keep them on it until the
equilibrium point is reached.

The DFIG dynamic equations (3) and (13) can be
written as,

an L .
Jar = Cot PRl —O.f (172)
digr _ 1 ) .

o ; (Uq‘r - Rr- lq‘r — Wy. 0. lgy — gwr) (17b)
digr _ 1 - ;
% = pn (Var — Ry.lgr + wy0. lqr) (17C)

Therefore, define the speed tracking sliding
variable as,

s=0-Q (18)

Where, Q*is the reference speed. Taking the
derivative of Sand substituting Z—?from (17a) yields,

as@ _ 1 mg i _q )42
= (c.+p iy — Q. f)-% (19a)
as@ 1

: L o digr
(Cf +P Lg s dt

. an*
=7 Q. f) - (19b)

Substitutingi,,-from (17b) into (19b) leads to,

as@) 14 L 1 . ,
— = 7(6} + PL—TZ¢)S(; (Vgr — Ry lgr — Wy 0. 1gy —

go)) - Q.f) -4 (20)

Where, vyq is the control variable law of the wind turbine.

D. High order sliding mode (HOSM) controller design
The system (20), is a relative degree equals 2,
compared with the sliding surface S(Q2), In [35],[36] the
authors have proposed the HOSM controller, in order to
control nonlinear systems, in this case the DFIG, and to
reduce the chattering phenomenon, by introducing the
twisting algorithm, whose control law expression is given

by:

Vyr = —K (sign(S) + B.sign(s)) (21)
Where,

sign(.) : function that returns the sign of its argument

B : positive constant and0.5 < 8 < 1.

K : constant controller gain.

Several methods, to define these parameters are proposed
in the literature. In [35],[36]the authors have proposed
sufficient conditions to define its, as described below:

The equation system (20) can be transformed as

follow:

$) = p() + 9( g (22a)
With:

¥ =5 (C+ PG (“Rriy —wr0.igr
gw) - 0f) -4 (22b)
And ¢(.) = P]_LL’:U bs (22¢)

Are bounded functions.
ConsiderKy, K,,, C positive constants, which
satisfy:

0<K,<o<Ky:lpl<C (23)

The sufficient conditions [35], [36],for the
convergence of S and S to zero (sliding mode
established)and £2 to Q*are:

Kn.K(1+B)>C (24a)
KnK1+B)—C>Ky(1—B)+C (24b)

These conditions are the minimum requirements
for K to ensure the convergence of the twisting algorithm
to the second order sliding mode. In the case of unknown
bounds ofK,, K,,, C, the value of K is overestimated
which yields to chattering phenomenon.

To attenuate the chattering effect, it was proposed
in [40], [41].[42] a novel strategy to adapt the controller
gain. Thus, the controller law is defined as:

Vgr = —K(t)(sign(S) + B. sign(S’)) (25)

WithK (t)is a time varying gain.
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The idea is to increase the gain K, until the
second order sliding mode is established. Then K is
gradually reduced until the sliding mode is lost [40], [41],
[42].

Introduce a criterion for the detection of the
second order sliding mode with respect to sliding
variable S. Consider a natural number N and some p>0
and define [40], [41],[42]:

1ifve €[t —Nrtl: |S(y)| < uk(t)r?

—1if3 ¢ €[t — N t]: |S(ty)| > uK(t)) )

a(t) = {

Witht the sampling time, ¢; the sampling instants.
The 29 order sliding mode is established if a = 1[40],
[41],[42].

Introduce some constants,K; ,K,such that

K, > K,>0 (27)
The law adaptation is given by [40], [41],[42]:

—alK if K > K,
K(t) = {—at,ifK, <K < K;; K(0) > K, (28)
A if K < K,

WithA,,, Apositive adaptation parameters. Thus, to control
law (25) with time varying gain under the adaptation law
(26)-(28), a second order sliding mode with respect to
sliding variable S is established in finite time.

The algorithm stability and the convergence proof
are detailed in[41],[42].

5. SIMULATION RESULTS AND DISCUSSIONS

A. Setup

To demonstrate the performance of the proposed
approach, a computer simulation is carried out on the wind
turbine model described in section Il. Table-1 summarizes
the system’s parameters along with their respective values.
HOSM controller coefficients are set
top=0.9,K;=100,K,=1,An=500, 2A=500. The sampling
frequency is set to 10 KHz.

PID controller parameters are set to: K=1000;
Td=0.5s, Ti=0.5s and N=100;

HCS algorithm parameters are set to: p=0.01,
AQ=1 rad/s.

-

Table-1. System’s parameters.

Parameter Value
Turbine’s diameter (m) d=45
Turbine’s inertia (kg-m2) Jt=16€°
Air density (kg-m3) p=1,2
Gear reduction ratio r=100
Generator’s inertia (kg-m2) Jm=114
Generator’s frequency (Hz) F=50
Generator’s q-axis stator voltage (V) V=690
Generator’s stator resistance(L2) Rs=0,00297
Generator’s rotor resistance(Q2) Rr=0,00382
Generator’s stator inductance (H) Ls=0,121
Generator’s rotor inductance (H) Lr=0,0573
Generator’s cyclic inductance (H Lm=0,031
Dispersion coefficient 0=0,86

B. RESULTS AND DISCUSSIONS

A computer simulation is performed using
Matlab/ SIMULINK to show the effectiveness of the

proposed control strategy.

This simulation is based on two wind speed
profiles as it shown in Figure-9and Figure-10.

Q)
g
=
g
£
7]
=
E
= |
0 10 20 30 40 50
Time(s)

Figure-9. Wind speed in m/s versus time (sec):

Fast change.

‘Wind Speed (m/s)

Time(s)

0 10 20 30

40 S0

Figure-10. Wind speed in m/s versus time (sec):

moderate change.

The modified HCS has the main advantage of

correcting the problems encountered with the classical
HCS. To show these problems a computer simulation, at
the same step (AQyiveq = 17ad/s), between classical and
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modified HCS, was carried out using the wind speed
profile Figure-10.
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Figure-11. DFIG speed versus time (sec) in moderate
change wind, Bleu: Adaptive step size HCS. Black: Fixed
step size HCS.

The Figure-11shows the main failure of the HCS
with fixed step size, it’s the oscillations around the MPP,
as well as the false MPP location, when there is a change
in the wind speed.

340
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Figure-12. DFIG optimal speed around the MPP, Bleu:
adaptive step size HCS; Black: Fixed step size HCS.

The unpredictable wind speed is considered such
as perturbation source for the system. The proposed
approach allows the system to track the MPP under fast
wind change as it’s shown in Figure-13 bellow.

gX 10
6 4
5 2
2
-4
0 10 20 30 40 50
Time(s)

Figure-13. Optimal WT power versus time, in bleu the
power tracked with robust controller, Black: with
PID controller.

In the figure above, we can see that the power
generated by the wind turbine using a sliding mode
controller is greater than that using the PID, this shows
that the efficiency and the accuracy of the MPPT
algorithm depend strongly to the controllerbehavior.
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Time(s)

Figure-14. DFIG Angular speed detail versus time (sec):
Bleu with HOSM controller, Black: with PID controller.

In this Figure, we can notice that the generator
speed using a PID controller is more significant than that
using the HOSM controller. This is due to the PID's low
ability to recover quickly the optimal trajectory generated
by the MPPT, under wind speed rapid change.

In the HOSM controller with adaptive gain as it
described in section 1V, the controller increase its gain
value (or decrease it as required) in order to follow the set
point quickly, and reject perturbations.

Power Coefficient Cp

0 10 20 30 40 50
Time(s)

Figure-15. Power coefficient Cp, Bleu: with HOSM
controller, Black with PID controller

This figure above shows that the use of a HOSM
controller makes it possible to maintain the coefficient Cp
at a maximum value despite the rapid change of the wind
speed. In the other hand, the PID regulator (black curve) is
very sensitive to rapid changes in wind speed, which
causes a decrease in MPPT efficiency.

6. CONCLUSIONS

In this paper, a novel control strategy is
introduced for doubly fed induction generator (DFIG),
used in wind turbines. This strategy is based on HCS
modified MPPT algorithm with a robust controller based
on high order sliding mode using adaptive twisting
algorithm.

The modified HCS makes it possible to correct
the problems presented in the classical HCS, namely the
oscillations around the MPP caused by the choice of a
fixed perturbation step, and the problem of the
perturbation direction when the change in the power is due
to a change in wind speed.

The performance of this algorithm depends
strongly on the controller used to control the wind turbine
speed. For this we have introduced a controller based on
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sliding mode to benefit from the advantages of the MPPT
algorithm.

The major disadvantage of sliding mode
controllers is the chattering phenomenon and the gain
controller determining, these two problems have been
corrected by the introduction of higher order sliding mode
and the use of an adaptive gain algorithm respectively.

The adaptive gain controller is performed by
using a twisting algorithm, which has as main advantage
to keep the robustness of sliding mode controllers, reduce
the chattering effect and adapt its parameters as required,
which not allowed by classical algorithms with fixed
parameters.

Thus, the proposed technique achieves high
accuracy despite inherent wind turbine nonlinearities and
unpredictable wind speed fluctuations.

Results show high accuracy and the fast
convergence under various wind speed operating
conditions. Thus, the performance of the proposed strategy
is a key to achieve the high efficiency needed for high
performance wind turbines.

A wind turbine model is used to validate the
proposed approach.
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