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This study aims to propose a robust hybrid sliding mode artificial neural
network control (SM-ANN) scheme for controlling the stator power
(active/reactive) of a doubly fed induction generator (DFIG)-based direct
drive vertical axis wind turbine (VAWT) power system under a real-world
scenario wind speed that will be installed in the Adrar region (Saharan zone)
of Algeria. The SM-ANN scheme will control the stator power of the direct
drive VAWT power. The chattering phenomenon is the most significant
disadvantage associated with sliding mode control (SMC). In order to find a
solution to this issue, the artificial neural network (ANN) method was
applied to pick the appealing part of the SMC. MATLAB/Simulink is used
to do an evaluation, after which the SM-ANN controller being suggested is
compared to both traditional sliding mode (SM) and proportional-integral
(P1) controllers. The results of the simulation demonstrated that the
recommended SM-ANN controller has good performance in terms of

enhancing the quality of energy that is delivered to the power network. This
is in comparison to the traditional SM and PI controllers, which both have a
long history of use. Notwithstanding the fact that there is DFIG parameter
fluctuation present.
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1. INTRODUCTION

Presently, one of the sustainable energy sources is wind power its production has seen fast growth in
few past years [1], [2], where its production rate doubled between 1997 from 7.5 GW to 743 GW in 2020 [3].
Although Algeria has many regions where wind power can be exploited, especially in the southern regions as
the Adrar region, where the wind speed in the most of the time is above 3 m/s and the capacity factor value is
48%, the quantity of electricity produced by wind energy is still low compared to Algeria's enormous
potential, and wind power station in Kabarten at Adrar reminded the only project completed with a
production capacity of 10 MW [4], [5]. Nowadays, wind turbines have seen increasing use in the production
of electric field [6], [7], of all types; horizontal axis wind turbine (HAWT) and vertical axis wind turbine
(VAWT), however VAWT has some disadvantages, especially the flow-field around VAWT, which must be
taken into account as the aerodynamic problem and that there is no controlling for speed by pitching the rotor
blades but it’s preferred used for medium and small size installation [8], where that there is one part rotating,
the blades are straight and untwisted moreover, the electrical and mechanical components at ground level,
thus, it simple to making and designing, so that low maintenance and construction cost [9]. H-darrius wind
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turbine (H-DWT) is among VAWT that were used frequently due to many advantages, which among: i) less
affected by mechanical stresses; ii) the more aerodynamic efficiency of the blades; iii) less noise; and iv)
high solidity of the rotor [10].

Presently, the most popular wind turbine systems use doubly fed induction generator (DFIG) [11],
due to their numerous benefits such as the smaller size and an aptitude to control their stator power through
their rotor side converter, moreover, the power converter depends on operating speed rang, that limited to
30% under and above the synchronous speed, this is one of the main benefits of DFIG that permitted to size
and cost of the converter to be smaller [12]. There are many controls strategy of DFIG that are studied and
developed [13], [14]. The stator-flux oriented vector control based on a proportional-integral (P1) controller is
frequently utilized in industrial applications because of its simple structure and it has an impressive
performance in steady-stat [14], [15], however, the PI controller is based on the necessity of knowing
machines parameters, that what makes it have a weak efficiency against the changing of parameters [16]. The
problem of robustness of Pl controller has been discussed in [13], [15], [17]. To solve the aforementioned
issues, several techniques such as sliding mode control (SMC) have indeed been proposed [18]-[21].

Currently, among all non-linear control of DFIG, SMC is one of the most significant methods to
easily implemented and it has a best robustness to face uncertain parameters variation or exogenous
disturbances [22]. As opposed to that, the chattering phenomenon is still the major challenge of SMC that
have to solve, to reduce the impact of chattering, numerous techniques have been suggested [23]. Research
by Boubzizi et al. [24] sliding mode (SM) strategy is employed to regulate the stator power of DFIG
connected directly to the grid compared with a Pl and adaptive fuzzy logic (AFLC), the SM control gives the
best results and presents high performances compared with PI and ALFC, despite that it doesn’t limit the
chattering effect which can make the system unstable [25].

Moreover, numerous studies have been focused on improving the SMC disadvantages, through to
use of hybrid control, which replaced the attractive control part of MS with another control strategy. In this
way, H-infinity SMC [23], fuzzy-SMC [26], and a particle swarm optimization-adaptive sliding mode
controller (PSO-ASMC) [27] have been studied, tested, and evaluated in the literature. Present paper
proposed the sliding mode artificial neural network (SM-ANN) controller of stator power (active/reactive) of
a small wind turbine based on DFIG. The application of real wind speed on direct drive wind system and
reducing the chattering effect of SMC is the main aim of this work. Simulation results demonstrate the
effectiveness of SM-ANN controller in reducing chattering effect compared to SMC conventional, moreover,
the sliding mode artificial neural network control (SM-ANNC) has a high performance against parameters
variation versus Pl and SM controllers.

2. MATHEMATICAL MODEL OF DIRECT-DRIVE VERTICAL AXIS WIND POWER
2.1. Modeling H-rotor wind turbine

VAWT system especially H-rotor usually consist of 3 blades fixed on vertical shaft rotor that turned
a generator convert the wind power into electrical energy [28]. The mathematical of the wind power is given

by [29] (1):
1 3
Py = ECppRhV (8]

where; C,, the power coefficient, p the air density (1.225 kg/m?), R turbine rotor radius, h is the turbine height
and, V the wind speed (m/s).
The aerodynamic torque can be written (2):

Pge _ CppRRV3

Toer = o 200 2

2Q0¢

with; €, is the speed of turbine (tr/min) and A is the tip speed ratio can be written (3):
A=— (3)

2.2. DFIG modeling

The DFIG model was presented in the literature [13], [30], [31], in d-q reference, where the
equations are developed in a reference related to the rotating field. In the Park frame, the stator and rotor
voltage equations are written (4):
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Vds = Rs- lgs T a Ws - Pgs

. dgs
Vqs = Rs-lqs + q + Ws - Pgs 4
d‘Pdr ( )
V R ldr dt - (ws - wr) -(qu

de
Vor = Ry-lgr + dfr — (w5 — ;) . Par
where; @qs , @gs, 1gs, igs are the quadrature and direct components stator flux, current respectively, Ry is the
stator resistance, ws is the synchronous angular speed. igy, igr, @qr. @qr are the quadrature and direct

components rotor current, flux respectively, R, is the rotor resistance, w, is the rotational speed. The stator
power (active/reactive) is given as (5):

Ps = S(Vds- ids + Vqs' iqs)

3 . . ()
Qs = E(V;{s lgs — Vds' lqs)
The electromagnetic torque is expressed by (6):
3Lm , .
Tem = ( star — d)dslqs) (6)

Starting from (4), the strong linkage between the stator and rotor components is appearing, which makes
DFIG difficult to control, in order to simplify DFIG controlling. The field orientation technique was applied
in literature [12], [30]. By orienting the stator flux &, with the direct d axis and when taken into account the
stator resistance, R, is ignored, we have (7) and (8) [32]:

Pys = Ps {Vds =0
, and 7
{(Dqs:O V:zs=Vs=ws-(ps ()
) ¢s  Lm .
lags = Z 1 Lar
L (8)
lqs L—slqr
Based on (7) and (8), the stator power can be given as (9):
3., L .
P= — Y Vs 1. Lar
3 Lsm . vZ )
Qs =~V lar + -

In (9) prove that the DFIG stator power can be regulated via the control of the currents rotor. The relationship
between the rotor voltages and its current is given as (10):

Vi = Ry igy + dldr — (gwsoLyig)
(10)

Vor = Ryigr + far (gwsoL,ig) + gVSLm

where; o =
(11):

3Lm
Tem = —p—— 2L Psigr (11)

3. DFIG CONTROL STRATEGY

SMC is a robust technique whose principle of function is based on forcing the answer signal of the
system to track the expected responses through a choosing sliding surface, and keeps it in this region [33]. It
provides several advantages such as robustness, good dynamic response, and simple implementation. The
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aim of the SMC is to regulate the DFIG stator power (active/reactive), the sliding surfaces Sp, Sq of the stator
power (active/reactive) are defined as (12):

{SP = Ps—ref —F (12)

SQ = Qs—ref - Qs

where; Py_,r and Q_,r are the references of Sp,Sq, respectively.

To guarantee the attractiveness of the system to the entire sliding surface, the following criteria must
be fulfilled (13):

{s'p Sp<0 13)

SgSq<0
The sliding surface derivative is calculated as (14):

P _ps ref+ vs qr

Qs = Qs—ref + Evs L_Sldr

(14)

Starting from (10), we can rewrite the sliding surface derivative as (15):

3 .
P = Ps —ref T35 2 SU‘L Ls ((vqr + Vqr) RquT) d {Vqr = V + Vqr

3 .
QS = QS—Tef +EV-; oLyLg ((vdr + vdr) RTldT)

(15)

Vir = vdr + vy,

During the convergence mode, and the condition of (13) is verified, we put (16):
_ _Lm _n
P T2 'SoL,Lg oL L, Var

Lm _n
= —V
Qs 2 s oLrLg dr

(16)

So, the switching term defined as (17):

{Vgr = qur sing(Sp) (17)

V(I:llr = der Sing(SQ)

To verify the state of system stability, the K,q., Kyqr parameters have to be positive [32], [33]. The
equivalent control is calculated when the system in a steady state, so we have [19] (18):

Sp = 0,5, = 0,3 = 0 18)
Sq=10,Sq=0,v§ =0
The equivalent control written as:
2 oL;L
3? = 33,1 Sps ref+Rr1qr
eq 2 oLyLg . (19)
Var = T3 Vil Qs—ref + erqr

3.1. Designing of SM-ANN controller of DFIG

To overcome the chattering effect that causes by the attractive section of SMC a hybrid SM-ANN
control was selected, to design a new controller of stator power (active/reactive) of DFIG, where the
switching section of SMC is calculated using a strategy of artificial neural networks (ANN) as shown in
Figure 1. Nevertheless, the ANN strategy can be considered as a calculation of distributed processing which
resembles biological neural networks in their behavior. It is made up of numerous nonlinear computational
elements (neurons), functioning parallelly and connected by forces expressed by numerical values named
weights [34], [35]. The SMC law becomes as (20):
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Figure 1. Hybrid SM-ANN controller

The mathematical model of the neuron is given by:

yj = k@awi

X + b})

(20)

(21)

where; wj, x;, and b; are the corresponding input-signal synaptic weight, the input signals and, the bias input
often takes the values -1 or 1, respectively. The function k can be a simple threshold function, a hyperbolic
tangent, a sigmoid function, or a radial basis function.

In our case, the training process used is that of the Levenberge-Marquardt algorithm, in order to
determine the optimal synaptic weights. It’s an excellent optimization method due to its quick convergence
properties and robustness. the structure of the ANN controller designed to replace the switching section of
the SM regulator, for controlling the stator active power, consists of one linear input, 17 nodes in the hidden
layer and, one neuron in the output layer as depicted in Figure 2(a), besides that, the stator reactive power
loop controlled by an ANN controller with one linear input, 8 nodes in the hidden layer, and one neuron in
the output layer showing in Figure 2(b), the curve of training, test and validation of the controller ANN of
stator active power and stator reactive power are depicted in Figure 3(a) and Figure 3(b) respectively.
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Figure 2. ANN structure of stator power controller and its progression (a) active power and (b) reactive
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Best Validation Performance is 5.1864e-05 at epoch 17 , Best Validation Performance is 1.9157e-06 at epoch 68
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Figure 3. Performance curve of training (a) stator active power and (b) stator reactive power

4.  WIND PROFILE AND DATA

The data used in this work are data from April 2020 taken from measurements of the weather
stations called new energy Algeria (NEAL) as shown in Figure 4, placed in research unit in renewable
energies in saharan medium (URER/MS), in Adrar region, which is a section of renewable energy
development center (CDER), in Algeria capital. Knowing that the Adrar area in south Algeria has even
greater potential for wind power. The yearly average wind speed is over 6 m/s [36]. The curve of average
daily wind speed for April 2020 at Adrar zone. are displayed in Figure 5.

Wind speed (m/s)

0 5 10 15 20 25 30
Days(April 2020)

Figure 4. NEAL station in URER/MS Adrar Figure 5. Average daily wind speed values (April 2020)

5. RESULTS AND DISCUSSION

In the real wind speed scenario, the SM-ANN controller proposed for the stator power (reactive/active)
of the DFIG based on the vertical axis wind system is verified by MATLAB/Simulink software. Besides that,
Simulink models are developed to compare the effectiveness of the suggested controller SM-ANN with
conventional SM and PI controllers, taking into account reference tracking, stator current total harmonic
distortion (THD), reduction of chattering phenomena, and robustness to machine parameter changes. The main
parameters of the wind turbine power system are presented in Table 1. The suggested SM-ANN controller is
developed to control the stator power (reactive/active) of a DFIG system is displays in Figure 6.

5.1. Test of reference tracking

The target of this test is to guarantee the effectiveness and to verify the effectiveness of the
suggested controller when the stator active power reference of DFIG is chosen as the real power extracted
from the direct-drive turbine trajectory. According to the results obtained, it seems clear that the high
decoupling between stator active power and reactive power is maintained. Also, all controllers track their
reference correctly with the major advantages of the SM-ANN controller in terms of error static, is very low
and the chattering phenomenon is significantly reduced compared to SMC, as seen in Figure 7(a), that leads
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to an improvement in the quality of energy provided to the grid is a better. Besides that, the desired reference
of the stator reactive power is kept null to get the value of the power factor equal to one (Figure 7(b)).

Table 1. Characteristics of the wind turbine system

Parameters Value
Power coefficient (Cy) 0.27
Radius of wind turbine (R) 4.45m
Turbine height (h) 74m
Air density (p) 1.225 Kg/m®
Moment of total inertia (J)  30.5 Kg/m?
Tip speed ratio (1) 2.8
Nominal power 10 kW
Stator frequency (f) 50 Hz
Viscous friction f, 0.024 Nm
Resistance of stator R 15180
Resistance of rotor R, 1.247Q
Inductance of stator L 0.0921 H
Mutual inductance Ly, 0.0696 H
Inductance of rotor L, 0.0640 H

Qs— ref

DC-bus

Figure 6. Schematic diagram of direct-drive vertical axis wind system based SM-ANN
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Figure 7. DFIG stator power with PI, SMC and SM-ANN controllers (a) active power and (b) reactive power
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Furthermore, using the fast fourier transform (FFT) approach, the THD of stator currents are
presented in Figure 8 and 9, as shown, the SM-ANN controller reduces THD down to 2.05% (Figure 9(b)),
compared to SMC, where THD is 4.40% (Figure 8(b)), which helps to reduce the chattering phenomenon
effect. The stator current signal quality of the SM-ANN controller has a good sinusoidal shape and, is less
corrugated (Figure 9(a)) compared to SM controllers (Figure 8(a)).

Selected signal: 1500 cycles. FFT window (in red): 3 cycles Fundamental (50HZ) =13.45 , THD= 4.40%
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Figure 8. DFIG one-phase stator current (a) Is;of SMC and (b) THD of SMC
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Figure 9. DFIG one-phase stator current (a) lsa0f SM-ANN and (b) THD of SM-ANN

5.2. Test of robustness

This test aims to investigate and evaluate the impact of parametric changes on the SM-ANN
controller, in order to assess the robustness of the suggested controller compared to SM and PI controllers, to
achieve this objective, the resistances Rs, Rr of DFIG, increased by 50% more than its nominal value and the
inductances Ls, Lr and Lm reduced by 30% of its nominal value. As seen in Figure 10(a) and Figure 10(b),
the SM-ANN controller has better robustness against the variation of stator and rotor resistance of DFIG,
there is hardly any change in terms of chattering phenomenon and reference tracking at the level of the
power. Contrary, the other controllers have high error static and numerous oscillations at the level of the
power. Nevertheless, it keeps the decoupling between the powers. According to Figure 11(a), SM-ANN
controller was observed with a slight effect at the level of the active power, but it still has solid robustness
and high performance compared to SM and PI controllers. Nevertheless, there is no effect at the level of the
reactive power for the proposed controller when the variation of inductances, while, the SM and PI
controllers witness a significant rise of the corrugate at the level of reactive power as shown in the
Figure 11(b), which influences on the power quality supply to the network.
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Figure 10. Impact of resistances variation Rs, R;: (a) active stator power and (b) reactive stator power
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Figure 11. Impact of inductances variation L, Lrand Ln: (a) active power and (b) reactive power

6. CONCLUSION

A hybrid SM-ANN controller for stator power (active/reactive) of a direct drive vertical axis wind
system based on a DFIG, linked to the grid, has been proposed in this study. The control scheme will be
implemented on a 10 kW wind turbine doubly-fed system under a real wind speed scenario. The theory of SMC
and its application to the DFIG have been presented in this study. To cope with the chattering phenomenon, the
ANN method is briefly presented and developed to replace the attractive control part of SMC. Simulations are
performed to verify the effectiveness of the suggested controller controller. Moreover, the SM-ANN controller
is compared with the conventional SM) and PI controller. According to the findings, it can be concluded that the
robust SM-ANN controller can be a very appealing approach for enhancing the SMC in terms of robustness
face to the machine parameters variation, chattering phenomenon reduction, and the control axes were.
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