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ABSTRACT This research work addresses the challenge of controlling a wind energy conversion system
(WECS) connected to the grid, which incorporates a battery energy storage system and operates under vary-
ing real wind speed profiles. The system comprises a Doubly-Fed Induction Generator (DFIG) connected
to the grid through an AC/DC/AC converter, along with a Li-ion battery pack storage unit linked to the
Back-to-Back converter DC via a DC/DC converter. The study highlights that internal parametric variations
and the non-linear behavior of the wind turbine negatively affect the energy quality produced, as well as
the battery charging performance and its overall lifespan. To overcome these issues, the research proposes a
robust control strategy based on Integral action Sliding Mode Control (ISMC) to independently manage the
powers of theWECS, particularly theDFIG, to enhance dynamic performance. Furthermore, effective battery
charging and discharging controllers are crucial for efficiently distributing the generated power to both the
grid and the storage unit, ensuring proper energy extraction and battery charging/discharging. Depending
on the battery’s State of Charge (SOC), the available extracted energy, and the power injected into the grid,
two current regulation modes are employed: buck charging mode and boost discharging mode. A storage
system energy management algorithm is then utilized to determine the appropriate charging mode, ensuring
battery safety. To validate the system’s performance, a 1.5MWwind power conversion system is tested using
Matlab/Simulink simulations. The results demonstrate the robustness and efficiency of the proposed control
approach in enhancing the overall system’s performance.

INDEX TERMS Artificial neural network, DFIG, ISMC, MPPT technique, storage system, WECS.

I. INTRODUCTION
In response to climate change and the goal of achieving
carbon neutrality [1], there is a noticeable global shift towards
renewable energy. Numerous countries are actively working
to increase the proportion of renewable energy in their elec-
tricity generation to combat global warming [2]. Notably,
Morocco’s commitment to mitigating climate change has
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earned it the eighth position in the 2022 Climate Change
Performance Index. The country stands out as a leading
force among nations striving to combat global warming [3].
Morocco is placing significant emphasis on advancing its
renewable energy sector, with ambitious targets of surpass-
ing a 52% share of renewable energy in the electricity
mix and achieving 20% wind power in the energy mix by
2030 [4]. This focus on wind power aligns with the global
recognition of wind energy as a crucial renewable resource
due to its cleanliness, cost-effectiveness, sustainability, and
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eco-friendliness [5]. The wind energy sector has experienced
a surge in interest due to numerous advantages it offers, such
as zero greenhouse gas emissions, continuous and abundant
energy supply, and declining production costs, particularly
with advancements in technology [6], [7]. Wind turbines are
categorized into two types: horizontal axis and vertical axis
wind turbines. Among these, horizontal axis wind turbines
dominate the global landscape due to their superior power
efficiency when compared to vertical axis wind turbines [10].
Recently, a novel type of turbine called the multi-rotor
wind turbine has emerged as a potential replacement for
traditional turbines [11]. These turbines have demonstrated
highly satisfactory results in comparison to their conventional
counterparts. The technology involves combining two or
more turbines into one unit to enhance the mechanical energy
harnessed from the wind [12]. This innovative approach has
been extensively studied in various scientific works [13],
[14], [15], [16]. Remarkably, the energy yield from wind
using this new technology is 20% to 30% higher than what
traditional turbines can achieve [17]. This technology offers
several advantages over traditional turbines. One key benefit
is its immunity to the wind interference that occurs between
turbines in wind farms, ensuring enhanced durability [14],
[15]. Moreover, adopting this technology leads to signifi-
cant reductions in both the wind farm’s physical footprint
and implementation costs when compared to conventional
turbines [13], [16]. However, it is worth noting that this
technology comes with some drawbacks, such as its higher
cost, complexity in control, and a considerable number of
mechanical components [12], [14]. Central to the efficiency
of this technology is the electric generator, which serves as
the vital component responsible for converting the turbine’s
mechanical energy into electrical power. Various electric
generator types can be used for this purpose, including
asynchronous generators [18], synchronous generators [19],
DC generators [20], and the doubly-fed induction genera-
tor (DFIG) [21]. Among these, the DFIG remains widely
preferred, especially for variable wind speeds, due to its
affordability, durability, ease of control, and lowmaintenance
compared to other alternatives [22]. The wind energy genera-
tion system relies on diverse and numerous control strategies,
which can be categorized into four distinct groups. The
first group encompasses linear strategies like direct power
control [23] and direct torque control [24]. These strategies
stand out for their simplicity and ease of implementation,
employing hysteresis comparators to regulate characteris-
tic variables [25]. The second group comprises nonlinear
strategies, such as sliding mode control (SMC) [26], syn-
ergetic control [27], backstepping control [28], high-order
SMC [29], [30], and passivity control [31]. These approaches
are more intricate than linear strategies and are tailored to
the mathematical characteristics of the specific system under
consideration. Their applicability extends to all electrical
machines, encompassing electric motors and generators.
Moving on to the third group, we encounter smart strategies,

including genetic algorithms [32], neural networks [33],
particle swarm optimization [34], and fuzzy logic [35]. These
strategies are employed to enhance the dynamic behavior and
calculate system parameters. Their effectiveness in improv-
ing current quality surpasses that of classical strategies [33],
[35]. The fourth group represents hybrid strategies, charac-
terized by their remarkable efficiency compared to the other
groups. Within this category, different or similar techniques
are combined to significantly enhance system durability.
Examples of such hybrid strategies include synergetic-
SMC [36], backstepping-SMC [37], synergetic-super
twisting algorithm [38], neuro-SMC [39], Fuzzy-SMC [40],
and neural DPC [41], among others.
One of the most pressing current issues is the genera-

tion and transmission of electrical energy produced by wind
energy in isolated or remote areas where transmission lines
cannot be used. Furthermore, wind energy is known to be
random in nature, as the resulting electrical energy is depen-
dent on climate conditions and weather. In order to solve
this problem and provide isolated and remote areas with
energy during24/24 hours, storing electrical energy using
energy storage systems is mandatory and crucial [42]. Storing
electric energy is completely different from generating it,
and take a significant importance as a research topic in the
industrial field.

Electric energy storage has been dealt with in several
research topics [43], [44], [45], [46], [47], [48], where the
focus has been on the control aspect and giving the math-
ematical shape to the battery. The latter is a necessary and
effective task in the process of storing electrical energy.
Recently, much focus has been placed on the battery in terms
of manufacturing, controlling and protecting it from external
and internal risks. The battery is used typicallyin the electric
car and makes up approximately 90% of the total weight
of thesystemelectric car [49]. It is also the most substantial
component. Lithium, nickel-cadmium, and lead-acid batter-
ies are the most common used technologies, with lithium-ion
batteries having the highest energy density, specific energy,
and voltage cell [50]. This type of battery is pollution-free and
has a low self-discharge rate and a long life. Several research
works have been carried out on batteries, which dealt with
giving the mathematical shape of the battery, controlling the
battery charge, estimating the battery parameters, and protect-
ing itagainst risks using neural networks [51], the extended
Kalman filter (EKF) [52], fuzzy logic [53], and the unscented
Kalman filter [54]. Using these strategies requires a large
amount of data experimentation, long-term calculations, and
a learning algorithm to achieve a reliable estimation of the
battery terminals voltage.

In the field of wind energy using a DFIG generator, a DC-
DC inverter is used to charge optimally the battery and thus
store energy [55], as this inverter needs a highly efficient
control strategy. To control this inverter, we can use linear
strategies, non-linear strategies, smart strategies, and hybrid
strategies, where the use of these strategies depends on the

90066 VOLUME 11, 2023



H. Chojaa et al.: Robust Control of DFIG-Based WECS Integrating an Energy Storage System

degree of simplification and complexity of the system, the
cost of the system and the extent of its protection. As is well
known, the higher degree of complexity and protection is,
the higher becomes the overall cost of the system, which
is undesirable. To generate the control pulses of the battery
charge inverter both pulse width modulation (PWM) [56]
and space vector modulation (SVM) [57] can be used. Also,
neural PWM [58], neural SVM [59], and modified SVM [60]
can be adopted to generate control pulses for the battery
charge inverter because of the advantages and results offered
by these strategies. Frequent variations in load demand and
unfavorable weather conditions reduce battery charging per-
formance and decrease its effectiveness over time. Therefore,
it is necessary to balance the energy of wind turbines to the
direct current load and the battery immediately, and this is
done by proposing a control strategywith very high efficiency
and effectiveness. In addition, one must focus on the total
cost of the system and the quality of the electric current,
as well as the extent to which the battery is protected from
internal and external risks. Also, looking for the easiest and
fastest way to charge the battery is very important. The type
of DC-DC converter used in charging the battery increases
the complexity of the system and its cost, as it is necessary to
choose a converter that is characterized by ease of control and
programming [61]. For this purpose and in order to manage
the battery charge, an algorithm is proposed as a safeguard
smooth switching between various operational modes, while
achieving a suitable charging position for the batteryandthus
ensuring a longer battery life.

In this research study, a nonlinear robust control strategy
is proposed for a WECS based on DFIG, involving a battery
energy storage system. Maximum wind energy extraction is
achieved by operating theWECS in variable speedmode with
an ANN speed controller. Then, multi-loop nonlinear ISMC
are developed to ensure efficient and robust control of the
DFIG’s powers with minimal chattering caused by discon-
tinuous control, allowing simultaneous capture of maximum
wind power with fluctuating wind speed and power quality
improvement by canceling the utility grid’s most significant
harmonics. Moreover, to overcome the problem of the inter-
mittent nature of wind power, the grid power fluctuation is
handled, as well as the deal with the safety of the battery
during the charging or discharging conditions. Unlike all
previous works where the injected grid power varies in view
of the wind fluctuation which can provide degradation of the
stability of the grid network, the main contribution in this
work is to use a storage system to maintain a constant injected
power in the grid, by smoothing out the extracted wind power
fluctuations through storing the excess of energy during times
of high wind and releasing the stored energy during times
of low wind, thus providing a more stable and consistent
behavior to the grid. As well as to deal with the safety
of the battery during the charging or discharging process,
a DC/DC power electronic interface is placed between the
DC link voltage and the storage unit, which can regulate the
power flow during the charging or discharging mode, thus

increase the battery lifetime and guarantee the safety of the
battery.

The research aims to achieve the following objectives:
1. Develop a reliable and efficient controller design for the

Doubly-Fed Induction Generator (DFIG) to address chatter-
ing issues caused by discontinuous control, ensuring precise
control over active and reactive power.

2. Validate the effectiveness of the proposed DFIG con-
troller using real wind speed profiles, assessing performance
metrics such as steady state error, active power, reactive
power, torque ripples reduction, and mitigation of Total Har-
monic Distortion (THD) in grid currents.

3. Create an effective Maximum Power Point Track-
ing (MPPT) technique with an artificial neural network
speed controller. This intelligent controller utilizes mechan-
ical speed measurements to deliver accurate electromagnetic
torque control signals to the DFIG.

4. Implement a storage system that stabilizes grid power
by storing excess wind energy during high wind periods and
releasing it during lowwind periods. This ensures a consistent
output from the system.

The rest of this work is organized as follows: Section II
goes over theWECSmathematical modeling, which includes
the wind turbine model, the GSPC and RSPCmodels, as well
as the storage system description and modeling. Section III
is devoted to system control and includes the MPPT tech-
nique control, RSPC control, GSPC control, battery energy
storage system control, and battery management Algorithm.
Section IV presents the simulation results of a 1.5 MW
DFIG-basedWECSwith a real wind speed profile of Tetouan
city inMorocco. Finally, this research work is concluded with
the key points deriving from it and perspectives.

II. PROPOSED SYSTEM
Figure 1 depicts the entire system that will be studied, which
consists of a wind energy conversion system using doubly-fed
induction generator and an energy storage system using bat-
teries. Our goal is to model and simulate a wind turbine with
a DFIG and to ensure independent control of reactive and
active power by a robust ISMC method, with an intelligent
MPPT technique based an ANN for maximum efficiency of
wind to electricity conversion, all associated with a storage
unit to help keep the power produced to the grid as constant
as possible.

The system to be modeled consists of the mechanical part
of the wind turbine, the generator with the inverter connected
to the rotor and its control, the rectifier that feeds the DC bus,
the energy storage system and the electrical grid to which the
wind energy conversion system is connected.

It is important to keep in mind that our goal is to study the
global functioning of the whole system in order to optimize
the wind power production to allow an easier management
and insertion of this one in the electrical grid. For these rea-
sons, we will simplify the modeling of the different elements
in order to keep a system allowing a suitable implementation
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FIGURE 1. Proposed system.

on the simulation software and to perform simulations with
reasonable computation times.

A. WIND TURBINE MODEL
The turbine is one of the means that was invented in the last
century in order to generate electrical energy from wind and
water energy. The wind energy is converted into mechanical
energy by this turbine [62], [63], [64]. The latter is used to
turn the electric generator. The wind turbine is a structure,
where three or two blades can be used. Wind turbines that use
three blades are the most widely used on land and sea [65].
The power and torque produced by a wind turbine can be
written in the form of the following equations [66]:

Pt =
1
2
ρπR2V 3CP

(
λ , β

)
(1)

Taer =
1

2�t
ρπR2V 3CP

(
λ , β

)
(2)

where, Taer is the aerodynamique torque, ρ is the air density,
R is the blade length, V is the wind speed, Pt is the total power
generated turbine, and Cp is the power coefficient.
In the wind turbine, there is a coefficient called power

coefficient that is of great importance in calculating the power
generated by the turbine, as the largest value it takes is
0.59 and its value is related to the angle of the turbine blades
facing the wind. Equation (3) represents the power coefficient
of the studied wind turbine.

Cp(λ , β) = 0.5
(
116
λ i

− 0.4β − 5
)
exp

(
−21
λ i

)
+ 0.0068λ

(3)

There is another parameter in the wind turbine that is no
less important than the power coefficient called the TSR, as it
is used to determine the maximum value of the power gained
from the wind [67]. Equation (5) describes the TSR of wind

FIGURE 2. Power Coefficient Cp (λ , β) as function of TSR λ and β.
(a) 2D plot, (b) Surface plot.

turbine used in this paper.

1
λ i

=
1

λ + 0.08β
−

0.035
β3 + 1

(4)

With:

λ =
�tR
V

(5)

Figure 2 illustrates the Cp (λ , β) coefficient curves
given by equation (3) [41]. Its maximum value (Cp (λ , β)
max=0.4798) is reached for β = 0◦ and λopt = 8.124.
Equation (6) represents the relationship between the torque

and speed of the turbine and the relation betweenthose of the
electric generator, where the torque of the turbine is greater
than that of the electric generator. However, the speed of the
electric generator is higher than that of the turbine. Tm =

Taer
G

�m = G�t

(6)

where, Tm and�m are the torque and the speed on the gearbox
high-speed shaft (generator side), G is the gearbox ratio.

Equation (7) represents the mechanical part modelof the
turbine-generator system, whereby this equation controls the
operation of the electric machine as a motor or electric
generator.

J
d�m

dt
= Cm − Tem − f .�m (7)

where, Tem is the torque produced by DFIG.
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The MPPT technique is adopted and presented in the
following section, in order to ensure the extraction of the
maximum poweravailable in the wind.

B. DFIG MODEL
In the field of wind power generation, DFIG is the beat-
ing heart of this system, as it is responsible for converting
mechanical energy into electrical energy. This generator is
frequently used in the case of variable wind speed. It is nec-
essary to give the mathematical form to this generator using
the Park transformation. The global mathematical equations
of the active/reactive powers, voltages and flux of the DFIG
in the Park reference are defined as follows [62], [63]:
Stator and rotor voltages equations:

Vsd = Rsisd +
d
dt
φsd − ωsφsq

Vsq = Rsisq +
d
dt
φsq + ωsφsd

Vrd = Rr ird +
d
dt
φrd − (ωs − ωr ) φrq

Vrq = Rr irq +
d
dt
φrq + (ωs − ωr ) φrd

(8)

where: ωs, ωr , Rs and Rr denote stator pulsation, rotor pulsa-
tion, stator resistance, and rotor resistance respectively.

Stator and rotor flux equations:
φsd = Lsisd + Lmird
φsq = Lsisq + Lmirq
φrd = Lr ird + Lmisd
φsq = Lr irq + Lmisq

(9)

where, Lr and Ls is the inductance of the rotor and stator, ird
and irq are the rotor currents, φrd, φrq, φsd and φsq are the rotor
and stator fluxes, Lm is the mutual inductance.
Active and Reactive powers equations:

Ps =
3
2
Re

{
V⃗s × I⃗∗s

}
=

3
2

(
Vsd isd + Vsqisq

)
Qs =

3
2
Im

{
V⃗s × I⃗∗s

}
=

3
2

(
Vsqisd − Vsd isq

) (10)

The electromagnetic torque is expressed as:

9Tem =
3
2
p
Lm
Ls
Im

{
s⃗ × I⃗∗r

}
=

3
2
p
Lm
Ls

(
φsqird − φsd irq

)
(11)

where, p is the number of pole pairs.

C. GRID SIDE INDUCTIVE FILTER MODEL
Once the converter with two level topology has been ana-
lyzed, the inductive filter which is located between the GSPC
outputs and the grid voltage is presented next. This filter
is normally constituted by three equivalent and independent
inductances in series with resistance as illustrated in Figure 3.
The sub-index ‘‘f’’ represents the output AC voltages of the
GSPC. The grid supply is modeled by three phase sinusoidal
voltages generated at constant frequency and amplitude [67].

Thus, the mathematical model of this system can easily be
obtained using the following electrical equations:

diag
dt

=
1
Lf

(
vaf − Rf iag − vag

)
(12)

dibg
dt

=
1
Lf

(
vbf − Rf ibg − vbg

)
(13)

dicg
dt

=
1
Lf

(
vcf − Rf icg − vcg

)
(14)

where vaf, vbf, vcf are the output voltages of the GSPC, vag,
vbg and vcg are the grid voltages and iag, ibg and icg are the
currents flowing thorough the inductive filter.

FIGURE 3. Simplified representation of the grid side circuit.

Therefore, the decomposition of each magnitudes into d
and q components yield the expressions below:

digd
dt

=
1
Lf

(
vfd − Rf igd − vgd + ωsLf igq

)
(15)

digq
dt

=
1
Lf

(
vfq − Rf igq − vgq − ωsLf igd

)
(16)

The DC linkage between the RSPC and GSPC is achieved by
a capacitor (or combination of capacitors). It tries to keep a
constant voltage in its terminals thanks to the energy stored
within it. The DC link model is derived using the capacitor
voltage [41], [78]:

Udc =
1
C

∫
idcdt (17)

where C is the DC link capacitance. The current idc through
the capacitor can be denoted as:

idc = ir_cc − ig_cc (18)

where ir_cc is the current flowing from RSPC and ig_cc is the
current flowing to the GSPC.

The injected active and reactive powers in the grid can be
expressed as:

Pg =
3
2
vgd igd =

3
2
vgigd (19)

Qg = −
3
2
vgd igq = −

3
2
vgigq (20)
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D. STORAGE SYSTEM DESCRIPTION AND MODELING
1) SYSTEM PRESENTATION
A storage unit is a system that uses rechargeable batter-
ies to store electrical energy and provide backup power
during blackouts [42]. A storage unit can help to mitigate
the effects of fluctuations in the power output of a WECS
(Figure 4), which improves the overall system efficiency,
increases energy reliability, and improves the stability of the
electrical grid. The storage unit typically consists of a power
electronic device that manages the electrical power flow,
as well as a battery energy storage system (BESS) which is
primarily made up of battery packs [68].

FIGURE 4. Wind energy generation combined with a storage system.

The battery energy storage unit, object of our study, is illus-
trated by Figure 5. It is made up of a series of bidirectional
buck boost power converters and battery energy storage
composed of Li-ion batteries packs. To help improve the
overall performance and efficiency of the battery charg-
ing/discharging process, an LC filter consists of an inductor
(L) and a capacitor (C) is placed between the DC/DC con-
verter and the storage unit.

FIGURE 5. Schematic diagram of the DC/DC converter with the battery
pack.

2) MODELING OF THE ASSOCIATION DC/DC CONVERTER
WITH THE BATTERY PACK
The buck boost converter is selected as the sole power elec-
tronic interface between the Li-ion battery Pack and the DC
bus voltage. This converter can operate in either buck or boost
mode depending on the power flow direction. The buck mode
ensures an adequate battery charging mode while the boost
mode guarantees the safety of the battery discharging mode.

The switching signals µ1, µ2 are generated by a PWM
circuit and take values in the finite set {0, 1}. To design a

Battery charger controller, the first step is to elaborate an
accurate model describing the studied system dynamics.

FIGURE 6. Open circuit voltage of the battery Uocv.

In this work, we consider the battery electrical model com-
posed by a series combination of a resistance and a voltage
source, where the internal resistance of the battery character-
ize the battery energy losses and the internal battery voltage
refers to open circuit voltage Uocv, which varies nonlinearly
with the SoC (%) of the battery (Uocv = f (SoC)) [69], [70],
as illustrated in Figure 6.

FIGURE 7. Model of a battery equivalent circuit.

When Kirchhoff’s laws are applied to the association of a
DC-DC converter with the equivalent circuit of the battery
shown in Fig. 7, the following differential equations are
obtained:

L
di
dt

= µVdc − Vbat (21)

C
dVbat
dt

= i− Ibat (22)

Ibat =
Vbat − Uocv

Rb
(23)

Uocv = f (SOC) (24)

where, Vdc, Vbat, i and Ibat, denote respectively, the
DC-bus voltage, the batteryvoltage, the inductor current and
the battery current; Rb is the battery internal resistor. The
PWM input control signal µ is expressed as follows:

µ = Sµ1 + (1 − S)(1 − µ2) (25)
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With, the switching variable S which defines the two operat-
ing modes of the studied bidirectional battery charger (S = 1
Buck mode and S = 0 in Boost mode).

3) STORAGE CAPACITY
The power used to size the storage unit is roughly equal to the
power extracted from the generator by removing the stable
power supplied to the network Pg = 0.8 MW:

PB = Ps − Pg (26)

Now that we’ve determined the nominal storage power,
we need to determine the energy capacity of the storage unit.
To do so, we’ll track the energyWstored that needs to be stored
or destocked by integrating the power that corresponds to
storage over time:

Wstored =

∫
PBdt (27)

III. SYSTEM CONTROL
A. MPPT TECHNIQUE
The MPPT method allows adjusting the electromagnetic
torque so that it can force the generator speed to reach its
reference. For a given operating point, the maximum power
extracted can be achieved only if the aerodynamic power
coefficient Cp (λ , β) achieves its maximum value. Moreover,
this can be done when the TSR λ reaches its optimum value
λopt [62]. Therefore, the reference generator speed �gref is
given by the following equation:

�∗
g = G

λopt

R
V (28)

FIGURE 8. MPPT method.

Figure 8 represents the structure of the proposed MPPT
method, where the mechanical speed is commanded by the
electromagnetic torque reference Tem_ref. In addition, the
MPPT strategy is used to compute the reference value of Ps.
The architectural scheme of the proposed MPPT neural

network controller is shown in Figure 9. A two-layer network
with a total of 15 neurons is used to implement the rotational
speed controller. This neural controller is made up of two

FIGURE 9. Internal structure of the ANN controller.

TABLE 1. Optimal specifications of the proposed ANN model of the
speed regulator.

neurons that represent the rotational speed error in the input
layer and its derivative successively, a hidden layer and an
output layer with one neuron representing the reference elec-
tromagnetic torque [58]. Table 1 presents the parameters of
the artificial neural network controller used in this work.

After the training is finished, the algorithm’s information is
used to analyze the results. Figure 10 illustrates the architec-
ture used as well as the analysis parameters and performance.
Several tests for the mechanical speed of rotation data are
performed until the higher regression R value conditions
of training, low Mean Squared Error MSE, validation, and
testing are reached, as illustrated in Figures 10 and 11. The
network’s performance function is represented by the MSE.
WhenMSE is small, it indicates the training set’s desired out-
puts have become very close to each other. The performance
diagram of themechanical speed data is depicted in Figure 11.
The performance characteristics show the graph of error
versus epochs for validation, training and test performance of
the training records. Typically, after several training epochs,
the error decreases on the validation data set as the network
begins to overfit the training data. In the default configura-
tion, after 1000 epochs, the training is terminated, and the
best performance with the lowest validation error is extracted.
We note from the Figure 11 that our proposed structure
(2-15-1-1) converge quickly to the best value after
1000 epochs, with a best error variation achieving
4.0895 × 10-4.
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FIGURE 10. ANN learning progress.

Figure 12 depicts the regression plot for phase a data
as well as the regression values in training, validation, and
test cases. Then, in order to check how well the input and
output data are fitted in the network, the regression plot is
used. 70% of the data is used for training, 15% of the data
is used for validation, and 15% of the data is used to test
the network. The regression graphic contains four graphics
for training, testing, validation and the combination of all.
The neural network’s training curve can be compared to the
best training algorithm. Figure 12 depicts the data regression
analysis between network response and desired goals. The
value of R denotes the correlation coefficient between the
outputs and the objectives. Because all parameters (regression
R) are very close to 1, the correlation between the outputs and
the targets is very high. The data falls along a 45 degree line,
as shown in the regression graph. It satisfies the requirement
that the data be perfectly fitted.

B. ISMC TECHNIQUE OF RSPC
SMC is a type of non-linear strategy that has proven effective
in improving the performance and effectiveness of systems.
This strategy is highly efficient in improving current qual-
ity in wind systems, where durability is one of its main
advantages [71]. In the case of changing system parameters,
the SMC strategy is not much affected compared to linear
strategies such as field-oriented control [62]. The negative
side of this strategy is the existence of a chattering prob-
lem that limits its use [26]. This problem is due to the use

FIGURE 11. Performance diagram of training.

FIGURE 12. Data regression analysis between the network response and
the desired objectives: (a) Training: R=0.98882, (b) Validation:
R=0.99025, (c) Test: R=0.98103, and (d) Overall: R=0.98786.

of a discontinuous part in the SMC [72]. Several scientific
works have been proposed in order to overcome this prob-
lem, where fuzzy logic [73], neuro-fuzzy algorithm [74], and
neural networks [39] have been used. Among other solutions
that have been proposed are super twisting algorithm [75]
and third-order sliding mode control [76], [77]. However,
there is a proposal that was discussed in [78] that proved its
effectiveness in overcoming the defects and problems of the
traditional strategy. This derivative is called Integral sliding
mode control (ISMC). This strategy has proven its effective-
ness in overcoming the defects of the traditional strategy and
in improving the quality of the current. Also, minimizing
active and reactive power ripples [78].

The sliding mode control method is divided into two
parts, a first (continuous part) for the exact linearization,
called the equivalent command Ueq, and a second (discon-
tinuous component) for the stabilization, called the switching
command Un.

U = Ueq + Un (29)

For a non-linear system presented in the following form:

ẋ = f (x, t)+ g (x, t)U (x, t) ; x∈Rn; U∈R (30)
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where: f (x, t) , g (x, t) are two continuous and uncertain non-
linear functions, described in our case as follows (31) and
(32), as shown at the bottom of the page, with ,X =

[
ird irq

]
After simplification, equation (31) becomes:

f (x, t) =

[
f1
f2

]

=

 −
Rr

(σLr )2

(
σLr ird +

MVs
ωsLs

)
+

RrMψs
Ls(σLr )2

+ ωr irq

−
Rr
σLr

irq −
ωr
σLr

(
σLr ird +

M
ωsLs

Vsq
) 

(33)

where: {
ψsd = ψs;ψsq = 0
Vsd = Vs = ωs9s;Vsq = 0

(34)

The sliding surface, corresponding to the integral action
sliding mode control theory, can be expressed as follows:

S (t) =

(
d
dt

+ λs

)n−1

e (t)+ Ki

∫
∞

0
e (t) dt; e (t) = xd − x∗

(35)

where e (t) represents the difference between the desired
signal xd and the reference x∗. λ s and n are the positive
coefficient and the relative degree respectively.

The control by the ISMC technique contains an additional
integral action to the conventional SMC technique to confront
the chattering phenomenon caused by the discontinuous com-
mand signal.

In this work, the sliding surface is expressed in the follow-
ing equation.

S (t) = e (t)+ Ki

∫
∞

0
e (t) dt (36)

It is well known that the active and reactive stator powers
are directly related to the quadrature and direct components
of the rotor currents. The following equation expresses the
error function between the measured and the reference rotor
currents. {

ed = I∗rd − Ird
eq = I∗rq − Irq

(37)

By deriving the sliding surfaces, we find.
Ṡ(I rd ) = İ∗rd − (

Vrd
σLr

−
Rr
σLr

ird + (ωs − ωr ) irq + Kie)

Ṡ(I rq) = İ∗rq − (
Vrq
σLr

−
Rr
σLr

irq − (ωs − ωr )

(
M

σLrLs
φs + i

rd
) + Kie)

(38)

The equivalents control components Veq
rdq can deduced from

the previous equations and written as:V eq
rd = σLr İ

∗

rd + Rr ird − (ωs − ωr ) irqσLr − Kie

V eq
rd =σLr İ

∗

rq + Rr irq + (ωs − ωr ) (
M
Ls
φs + σLr i

rd
)−Kie

(39)

The Lyapunov function, which ensures the SMC’s stability,
is described as:

V =
1
2
S2 (40)

To ensure Lyapunov function convergence, the derivative of
Eq. (40) must be negative:

V̇ = SṠ = S (ė+ Kie) < 0 (41)

The switching commands goal is to examine the attractive-
ness conditions. As a result, the discontinuous component is
defined by the following equation:

Un = εSat(e (t)+ Ki

∫
∞

0
e (t) dt) (42)

C. CONTROL TECHNIQUE FOR GSPC
The GSPC’s control goal is to stabilize the DC link voltage
and set the filter’s reactive power to zero. As illustrated in
Figure 13, The DC bus link will be controlled in two steps
by two PI controllers. The first PI controller calculates the
DC link reference voltage value that brings the bus voltage to
its reference value. The current reference value is then sent
to the internal control loop, where the second PI controller is
programmed to track this reference input via the filter’s direct
current component [63], [67].

D. CONTROLLERS DESIGN FOR BATTERY ENERGY
STORAGE SYSTEM
1) BUCK CHARGING MODE
This mode provides an accurate battery current regulation
during the battery chargingmode. The battery current must be

f (x, t) =

 −
Rr

(σLr )2

(
σLr ird +

MVsq
ωsLS

)
+

RrMψsd
LS (σLr )2

+
ωr
σLr

(
σLr irq +

M
ωsLs

Vsd
)

−
Rr

(σLr )2

(
σLr irq +

MVsd
ωsLs

)
+

RrMψsq
Ls(σLr )2

+
ωr
σLr

(
σLr ird +

M
ωsLs

Vsq
)

 (31)

g (x, t) =

[
1
σLr

0
0 1

σLr

]
(32)
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FIGURE 13. Block diagram of the control strategy for the GSPC.

imposed in order to track a given reference value. To this end,
the control input does not act directly on the battery current.
Therefore, the control law will be implemented in two steps
using the backstepping technique. To begin, let introduce the
following error in tracking battery current:

z1 = IBat − Ibref (43)

As the battery open circuit voltageUocv changes at a slower
rate than the battery current dynamics. Then it is safe to
assume that the time derivation of this latter is neglected.
Therefore, using (22)-(23), the time derivation of the battery
current tracking error is expressed as follows:

ż1 = İbat − İbref =
1
Rb

(
i
C

− aVbat + aUocv

)
− İbref

(44)

where: a =
1

RbC
According to (44), the quantity α1 = ai serves as vir-

tual input for the z1 dynamic. To find a stabilizing function
for (44), let Consider the candidate quadratic Lyapunov func-
tion V1 = 0.5z21. The time derivation of V1 along the z1
trajectory yields:

α∗

1 = −c1z1 +
a
Rb
Vbat −

a
Rb
Uocv + İbref (45)

where c1 > 0 is a design factor.We can’t set α1 = α∗

1 because
the quantity α1 isn’t the actual command signal. However,
the expression of α∗

1 is kept as the first stabilizing function,
introducing the following tracking error z2.

z2 = α1 − α∗

1 (46)

The dynamic of the z2 is expressed as follow:

ż2 = a
(
µ
Vdc
L

−
Vbat
L

)
− [−c1 (−c1z1 + z1)

+
a
Rb

(
i
C

− aVbat + aUocv + Ïbref

)]
(47)

To analyze the stability of the error system (z1, z2), let con-
sider the following augmented Lyapunov function candidate
V2 = V1 + 0.5z22. The time derivation of V2 along the error

state vector (z1, z2) can be made a negative definite function
of (z1, z2) by:

V̇2 = z1ż1 + z2ż2 = −c21z1 + z1z2 + z2

×

(
ai−

a
Rb
Vbat +

a
Rb
Uocv + Ïbref

)
(48)

Eq. (47) is easily verified if the command signal is selected
as follows:

µ =
L

aVdc

[
(c21 − 1)z1 − (c1 + c2)z2 + a2i+

a
L
Vbat

−
a2

Rb
Vbat +

a2

Rb
Uocv

]
(49)

Proposition 1 (Buck ChargingMode):Considering the bat-
tery energy storage system described by (21)-(23), in addition
to the command law represented by Eq. (40), where c1 and
c2 are arbitrary positive constants. Then one possesses the
following characteristics.

a. In the closed loop, the error system (z1, z2) is given by
the following equations:{

ż1 = −c1z1 + z1
ż2 = −c2z2 − z1

(50)

b. With regard to the augmented Lyapunov function V2 =

0.5z21 + 0.5z22, the linear system described by Eq.(50)
is globally asymptotically stable. Therefore, the errors
system (z1, z2) vanish exponentially whatever the initial
condition.

2) BOOST DISCHARGING MODE
This mode aims guarantee the safety of the battery during the
discharging mode. In this mode, the control objective aims
to regulate the output current of the boost converter to help
discharging the battery without causing any damage to the
battery.

Again, using the backstepping control approach, the con-
trol law will be carried out in one step. First, let z3 denotes
the boost converter output current tracking error:

z3 = i− Iref (51)

The dynamics of the previous error is expressed as:

ż3 = µ
Vdc
L

−
Vbat
L

− İref (52)

To analyze the stability in the presence of the error z3, let
chose V3 = 0.5z23 to be the Lyapunov candidate function. The
time derivative of V3 along the error z3 gives:

V̇3 = z3ż3 = z3

(
µ
Vdc
L

−
Vbat
L

− İref

)
(53)

It easily to check that the dynamic of V3 can be made a
negative definite function of z3 by choosing the following
control input:

µ =
L
Vdc

(
−c3z3 +

Vbat
L

+ İref

)
(54)

where c3 is a positive design parameter.
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Proposition 2 (Boost Mode: Converter Output Current
Regulation): Consider the battery energy storage system
described by (21)-(23), together with the control law (45),
where c3 is arbitrary positive constant. Then one has the
following properties.

a. The closed loop errors system (z1, z2) is given by the
following equations:

ż3 = −c3z3 (55)

b. The closed loop error is globally asymptotically sta-
ble with respect to the augmented Lyapunov function
V3 = 0.5z23. Therefore, the error z3 vanish exponen-
tially whatever the initial condition.

E. BATTERY MANAGEMENT ALGORITHM
A battery management algorithm generally is any interface
that can manages a rechargeable battery, which is used to
optimize the performance and lifespan of a battery, while
ensuring its safety and reliability. The proposed algorithm,
depicted by the chart-flow in Figure 14, requires continu-
ously the available wind power and the grid nominal power,
to establish a smooth switching between the operating modes
during any weather conditions.

FIGURE 14. Battery management algorithm.

IV. SIMULATION RESULTS AND DISCUSSIONS
This section deals with the performance evaluation of the
wind energy conversion system (WECS), equipped with the
energy storage system and the MPPT technique with intelli-
gently controlled rotor speed. In the MATLAB / SIMULINK
environment, a series of simulations were run using themodel
of a wind energy conversion chain based on a 1.5 MWDFIG.
The simulation parameters of the studied whole system are
mentioned in Table 3 in the Appendix.

During the simulation process of the studied global system,
we used an extract of a real wind speed of Tetouan city
located in the western Rif of the Moroccan country, which

is presented in Figure 15. This last varies between 4 m/s
and 12 m/s.

Figure 16 depicts The TSR of the turbine. According to this
figure, the turbine’s λ is variable and corresponds to the shape
of the wind speed. Additionally, the maximum and minimum
tip speed ratio TSR is about λmax = 8.45 and λmin = 8.05
respectively.

The power coefficient (Cp (λ , β) is illustrated in Figure 17.
From this figure, it is noticed that this coefficien-
tis approximately variable and its optimum value reach
to Cp (λ , β)_max = 0.377 for β = 0◦.
Figure 18 describes the mechanical speed of the doubly

fed induction generator. It takes the same form as the wind
speed profile. Additionally, it is noticed very clearly that we
have obtained the two operating modes in the vicinity of the

FIGURE 15. Wind speed of the city of Tetouan.

FIGURE 16. Tip speed ration.

FIGURE 17. Power coefficient.
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FIGURE 18. Mechanical rotor speed of the DFIG.

critical point (the synchronous speed): the hyper-synchronous
mode (�g> 1500 rpm) and the hypo-synchronous mode
(�g< 1500 rpm).

Figures 19-20 show the quadrature and the direct rotor
currents of the DFIG. The generator quadrature current irq
fluctuates between a maximum value of irqmax = −25.08A
and a minimum value of irqmin = −1467A, and the generator
direct current ird has a constant value and is almost equal
to ird = 109A. Thus, we observe that the shapes of the
generator currents irq and ird respectively have a relationship
with the active Ps and reactive Qs stator powers.This shows
that we have succeeded in achieving a very good decoupling
of current axes of our generator.

FIGURE 19. Generator current irq.

The active Ps and reactive Qs generated powers are pre-
sented in Figures 21–22, respectively. According to these
two curves, it is noted that the value of the active sta-
tor power Ps decreases with the decrease in the genera-
tor quadrature current irq as well as with the wind speed
profile and vice versa, and its value ranges from Psmin =

0.1 MW to Psmax = 1.45 MW. On the other hand, the reac-
tive stator power Qs perfectly follows its null reference that
we have chosen (Q∗

s = 0) so as to have a better power
factor.

The electromagnetic torque Tem of the DFIG is displayed
in Figure 23. It is worth noting that the active stator power Ps
and the electromagnetic torque Tem behave similarly. Which
confirm that the electromagnetic torque is a reflection of

FIGURE 20. Generator current ird.

FIGURE 21. Stator active power Ps.

FIGURE 22. Stator reactive power Qs.

FIGURE 23. Electromagnetic torque.

the active stator power, and its value varies from Tem_min=
240 N.m to Tem_max = 6625 N.m.
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FIGURE 24. Power factor.

As presented in Figure 24, the value of the power factor of
the Generator is close to 1 with some remarkable fluctuations
in the time intervals 8 ⩽ x ⩽ 18 s, 50 ⩽ x ⩽ 57 s and 80 ⩽ x
⩽ 86 s, which is owing to the fluctuating wind speed and also
to the variation of the internal parameters of the generator.
In relation, it is important to note that the operation with a
unitary power factor is necessary to optimize the quality of
the power injected in the grid.

From Figure 25, it can be seen that the DC-link voltage Vdc
shows fast and precise dynamics. The voltage Vdc reaches the
reference value of V ∗

dc = 1200 V without overshoot, the static
error is then zero once the steady state is reached.

FIGURE 25. Dc bus voltage.

The behavior of the stator and rotor three-phase currents
are plotted respectively in Figure 26 and 27. From these
two curves, the stator and rotor three-phase currents are
sinusoidal, and their magnitudes vary proportionally with the
mechanical speed. As the mechanical speed decreases, the
values of the currents Isabc and Irabc generated by the DFIG
decrease and vice versa. On the other hand, we note that the
stator currents have a stable frequency of fs = 50 Hz despite
the important fluctuations in the wind speed.

The spectral analysis of the stator current for the phase ‘‘a’’
Isa is shown in Figure 28. According to this figure we have
obtained a THD value of 1.33 % (adhere to the IEEE-519
Std). This low THD value reflects the good quality of the
stator currents when our proposed robust control is adopted.

To validate the originality of our work, a comparative study
with other recently published works is necessary. Thiscom-
parative study is illustrated in Table 2. Through this compari-
son, the proposed approach clearly provided us better results

FIGURE 26. Stator currents isabc.

FIGURE 27. Rotor current irabc.

FIGURE 28. THD for the stator current isa.

in terms of response time, static error, overshoot and THD
stator currents than some methods performed in recently
published works such as the DPC, FOC, Backstepping and
Fuzzy SMC strategies.

Figure 29 shows the active power supplied to the grid by
the whole WECS based on DFIG (wind turbine + storage
system). It is kept almost stable at a value of 0.8 MW.We can
see that the active power supplied to the grid is kept equal
to 0.8 MW, thanks to the presence of the storage system.
Effectively, if we look at the moments when the wind is weak,
we see that the power produced by the generator is less than
0.8 MW. It is therefore the storage unit that compensates for
this lack of power. Without the storage system, the power
supplied to the grid could not have been kept stable over the
entire operating time. It is only useful for about half of the
time. During the other half of the time it is not useful but it
is recharged by using the excess power of the wind. If we
had installed a wind turbine without storage system to have
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TABLE 2. Comparison of the proposed control method to other recently
published works.

FIGURE 29. Active power supplied to the grid Pg.

0.8 MW to the grid, during the periods of strong wind we
would have produced only 0.8 Mw whereas, with the storage
unit, we store the power which would not have been exploited
to restore it later.

Figure 30 describes the reactive power injected to the grid
by the whole system. Here, we have set a null reference
(Q∗

g = 0 VAR).

FIGURE 30. Reactive power supplied to the grid Qg.

Figure 31 corresponds to the storage system power PB.
This power can be positive or negative depending on the wind

FIGURE 31. Battery Power PB and its maximum PBmax.

conditions that allow the charge or discharge of the battery.
The storage power is limited to PBmax = 1MW. It is noted
that the shape of the power curve of the storage unit PB varies
in the sameway as the curve of the generated powerPs, which
means that the difference between the generated power Ps and
the power of the storage unit is constant to guarantee a stable
power supplied to the grid. This means that, in cases where
the power generated Ps is greater than 0.8 MW (the power
injected to the grid), the storage unit is charged by the rest of
the power generated that we don’t exploit. On the other hand,
in cases where the power generated Ps is less than 0.8 MW
(the power injected into the grid), the storage unit discharges
so as to provide the remaining power to the grid.

Figures 32-33 illustrate respectively the current and the
voltage of the storage system. From these two figures we can
see very clearly that these magnitudes vary in the same way
as the curve of the power of the storage system. The current of
the storage system varies throughout the simulation between a
minimum value of Ibat_min = −1000 A and a maximum value
of Ibat_max = 750 A, as long as the voltage of the storage
system fluctuates between a maximum value of Vbat_max =

900 V and a minimum value of Vbat_min = 663 V.

FIGURE 32. Battery current Ibat.

Figure 34 describes the percentage of the state of charge
of the storage system. From this figure we can see that the
state of charge SOC (%) of the storage system decreases
progressively in the simulation periods [0; 18s], [43, 61s] and
[92; 94.5s], which means that the storage system provides a
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FIGURE 33. Battery voltage Vbat.

FIGURE 34. Battery state of charge SOC (%).

power difference between the power produced by the gener-
ator and the power that we want to inject into the electrical
grid. We also note that in the periods mentioned above, the
wind speed is insufficient to produce a power of 0.8 MW
to inject it to the grid, while our storage system contributes
to maintain a constant power that is supplied to the grid.
On the other hand, in the simulation periods [20, 43s] and
[88; 93s], the state of charge SOC (%) of the storage system
increases progressively, which means that the storage system
store the generated power that would not have been exploited
to restore it later, in other words, that we are in periods
of high wind speed. This energy storage associated with an
adequatemanagement would guarantee a constant production
throughout the year for the wind farms. This would facilitate
their insertion in the networks and would relieve the network
managers. Without the storage system, the power supplied to
the network could not be maintained throughout the entire
operation. It is useful about half the time. For the other half
of the time, it is not useful but it is recharged by using the
excess power from the wind.

Figure 35 describes the evolution of the energy in the
storage system. Itincreases when the wind speed profile is
high and decreases during low wind speed profile periods.
We notice that the curve varies over several periods without
missing energy, because we have chosen the power according
to the wind profile. It allows us to feed the grid with a constant
power of 0.8MW with a real wind speed profile of Tetouan
city. Since the curve represents the energy variation of the
storage unit, the sign of this energy is not important because

FIGURE 35. Stored energy Wstored (Wh).

FIGURE 36. Balance of grid current and voltage.

the ordinate at the origin of this curve depends on when we
start the calculations. What is important is the variation of the
energy.

Figure 36 depicts the grid voltage and current balance of
phase ‘‘a’’. The phase opposition of currents with respect
to voltage is clearly visible, indicating that the unity power
factor is maintained (Qs=0).

V. CONCLUSION
Our research paper enabled us to carry out a comprehensive
and global modeling of a wind energy generation system.
This modeling is distinguished primarily by the different
approach taken by the mechanical part, which relies on aero-
dynamic calculations to determine the relationships between
wind speed, torque, and propeller speed, but also by the study
of the whole structure with the association of the storage unit,
allowing the supply of constant power to the grid. All of this
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has been designed around a DFIG and an intelligent MPPT
control based on artificial neural network of the wind turbine
in order to maximize the power produced at any given time.
The robust integral sliding mode control has investigated
to achieve the independent control of active and reactive
powers.

The storage unit’s implementation and simulation demon-
strated that it was prudent to use this solution in order to
obtain more convenient production system for the network
manager, who can now rely on a constant power as demon-
strated by the simulation over a long period. The DFIG
produces the maximum amount of wind power available,
thanks to the MPPT control, and the storage unit manages
its power and energy to keep the power supplied to the
grid constant by discharging and recharging itself accord-
ing to the wind variations. Our WECS, in comparison to
a wind turbine without storage, primarily provides a con-
stant power supply to the grid. This is an intriguing aspect
because, for a wind turbine without storage, we cannot rely
on power all year, and fluctuations in power supplied to
the grid are difficult to manage and cause disruptions for
users.

We have thus tackled a subject which is in full develop-
ment, the control of DFIG for wind production is topical and
already used in the large commercialized wind turbines. This
topic is new in our laboratory and we are happy to have been
able to achieve, at the end of these two years of research,
a model of an assembly with conclusive results that can be
used to continue the tests and consider other operations and
compare with other types of generators. We also hope to be
able to use these results to realize a test bench in order to
validate the simulations and to allow the real operation of a
small wind turbine with storage in order to carry out further
tests.

Because of the multiplicity of wind turbines connected to
the grid and the increasingly important part of the energy
produced by wind turbines, new constraints are imposed on
them in order to allow compatibility with the grid and thus
ensure a most stable operation of the grid. These constraints
can be the resistance to voltage dips so that the wind turbine
would not disconnect from the grid if a fleeting variation in
voltage appears at the point of connection. Fault tolerance

TABLE 3. Parameters of Simulink model.

is an aspect of reliability, maintaining production if faults
appear on the grid. This tolerance allows generation to be
maintained while the protection systems isolate the faulty
portion of the grid. The possibility of islanding operation
is then required in some cases so that the wind turbine can
provide power to users when the grid is faulty. All these
constraints require studies that should bring solutions tomake
the insertion of wind turbines in the electrical grid even easier
in order to produce a clean and sustainable energy.

APPENDIX
See Table 3.
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