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Abstract To address the challenges of poor grid stability, intermittency of wind
speed, lack of decision-making, and low economic benefits, many countries have
set strict grid codes that wind power generators must accomplish. One of the major
factors that can increase the efficiency of wind turbines (WTs) is the simultaneous
control of the different parts in several operating area. A high performance con-
troller can significantly increase the amount and quality of energy that can be
captured from wind. The main problem associated with control design in wind
generator is the presence of asymmetric in the dynamic model of the system, which
makes a generic supervisory control scheme for the power management of WT
complicated. Consequently, supervisory controller can be utilized as the main
building block of a wind farm controller (offshore), which meets the grid code
requirements and can increased the efficiency of WTs, the stability and intermit-
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tency problems of wind power generation. This Chapter proposes a new robust
adaptive supervisory controller for the optimal management of a variable speed
turbines (VST) and a battery energy storage system (BESS) in both regions (II and
III) simultaneously under wind speed variation and grid demand changes. To this
end, the second order sliding mode (SOSMC) with the adaptive gain super-twisting
control law and fuzzy logic control (FLC) are used in the machine side, BESS side
and grid side converters. The control objectives are fourfold:

(i) Control of the rotor speed to track the optimal value;
(ii) Maximum Power Point Tracking (MPPT) mode or power limit mode for

adaptive control;
(iii) Maintain the DC bus voltage close to its nominal value;
(iv) Ensure: a smooth regulation of grid active and reactive power quantity, a

satisfactory power factor correction and a high harmonic performance in
relation to the AC source and eliminating the chattering effect.

Results of extensive simulation studies prove that the proposed supervisory control
system guarantees to track reference signals with a high harmonic performance
despite external disturbance uncertainties.

Keywords Power management ⋅ A high performance ⋅ Supervisory control ⋅
Wind turbine ⋅ Fuzzy logic ⋅ Second order sliding mode control, power limit

1 Introduction

Because of the environmental problems, the oil crisis and the growing demand for
energy, wind energy is one of the most mature of the different renewable energy
technologies which received a lot of concern and attention in perceptible many parts
of the world [1].

Nowadays, specifically related to offshore wind turbines, wind conversion
technology showed new aspects of its construction and operation. Current WT
operate at variable speed based PMSG and without speed multiplier, this type of
wind turbines increase energy efficiency, reduce mechanical stress, can work with a
high power factor and improve the quality of the electrical energy produced by WT
compared to fixed speed [2].

For this type (VSWT), doubly fed induction generator (DFIG) and permanent
magnet synchronous generators PMSGs are the most used technologies [3]. Today,
due to its simple structure with characteristic self-excitation that can work with: a
good performance, high reliability, good performance control and a great capacity
for maximizing the power extracting by the MPPT, the PMSG topology is required,
it is recommended to be connected to the variable speed wind turbines (VSWTs)
[4]. Moreover, this technology is better in the case of offshore wind, as maintenance
is simpler and less expensive compared to a technology using a gearbox.
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Practically and for safety reasons turbines and uniform stability between supply
and demand of energy, wind turbines work only in a specified range of wind speeds
limited by ðv cut− inÞ and ðv cut − outÞ as is shown in Fig. 1, where the possibility
of three different operating zones [5].

• Region 1: when the wind speed is below the speed V cut− inð Þ wind, no
maximize efficiency that occurs in this region.

• Region 2: when the wind speed exceeds V cut− inð Þ but under the rated
ðVnomÞ. In this area the main controller is to increase the efficiency of the power
extracted from the WTs, so it operates at its maximum power point (MPP).

• Region 3: when the wind speed is greater than ðVnomÞ but under the cut− out
wind speed ðVmaxÞ; the task of the controller is to keep the power captured at a
fixed or nominal value instead of trying to maximize it. Another important
controller objective in this last region, is to keep the electrical and structural
conditions in a safety region [5, 6].

Despite this characteristic, the utmost challenge of wind power generation is the
inherently sporadic nature of the wind which can deviate quickly. Its intermittent
availability is the main impediment to power quality and flow control. Therefore,
the stability and power quality of the grid operation is affected. Consequently, the
fluctuations of wind power should be reduced to prevent a degradation of the grid’s
performance [7].

In the new universal grid code for wind power generation, the power oscillation
damping by wind energy is included. For instance, the energy storage system (ESS) is
integrated with the renewable sources which are connected into the power grid to
maintain the safe operationof the power grid, balance the supply anddemand sides, and
enhance fault ride-through ability and damp short-term power oscillation [8]. There are
different types of ESSs in the power systems such as batteries ESS, superconducting
magnetic ESS, compressed air, hydrogen ESS, gravitational potential energy with
water reservoirs, electric double layer capacitor, and flywheels [9]. The BESS is one of
the most rapid growing storage technologies. The BESS installation cost and gener-
ating noise are relatively lower than the other storage technologies.

However, these features remain restricted with respect to the practical domain of
variation of wind speed. Therefore, effective architecture of control systems are one
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of the major issues in hybrid VSWT (managing variations in load demand and to
extract maximum power) to prevent possible degradation on the quality of electrical
energy delivered into the electric grid, where variations of the loads and generations
are significant in the system.

This goal has been and is a motivation for researchers and investors to search on
robust and effective control strategies for VSWT to overcome various constraints
such as the optimal tracking point controller has been developed in many literatures
especially for wind energy systems [5], to track the maximum wind power available
at each instant. They include namely, tip speed ratio (TSR) [5], sliding mode
control (SMC) [10], the hill-climb searching (HCS) [5] and fuzzy logic control
(FLC) [11] techniques. Several methods of power limitation control and pitch
power control have been advanced in some studies [12–14]. Effective techniques
have been developed in many papers to control the optimal rotational speed of the
wind turbine in order to determine the maximum power coefficient for a given wind
speed. Some of these variable speed techniques are FOSMC [15], SOSMC [16] and
FLC [17], robust control [18]. Numerous recent studies [9] advanced the benefit of
the energy storage techniques to mitigate the unpredictable character of wind
energies, ensuring more efficient management of the available resources and pro-
vide operation freedom to wind generation that allows time-shifting between gen-
eration and demand. More robust and efficient strategies based on modern control
techniques such as fuzzy logic control [19], robust control [20] and sliding mode
control [21] have been widely developed and implemented to smooth regulation of
the grid active and reactive powers exchanges between the PMSG and the grid.

1.1 Contribution of the Paper

Based on our previous research experience on WT/battery hybrid power system and
their supervisory control system [22], a key contribution of this study is to present a
comprehensive model of the proposed structure based on WT/battery hybrid power
system and to implement the novel supervisory control system in order to
optimize the power output and protecting all the system. This proposed man-
agement strategy is achieved through the combination of the efficient and robust
control methods described in recent publications in order to develop a perfect wind
system.

Furthermore, contrary to the works found in the literature, this work presents a
new approach to control and management for extended Control & of VSWT that
includes simultaneously the two operating regions (II and III) whatever the speed
variation the wind. This adaptation (commutation of control system in both
regions) may provide better performance in all possible operational scenarios of the
wind: extract the maximum power from the wind, storage of excess power, com-
pensation of power between supply and demand, limiting the upper power at
nominal generator or demand.
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For this reason (To reach this goal), the control objectives are three in number;
the first on the generator side converter, the second on bidirectional DC/DC con-
verter and the last one on the grid side converter.

1. The main function of the generator side controller is to track the maximum power
via speed loop control based on SOSMC. An MPPT control algorithm, based on
an FLC, has been used to regulate the rotational speed in order to tack accurately
the PMSG working point to its maximum power point (MPP) and to derive the
rotational speed reference. (Force the working point of the PMSG to its MPP and
to provide the rotational speed reference). In the case studied in control sub-
system, two adaptive and commutative operation modes are distinguished:

• When the aerodynamic power is not enough to reach the synchronous speed,
the system operates at mode 1(tracking mode MPPT): maximum power
extraction, whereas, if the wind speed exceeds the rated value, the system
switches to mode 2 (Power Limitation mode): power limitation, which leads
the PMSG to provide its rated power below nominal speed of the rotor.

2. A bidirectional DC/DC converter is connected between the battery and the DC
bus. This converter is controlled to maintain the DC bus voltage at its rated
value, allowing the active power, bi-directional active power flow from the
battery, through the charge/discharge of the device in response to the variations
of the operating conditions (regardless of the variations of the operating
conditions).

3. In the grid side converter, a SOSMC controller has been used to achieve smooth
regulation of active and reactive power quantities exchange between the BESS
and the grid according to grid demand under real fluctuating wind speed (region
II and III).

1.2 Organization of the Research Work

The paper is organized as follows. In Sect. 2, are view of the previous related work is
presented. In Sect. 3, the modeling of the PMSG wind turbine and ESS is described.
Section 4 presents in detail the proposed supervisory control applied in this work.
The simulations results and robustness test are illustrated in Sect. 5. Finally, the
conclusions of the obtained results and future work are shown in Sect. 6.

2 Related Work

Much research has been do in recent years to improve system performance mon-
itoring and management of the energy produced by the WTs where several tech-
niques have been proposed various structures of WT, such as artificial neural
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networks (ANN) [23–25], FLC [26–28], the first order sliding mode [15, 29, 30]
and the SOSMC [31–33]. The main reason for this interest is that these techniques
and structures were used to achieve a new and robust optimization that actually
works for VSWT problems that cannot be solved by conventional techniques.
Similarly, recent contributions remained within certain limits due to multiple
ignored or neglected issues such as MPPT, power control, power limit, speed
control and energy storage system. These problems contribute to the degradation of
the performance of WTs.

In Ref. [34], a PSIM software integration study was performed in more than one
MPPT used FLC technique where the results are limited, because the study is
applied to as simple structure without a storage system, security system in rated
wind speed and without power control for the grid side.

Moreover, in the second part of the study by [35], the authors proposed a
technique based on the strategy FOSMC to control the active and reactive power
injected to the grid. The simulation results show a poor power quality produced in
the presence of the chattering phenomenon.

Furthermore, the reference [3] shows an original method for the sensorless
MPPT of a small power wind turbine using a permanent magnet synchronous
generator (PMSG). On the other hand the operating range of this system is limited
in the region 2, because it not contains any limit power control or pitch control in
rated wind speed.

On [9, 36–38] the authors treated with details, modeling and control of a hybrid
system composed of DFIG/WT and ESS. The results are convincing, but the
authors have not applied effective and robust control techniques in key points such
as MPPT, speed control, power control of the grid, which makes these reliable
studies only normal and stable working conditions (wind speed constant, no default
in the wind channel and no fault in the grid).Also In these studies the authors
adopted only on the operating area 2 (This is what makes activity limited by WT).

The advanced control algorithms FLC and SOMSC were proposed by [11] to
simulate VSWT-based DFIG. Although the results were attractive, choosing the
type of machine used remains not determinant. Further- more, the authors assessed
a method of limiting the power extracted from a gust of wind, while they have
ignored the use of storage means to earn excess wind power. In the Refs. [39–42],
the authors have developed MPPT techniques to optimize the performance of the
power extracted from the wind in (region II). These contributions have given a great
success in this field. These studies are not considered to be a perfect solution unless
we can successfully integrate advanced techniques for power management to
consumption (power control). Other hand, when the demand for power exceeds the
power extracted, the MPPT technology will not be able to satisfy the demand;
hence, the need for a compensation system ESS.

In reference [22] the authors generally succeed in the choice of the supervisory
control system which applied in hybrid VSWT. But they are neglect the protection
of the wind system (electric and mechanic) under the rated wind speed in addition
they are limiting the operating range of wind turbine.
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Despite the amazing results presented in the previous studies, these remains
limited and insufficient to face various restrictions (because these control strategies
are usually used separately for each type of study to VSWT). The new supervisory
control system proposed in WTs has become a solution necessary for the optimal
management of the electric and mechanical power in any part of the wind channel.
This new system is based on the combination in the same type WT of new algo-
rithms (robust, effective and flexible) to work in various areas simultaneously
(Region II and III) with high precision, which makes it universal for different types
of WT.

3 Dynamic Model of PMSG-WT

In this section the studied system is presented. In order to achieve the system
control and a first study by simulation before implementation, its modelling is
required. Figure 2 shows a representative topology of the investigated wind energy
system. As illustrated in this figure the offshore VSWT a horizontal axis turbine
with a three-bladed rotor design directly transmits the aerodynamic torque and
power to PMSG (without a gearbox). The generator power is then fed to the utility
grid by means of power electronic devices (two back-to-back IGBT bridges
AC/DC/AC) interconnected by a common DC bus. This WT is supported by an
ESS associated with DC bus system composed of a lead acid battery with a bidi-
rectional DC/DC converter.

3.1 Wind Turbine Aerodynamic

For a variable speed wind turbine, the mechanical power and torque extracts from
the wind turbine is proportional to the wind speed and can be calculated by the
following formulas [10]:

Fig. 2 Wind generation system configuration
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Pt =
1
2
ρπR2

t v
3Cp λ, βð Þ ð1Þ

Tt =
Pt

Ωt
=

1
2λ

ρπR3
t v

2Cp λ, βð Þ ð2Þ

Which λ present the ratio between the wind speed and the turbine angular speed.
This ratio is called tip speed ration:

λ=
RtΩt

v
ð3Þ

where: λ is the tip speed ratio, Cp is the power coefficient, β is the pitch angle, Ωt is
the rotor speed (rad/s), Rt is the rotor-planeradius (m), ρ is the air density (Kg/m3Þ.

The coefficient Cp is a variable magnitude as a function of λ, the theoretically
possible maximum value of the power is β. The Cp is different for each wind
turbine, as shown in [43]. Theoretically, the Betz limit is ≈0.5926 further and
practically, friction and the force dragged reduce this value to 0.5 for large wind
turbines [44]. Calculating another analytic expression CpðλÞ for different values of β
is also possible.

For a pitch angle β given, the analytical expression commonly used is a poly-
nomial regression as follows [45]:

Cp =0.073
151
λi

− 0.058β− 0.002β2.14 − 13.2
� �

e
− 18.4
λi ð4Þ

Where λi = 1
1

λ− 0.02, β−
0.003
β2 + 1

The aerodynamic characteristics of a variable speed turbine are usually repre-
sented by the relationship Cp λð Þ as illustrated in Fig. 3.
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From this figure and according to Eqs. (1, 3), we can conclude that for a fixed
value of β=0, Cp only becomes a nonlinear function of λ. According to Eq. (3),
there is a relationship between λ and Ωt and at some, power is maximized at some
Ωt optimal speed Ωtopti. This rate corresponds to a λopti. The value of λ is constant
for all the maximum power point (MPP) [5].

Thus, to extract maximum power at wind speeds of variable λ must be adjusted
to its optimum value λopti followed a maximal power coefficient value Cp, to follow
the optimum operating point. From Eqs. (1, 3), we get [46]:

Ptmax =
1
2
ρ π R5

t ð
Cp.max

λ3opti
Þ Ω3

topti ð5Þ

Ωtopti =
λoptiv
Rt

ð6Þ

3.2 Model of PMSG

The simple dynamic model of three-phase PMSG in d, q reference frame can be
represented by the following voltages equations [45]:

Vsd =RsIsd +Ld
dIsd
dt

−ωeLqIsq ð7Þ

Vsq =RsIsq +Lq
dIsq
dt

+ωe LdIsd +ψmð Þ ð8Þ

Where Vsd,Vsq Vð Þ are the direct and quadrature components of the PMSG voltages,
Rs,Ld and Lq respectively are the resistance, the direct and the quadrature induc-
tance of the PMSG winding, ψmðwbÞ represents the magnet flux, ωeðrad s̸Þ is the
electrical rotational speed of PMSG Isd, IsqðAÞ are the direct and quadrature com-
ponents of the PMSG currents respectively.

Now the mechanical dynamic equation of a PMSG is given by [47]:

dΩt

dt
=

1
JT

Te +
DT

JT
Ωt −

1
JT

Tt ð9Þ

The electromagnetic torque of a p-pole machine is obtained as [47]:

Te =
3
2
npðψmIsq + ðLd − LqÞIsdIsqÞ ð10Þ

Where N.mð Þ is the electromagnetic torque,np is the number of pole pairs, DT is the
damping coefficient, JT is the moment of inertia.
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3.3 Model of the Grid

The dynamic model of the grid connection in reference frame rotating syn-
chronously with the grid voltage is given as follows [10].

Vdg =Vdi −RgIdg − Ldg
dIdg
dt

+LqgwgIqg ð11Þ

Vqg =Vqi −RgIqg − Lqg
dIqg
dt

−LdgwgIdg ð12Þ

The DC-link system equation can be given by:

C
dVDC

dt
=

3
2
Vdg

VDC
Idg − IDC ð13Þ

Where:Vdg,VqgðVÞ are the direct and quadrature components of the grid voltages,
Vdi,VqiðVÞ are the inverter voltages components, ðRg,Ldg,LqgÞ are resistance, the
direct and quadrature grid inductance respectively, Idg, Iqg Að Þ are the direct and
quadrature components of the grid currents respectively, VDC is the DC-link volt-
age, IDC is the grid side transmission line current and C is the DC-link capacitor.

The power equations in the synchronous reference frame are given by [34]:

Pg =
3
2
ðVdgIdg +VqgIqgÞ ð14Þ

Qg =
3
2
ðVdgIqg −VqgIdgÞ ð15Þ

After orienting the reference frame along the grid voltage, Vqg equals to zero by
aligning the d-axis. Then, the active and reactive power can be obtained in this new
reference from the following equations [34]:

Pg =
3
2
VdgIdg ð16Þ

Qg =
3
2
VdgIqg ð17Þ

3.4 Model of the ESS

The lead-acid battery used in this work is modeled by the battery model included in
Sim Power Systems [48] where it is modeled as a variable voltage source in series
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with an equivalent internal resistance (see Fig. 4). The battery voltage is given by
Eq. (18).

Vbat =Ebat −Rii ð18Þ

The voltage of the rated load for the period of the charging or discharging of the
battery depends on the internal battery parameters such as: the battery current, the
hysteresis phenomenon of the battery during the charging and discharging cycles
and the capacity extracted [36].

Ebatdisch =E0 −K Q
Q− it

i* −K Q
Q− it

it + fhyst − disch ið Þ
Ebatcharg =E0 −K Q

0.1Q+ itj j i
* −K Q

Q− it
it + fhyst− charðiÞ

(
ð19Þ

Where Vbat is the battery rated voltage, Ebatdisch is the discharge voltage,Ebatcharg is
the charge voltage, E0 is internal EMF, Ri is internal resistance, K is the polarisation
constant (V/Ah), Q is battery capacity (Ah), it is the actual battery charge and i* is
the filtered current.

In most electrochemical batteries, it is important to maintain the SOC within
limits recommended to prevent internal damage. The instantaneous value of the
load condition is calculated by [36]:

SOC =1−
Qe

Cð0, θÞ , DOC=1−
Qe

CðIavg, θÞ ð20Þ

Where:SOC is battery state of charge, QeðA.sÞ is the battery’s charge, DOC is
battery depth of charge, IavgðAÞ is the mean discharge current, CðA.sÞ is the bat-
tery’s capacity.

3.5 Battery Converter Modeling

Different converters based PWM DC/DC are used to connect the various energy
sources to the DC bus, these converters are used to control the flow of energy
between sources to maintain the DC bus at a constant value. In this present work,
the electro-chemical battery is connected to the DC bus of PMSG through a bidi-
rectional converter (buck-boost) DC/DC power. The structure of this converter is
shown in Fig. 5. It consists of a high-frequency inductor, an output filtering
capacitor, and two IGBT-diodes switches.

+
-

Fig. 4 Lead-acid battery
simplest model [49]
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This makes it possible to charging and discharging the battery in both directions
to keep the DC bus voltage to a reference value independent of variations the
battery voltage. During the charging phase, the power flows from the DC link bus to
the BESS through the B1 switch and B2 diode. Therefore, the converter can acts like
a unidirectional buck converter. On another side, the battery discharges through the
B2 switch and B1 diode, furnishing energy to the DC bus. In this period, the
converter acts like a unidirectional boost converter [7].

4 Proposed Control System

The supervisory control system of hybrid WT has the responsibility to provide
appropriate regulation, stability, protection, optimization and tracking objectives for
the WT rotor speed in various constraints (supply and demand changing, sporadic
nature of the wind, different operating region (region II or III) and the unexpected
faults in the grid).

In order to achieve this goal, we have optimized our concept of classical
supervisory control [22], for makes the WT operate in a wide range of wind speeds
(region II and III).

The major objective most of the control systems used in this paper are:

• In Region II: Capture of maximum energy from the wind, through the combi-
nation advanced control based on FLC-SOSMC applied to machine side con-
verter (MSC).

• In Region III: Power limitation, above the rated wind speed, this control must
limit the extracted power by adaptive control (FLC-SOSMC-MPPT and the
sensed extracted power as a feedback).

• In both regions (II and III): Managing energy between generated and consumed
energies of the hybrid system components using the supervisory controller
(through the battery side converter BSC).

• In both regions (II and III): Power quality improvement, through the robust and
efficiency strategy control (SOSMC) applied in the grid side converter (GSC).

Fig. 5 Bidirectional DC/DC
battery power converter
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4.1 Control of the Machine Side Converter (MSC)

VSWTs are designed to achieve maximum aerodynamic effective on a wide range
of wind speeds, which sometimes include several areas of operation. However, this
degree of freedom requires a system of speed/sophisticated and robust power
control to overcome various constraints to monitor the point of maximum available
power (Region II) and to limit the power captured when the wind speed exceeds a
certain par value (region III). In this section, we showed the design of the machine
side controller as shown in Fig. 6. (Control side of the converter machine (MSC))
that includes two additional operating modes (adaptive).

1. Tracking mode (Region II)

In this area and to meet the total demand for power, the turbine operates at variable
speed under a nominal wind speed between vcut− inð Þ and ðvcut− outÞ. For this
reason the cascade control structure with two control loop have been created. In the
outer loop, a (MPPT) algorithm based on advanced technology FLC-SOSMC is
designed to permanently extract the optimal aerodynamic energy in order to generate
the electromagnetic torque reference. Whereas, in the inner loop we controlled the
dq-axis current of the generator according to the Eq. (8) and by field oriented control
strategy (FOC) of the PMSG to ensure that the system works around the optimal
point, which corresponds to the maximum power extracted by the turbine [50].

For a fixed value of β=0 and for each wind speed, the MPPT algorithm uses
fuzzy logic controller generates the reference speed that maximizes the extracted
power from the turbine as shown in Fig. 7.

To ensure a quick and smooth tracking of the maximum power without the
knowledge of the characteristic of the turbine and the wind speed measurement,

Fig. 6 Control block diagram of machine side converter

Robust Adaptive Supervisory Fractional Order Controller … 177



FLC technique is used for generating a reference speed allowing the WT run around
the maximum points at varying wind speeds as shown in Fig. 8. This technique has
become universal for the different types of WT [11]. The proposed fuzzy controller
has two inputs and an output. The base rule of the system is given in Table 1, and
the variation step in the speed reference and power is indicated in Fig. 9.

The Eq. (21) show that the relationship between the optimum speed rotation, the
extracted power and wind speed are linear. For this reason, the MPPT-FLC device
based on measurement of power change ΔPt and rotational speed ΔΩt propose a
variation ΔΩtref of the turbine rotational speed reference according to the following
equations:

ΔPt =Pt kð Þ−Pt k− 1ð Þ
ΔΩt =Ωt kð Þ−Ωt k− 1ð Þ
Ωtref =Ωtðk− 1Þ+ΔΩtref

8<
: ð21Þ
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Fig. 8 Input and output of
fuzzy controller

Table 1 Rules of fuzzy logic controller

ΔΩt ΔPt

NBB NB NM NS ZE PS PM PB PBB
N PBB PB PM PS ZE NS NM NB NBB
ZE NB NB NM NS ZE PS PM PB PB
P NBB NM NS NB ZE PM PM PM PBB
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In the same part, the reference speed (along which tracks the MPPs) is used in the
speed regulator input to generate the q-axis current component as shown in Fig. 8.
Therefore, a novel SOSMC algorithm is proposed to achieve the speed control of
PMSG for each wind speed in order to maximize the extracted power at the turbine
output. In this algorithm, the chattering phenomenon can be limited so as to improve
the PMSG performance when compared to the classical FOSMC (Fig. 10).

Let us introduce the following sliding surface for the speed Ω.

sΩt =Ωtref −Ωt ð22Þ

Then we have:

sΩ̇t =Ω ̇tref −Ω ̇t =Ω ̇tref −
1
J

Tt + Te −FΩtð Þ

If we define the functions GΩt as follows:

GΩt =Ω ̇tref −
1
J

Tt −FΩtð Þ

Thus: sΩ̈t = ĠΩt −
T ̇e
J

The control algorithm proposed which is based on super twisting algorithm
(ST) has been introduced by Levant [51].
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Fig. 10 Detailed block
diagram of the power limit
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The second order sliding mode controllers contain two parts:

Isqref = Isqeq + IsqN ð23Þ

Where:IsqN = I1 + I2

With: I 1̇ = −N1sign sΩtð Þ
I2 =N2

ffiffiffiffiffiffiffiffiffi
sΩtj jp

signðsΩtÞ
�

In order to ensure the convergence of the sliding manifolds to zero in finite time,
the constants N1 and N2 can be chosen as follows [52]:

N1 >
μi
Lg

N2 ≥
μi ki + μið Þ
L2

g ki − μið Þ

8<
: ð24Þ

2. Power limit (region III)

In this region, above the rated wind speed 11.75 m/s as shown in Fig. 11. The control
must limit the extracted power in the tolerable beach between Pl − 1.2Pl and theΩt of
the turbine in the stable operation mode to protect the wind turbine and PMSG, so
when the extracted power increases during the nominal value the control circuit
shown in Fig. 10, lowered the reference speed, to prevent steady-state high power
amounts. A speed controller circuit added to the previous SOSMC-FLC-MPPT
design, the sensed stator power as a feedback.When the power exceeds the maximum
value, the reference speed must be reduced by the amount, K [53]. The new reference
speed Ωt ref new is given by:

Ωt ref new =Ωt ref −ΔΩt ð25Þ

4.2 Control of the Battery (ESS) Side Converter (BSC)

This converter is controlled in order to maintain the DC bus voltage close to its
nominal value (800 v) at different operating conditions (wind speed). Since
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increasing the output power (grid side) rather than the input power to DC-link
capacitor (PMSG side) causes a decrease of the ESS voltage and vice versa.

More detailed, Fig. 12, describes the control strategy for the bidirectional
DC/DC converter; this controller uses contains two cascaded control loops. The
outer control loop compares the measured DC link voltage VDC link to the desired
VDC ref DC link in order to generate the reference battery current IDC ref for the inner
control loop. The current IDC ref is compared to the measured battery current IDCmes

in order to generate the gating signals for the IGBT switches. The DC/DC converter
charges or discharges the battery according to the duty ratio of the two IGBT
switches [54].

The algorithm presented below in Fig. 13 describes excessively different oper-
ating modes (charging and discharging of the battery) in nominal and instantaneous
variations of the following variables (wind speed (T, N), rated power the turbine
(N), the supply and demand side of the network power and the power extracted).

Fig. 12 Control block
diagram of the Battery ESS

Fig. 13 Flowchart of the charges or discharges cycle in the battery (ESS) side converter
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This algorithm is based on the following criteria:
If the power captured by the WT is less than the nominal power of the turbine

can select the operating region of the turbine/PMSG by MPPT. In the same case,
the power extracted for each wind speed is compared with the power specified by
the demand: this means the way of power between the battery and the PMSG
(charge or discharge).Otherwise, if the speed exceeds the nominal wind, the
operating area of the turbine is moved to the region III, mode 2 (power limitation)
and therefore the power produced to be always constant where the load and the
system of discharge VDC are imposed by the amount of power required at the
electrical grid.

4.3 Control of the Grid Side Converter (GSC)

The main purpose of the GSC is to provide and organized the power required by the
user, regardless of the operating conditions. In this part, a new DPC using SOSMC
approach and space vector modulation SVM is proposed and realized for the control
of the both active and reactive power. Figure 14 shows the schematic diagram of
the control of GSC. In the first one, the external loop for controlling the DC link
uses a voltage BESS with a bidirectional DC/DC converter is designed.In the task
of the second one, internal loop contains an active and reactive power controller
based on nonlinear controller SOSMC. The approach of the DPC-SOSMC-SVM
strategy directly generates the reference voltage references for the grid side con-
verter unlike the conventional vector method [35].

Fig. 14 Control block diagram of grid side converter “DPC-SVM based on SOSMC”
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Improved control performance and quality of the power fed to the grid requires
advanced and robust control techniques to overcome various constraints. For this
reason, a common practice in the treatment of problems of control of the flow of
active and reactive power of the grid is to use a conventional linearization approach
[55, 56]. However, due to the invisibility of the system uncertainties and external
disturbances marring the process control such methods come at the price of poor
system performance and low reliability.

To consider these problems, a nonlinear and robust control is required [10, 57–68].
Many methods can be used for this purpose, the SMC control is shown to be partic-
ularly suitable for non-linear systems, offering effective structures [11, 21, 22, 30–32].

• High order sliding mode controller design

The phenomenon of chattering is the major disadvantage to the practical imple-
mentation of a control by sliding mode of order 1. An effective method to deal with
this problem is to use a higher order control by sliding mode that generalizes the
idea of simple order sliding mode. A command of nth order is the nth derivatives to
mitigate the effect chattering keeping the main properties of the original approach as
the robustness [69].

The active and reactive grid powers are derived as follows:

Pg = 3
2VdgIdg

Qg = 3
2VdgIqg

�
ð26Þ

The optimal reactive power is set to zero to ensure a unity power factor operation of
this system: Qgref =0 whereas the optimal active power Pgref can be written
depending on the needs of the grid. The block diagram of the SOSMC applied to
the grid side converter is illustrated in Fig. 14.

Let us introduce the following sliding surface for the active and reactive powers
pg,Qg.

sP =Pgref −Pg

sQ =Qgref −Qg

�
ð27Þ

After the first derivation of the both surfaces:
Then we will have

sṖ = Ṗgref −
1.5Vdg

Lg
−Vdg −RgIdg + LgwgIqg

� �
− Vid

Lg

sQ̇ =Q ̇gref −
1.5Vqg

Lg
−Vqg −RgIqg − LgwgIdg

� �
− Viq

Lg

(
ð28Þ

If we define the functions and GP and GQ as follows:

GP =Pġref −
1.5Vdg

Lg
−Vdg −RgIdg +LgwgIqg

� �
GQ =Q ̇gref −

1.5Vqg

Lg
−Vqg −RgIqg −LgwgIdg

� �
(

ð29Þ
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After the second derivation of the both surfaces:
Thus we have

s ̈P = Ġp − V ̇id
Lg

sQ̈ = ĠQ − V ̇iq
Lg

8<
: ð30Þ

The control algorithm proposed which is based on super twisting algorithm
(ST) has been introduced by Levant [31]. The second order sliding mode controllers
contain two parts:
where

Vref
P =VN

p +Veq
p

VN
p =w1 +w2

(
ð31Þ

with

ẇ1 = − k1sign sPð Þ
w2 = −M1

ffiffiffiffiffiffiffi
sPj jp

signðsPÞ
�

ð32Þ

and

Vref
Q =VN

Q +Veq
Q

VN
Q =w1 +w2

(
ð33Þ

ẇ1 = − k2sign sQð Þ
w2 = −M2

ffiffiffiffiffiffiffiffi
sQ
�� ��q

sign sQð Þ

(
ð34Þ

In order to ensure the convergence of the sliding manifolds to zero in finite time,
the constants ki and Mi can be chosen as follows [70].

ki >
μi
Lg

Mi ≥ μi ki + μið Þ
L2g ki − μið Þ

Gij j< μi; i=1, 2

8><
>:

5 Results and Discussion

The performance of the proposed supervisory control system has been evaluated by
numerous simulations (in several areas and in different conditions) using Matlab–
Simulink package, under a wind speed profile of (11.75 m/s) mean value as
depicted in Fig. 15. The system parameters are given in the Appendix A.
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It is noted that in Fig. 15 at nominal wind speed of 11.75 m/s, the WT operates
in MPPT Mode (Region II) and the MPPT controller proposed in this paper
(FLC-SOSMC-MPPT) ensures the optimum monitoring point of maximum power
with high reliability while maintaining the power coefficient to maximum
Cpmax =0.48 with an optimum value of λopti =8.1, as shown in Figs. 16a, b.

Figure 16c, d, describes the performance of the control law (FLC-SOSMC-
MPPT), i.e., the quality of tracking the maximum power point, and one can see the
corresponding distribution of the operating point around ORC. From this Figure: a
smooth tracking with a high efficiency of the power extracted, with minimal
mechanical stress on the turbine shaft.

To protect the wind power generation system (turbine/PMSG) above the rated
wind speed (region III), a control mode 2nd was applied (power limitation).
Consequently the Cp and λ are reduced. The curve shown in Fig. 16c, demon-
strating the reliability and the ability to adapt (switching) of the Control & System
in (parts II and III).

The fuzzy logic controller is used to find the optimum speed Ωtopti that follows
the maximum power point to variable wind speedsin mode 1(tracking mode), also
this Ωtopti is used as the input to generate a new reference speed Ωt ref new in con-
trolmode 2 (power limitation mode).

On the other hand, a SOSMC algorithm is then applied to control the speed of a
PMSG, the robustness of which is investigated and finally the performance of the
SOSMC is compared with that obtained by a FOSMC as illustrated in Fig. 17a. In
both regions, two controllers are able to track the desired slip trajectory precisely
which is an inherent advantage of the sliding mode controller. However, the result
using conventional FOSMC shows some chattering in all the response as illustrated
in Fig. 17a, this phenomenon is highly undesirable as it may lead to vibration on
the mechanical part (high-frequency mechanical efforts on the turbine shaft).
The SOSMC, on the other hand, get rid of the chattering phenomenon, giving a
smooth tracking trajectory and lower slip error and lower control effort as it can be
seen in Fig. 17b, where the value for the speed error is limited by a maximum value
[0.1, −0.1] rad/s (negligible error).
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Under instantaneous variation for the (generated power, power demand), the
battery is used to stabilize the voltage at the PMSG DC bus, the second main task of
the control system is to maintain the DC Link voltage close to its nominal value
800 V, as it can be seen in Fig. 18a, by designing a battery DC/DC power converter
for this purpose. The active power response, measured at different points of the
hybrid system (in region II and III, is shown in Fig. 18b, c.

The requested power (demand power ‘reference’) is initially set to 3000 W in the
first (5 s). A t = 5 s, the demand is increased to a value up to 4000 W t = 10 s and
after she continues to increase to 7000 W during the period of [10–14 s], finally an
decreased of 5000 W has been produced in the rest of the simulation time [14–19 s]
as shown in Fig. 18b, c. In all cases we take into consideration the operating area of
WT (2 or 3).

1. From [0 s to 5 s] as shown in Fig. 18b, c. The active power demanded by the
grid is Pdeman =3000W . During this period, the reference power is lower than
the available wind power [Pdeman <Pextr]. At that moment, a battery recharging
cycle begins and lasts until the SOC achieved 50.048% or higher. During the
recharging time, the battery is charged by the power surplus provided by the
PMSG. The advantage of storing excess wind power has become an important
option in the field of WTs.
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2. For instance we find, from [5 s s to 10 s], the active power demanded by the
grid is Pdeman =4000W(a predetermined value) which is “lower or higher” the
available wind power as presented in Fig. 18b, c. For this reason: First, when the
active power demanded by the grid is higher [Pdeman >Pextr], than the available
wind power(extracted power), the battery supplements (discharging mode) the
output of PMSG in order to provide the demanded power until it reaches its
lowest recommended SOC of 50.03%. Then, when the power demanded by the
grid is lower [Pdeman <Pextr], below the available wind power, this power surplus
provided by the PMSG is also stored in the battery (charging mode), enabling
SOC to increase (50.044%) as observed in Fig. 18d.

3. During the period [10–14 s] where the demand for power is 7000 W maximum,
the latter is greater than the power extracted by the turbine ½Pdeman > Pextr� as
observed in Fig. 18b, c. In this case, the ESS provides electrical power (dis-
charging mode) to compensate for lack of the power supplied to the power grid
(the gap between demand and production). During this period, a battery dis-
charge cycle begins and lasts until 14 s, and a remarkable decrease in SOC
continues up to 49.97% as illustrated in Fig. 18d. This hybrid system is able to
work in unpredictable conditions and overcoming various constraints. Accord-
ing to Fig. 18b, c.

4. The same phenomena of the first interval [5–10 s] is similar to the during the
time interval [14–19 s]. During the period [14–19 s] where the demand for
power is 5000 W, the latter or lower is greater than the power extracted by the
turbine Pdeman > <Pextr as observed in Fig. 18b, c. In this case, the ESS
(provides/absorbed) electrical power (discharging/charging) to compensate or
store for (lack/surplus) of the power (supplied to the grid/provided by the
PMSG).

This hybrid system is able to work in unpredictable conditions (region II or III)
and overcoming various constraints. According to Fig. 18d. In the previous four
steps, SOS rapidly varied to achieve every moment the cycles of charge/discharge
of the battery.

In the last one: active and reactive power control has been achieved by direct
power control DPC-SVM.

To assess the merit of our choice SOSMC, a comparison was made between four
types of controllers (PI conventional, fractional PI, FOSMC and SOSMC), these
controllers are compared with a separately [(PI/PIfractional) (FOSMC/SOSMC) and
(PIfractional/SOSMC)] for objective to clarify their efficacy compared to our selec-
tion. Other shares, these results are supported by a harmonic analysis of each
regulator as shown in Table 2.

Table 2 A comparison of the four Controller types

Controller types PI (conventional) PI (fractional) FOSMC SOSMC

Current THD 3.96% 0.93% 3.86% 0.59%
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Figures 19 and 20 display the (active and reactive powers) on the grid side,
controlled via the proposed DPC-SVM and used four different types of regulators.

From Figs. 19a and 20a, both types of controllers (SOSMC) and (FOSMC) are
able to track the desired slip trajectory precisely but, under the super twister control
algorithm, the (direct, quadrature currents and active, reactive powers grid) track
their reference values with chattering-free smooth profiles. By comparison, the
result of the conventional FOSMC shows some chattering in all the responses. This
phenomenon is highly undesirable as it may produce current distortion. The reac-
tive power is set at zero for unity power factor is shown in Fig. 20a.
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While comparatively, the Figs. 19b and 20b describes these quantities (grid
active and reactive power) under the conventional PI and PI fractional. From these
figures we have observed that the two controllers are able to track the desired
reference precisely with a clear priority to the PI fractional controller.

Figures 19c and 20c assembly the two best resulting regulators (SOSMC,
PIfractional) in “Figs. 19a, b and 20a, b”, this comparison are given a general way the
reason and contentment of our choice of the (SOMSC) controller. After these
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Figures we have observed a high efficiency and smooth to track the desired slip
trajectory precisely unlike the “PIfractional”.

The results obtained in this section show a good performance to follow the
desired path (active and reactive power) compared to conventional regulators such
as (FOSMC, PI and PIfractional).
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Figure 21 illustrates a sample waveform of the grid current for phase A. To see
the efficiency of the proposed control strategy (SOMSC), a Harmonic frequency
spectrum and total harmonic distortion (THD) of the grid current controlled by
(SOSMC, FOSMC, PIfrac and PI) controllers are shown in Figs. 22, 23, 24, and 25a,
b. The THD shown in Figs. 23(b) and Fig. 25b are bigger and reaches 3.86% and
3.96% respectively.

That means, some unwanted distortion in the current waveform as shown in
Figs. 23a and 25a, it means a poor quality of the power delivered to the power grid
when we use (PIconventional and FOSMC). Compared with (SOSMC/PIfractional)
Where is reduced THD (0.59% and 0.93%) respectively as summarized in Table 2.
In the proposed control system (SOMSC), we noticed that the distortion of the
electrical current no longer appears Fig. 22a. This efficiency is due to the elimi-
nation by filtering odd harmonics Fig. 22b.

In Table 2, A comparison of the four strategies of controller types is summa-
rized. The current THD shows that an important improvement in terms of odd
harmonic mitigation (3–11). It can be concluded that the proposed method
(SOMSC) can filter more than 80 and 40% of single harmonics compared to
classical methods (FOSMC, PIconventional) and (PIfractional).
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6 Conclusion and Future Work

Wind speed is often considered as one of the most difficult parameters to estimate
because of its intermittent, which can deviate quickly. Although much effort has
been dedicated to make WTs in wide operating range (to include more than one
region at the same time).

In this chapter, a novel supervisory control scheme has been proposed to opti-
mize the power management of a hybrid renewable energy system in the both
regions (II and III) and to evaluate the coordinate operation of a grid connected of
PMSG wind turbine and BESS.

In comparison with the existing works, our proposed architecture of control
systems (supervisory control) provide to the WTs a freedom to work in a wide
range with high protection in rated wind speed. The effectiveness of the control
architecture has been checked by simulation study and compared to conventional
control techniques, the proposed configuration considered was tested under varied
operating conditions.

The significance of this work is indicated below:

a. System Design

• The WT proposed in this study is (Horizontal-axis/variable speed wind
turbine/three-bladed).

• Due to its simple structure with characteristic self-excitation that can work
with. The PMSG is nowadays a popular choice for variable speed WTs.

• Due to the inherently sporadic nature of the wind which can deviate quickly.
The utilization of the BESS in WT increases the safe operation of the power
grid, balance the supply and demand sides.

• The three converters are controlled precisely to mitigate grid power distur-
bances and ensure the maximum power extraction for each wind speed.

b. control system Design

• The generator side controller used to track and limited the maximum power
generated from WT by controlling the rotational speed of the PMSG in the
(region II and III) for this reason a FLC-SOSMC were designed to extract the
maximum aerodynamic power up to the rated power (tracking mode),
regardless of the turbine power-speed slope. If the wind power exceeds the
rated value, the system switches to power regulation mode, via the power
limitation circuit (limitation power mode).

• The battery DC/DC converter is controlled to maintain the DC bus voltage at
its rated value. The ESS provides or stores the power mismatching between
the actual wind power and grid demand. As a result, the hybrid system is
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able to provide constant power to the grid as the incoming wind varies and
increases the power transferred to the grid when required.

• In the grid side converter, the described DPC-SVM based on high order
SMC has been designed to control the active and reactive powers exchanged
between the PMSG and the grid. On the other hand, the grid power quantities
provided by the SOSMC strategy shows smooth waveforms with good
tracking indices and small THD compared with (FOSMC, PIconventional and
PIfractional).

c. Results judged (obtained contribution)

• It can be judged that the proposed structure (VSWT, PMSG, BESS) along
with the integrating of the supervisory control strategy based on robust
nonlinear techniques (FLC, SOSMC) turns the classical system into an
enhanced stable, reliable and effective hybrid system with uniform protec-
tion, ensuring the power quality and management in the system under var-
ious operating conditions (region II and III).

d. Future work

• In future research, the authors wish to explore a methodology to store excess
wind power when the BESS is in a state of saturation, there is more wind
power and a decrease in demand.

• In addition, the present work focused on the implementation of efficient and
robust control system for power management (limitation, tracking and
delivered) by the wind hybrid system. To evaluates this work, the experi-
mental results are necessary (test bench).

• We also plan to implement this method on several proposed wind turbines
(small wind farm with high power), with optimization in untreated Points by
others as: intelligent control for limiting the power in rated wind speeds or
above par and controlling the AC/DC/AC.

Appendix A

Tables 3, 4 and 5.
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Table 3 Nomenclatures and Abbreviations

Nomenclature

Vsd, Vsq, Isd, Isq The direct and quadrature components of the PMSG voltages and currents
respectively

Rs, Ld, Lq The resistance, the direct and the quadrature inductance of the PMSG
respectively

ψm The magneticflux
Te The electromagnetic torque
ωe The electrical rotational speed of PMSG
np The number of pole pairs

Vdg, Vqg, Idg, Iqg The direct and quadrature components of the grid voltages and currents
respectively

Vdi, Vqi The inverter voltages components

Rg, Ldg, Lqg The resistance, the direct and quadrature grid inductance respectively

Vbat, E0 The battery rated voltage and the internal EMF respectively
Ebatdisch, Ebatcharg The discharge and charge voltage respectively

Ri, Q The internal resistance and the battery capacity respectively

it, i* The actual battery charge and the filtered current respectively

BESS The battery energy storage system
WTG The wind turbine generator
MPP The maximum power point
FLC The fuzzylogiccontroller
SOSMC The second order sliding mode control
FOSMC The first order sliding controller
WECS The wind energy conversion system
PMSG The permanent magnetsynchronousgenerators
MPPT The Maximum Power Point Tracking
ESS The energystorage system
TSR The tip speed ratio
HCS The hill-climbsearching
MSC The machine sideconverter
GSC The gridsideconverter
BSC The batterysideconverter
WT The wind turbine

Table 4 PMSG parameters Nominal power P= 6 kw

Stator resistance Rs = 0.4 Ω
Direct stator inductance Ld = 8.4 mH
Stator inductance quadrature Lq = 8.4 mH

Field flux ψfl = 0.4 wb
Number of pole pairs np = 12

Inertia Jt = 0.089 kg.m2

Friction f = 0.0016 N.m
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