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The utilization of renewables is developing rapidly due to
environmental issues and a lack of fuel fossils. In this regard, wind
turbines, as a type of renewable energy source, have been widely
adopted in the power system thanks to their higher power
generation capacity. Numerous methods have been introduced so
far to control wind turbines, which are essential in generating wind
energy. The sliding mode control, because of its unique features
like being resistant to external disturbances, dynamics unmodeled
and uncertainty, the relative simplicity of the control law, a
relatively small amount of calculations, and straightforward

Accepted: 06 March 2024; implementation, is amongst the most preferred control designs in

this realm. In this study, the control strategy is based on a
combination of sliding mode and particle swarm optimization and
is applied to a wind turbine with a grid-connected squirrel cage
induction generator. The proposed method maximizes the power
output of the wind turbine by limiting small changes in the
electromagnetic torque. The main goal of the suggested design is to
reduce the squared error of the electromagnetic torque, rotor
speed, and stator current. The sliding mode control for the wind
turbine helps obtain optimal values for the parameters of the
design.

Article type:

Research Article

1. Introduction
1.1. Modified quadratic power curve

The use of renewable energy sources is expanding rapidly due to environmental
concerns and the depletion of fossil fuels [1-3]. Among these sources, wind turbines have
attracted considerable attention over other renewable technologies because of their
significant power generation potential [4-5]. Wind turbines can be categorized based on
their operational speed into two types: fixed and variable speed [6-7]. Variable-speed
wind turbines offer numerous advantages over their fixed-speed counterparts, including
the ability to align the generator shaft speed with varying wind speeds. Several control
methods have been proposed by researchers to optimize turbine performance. For
instance, some have developed a feedback controller for the system using linear control

methods. These approaches rely on linearizing the wind turbine model, simplifying the
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turbine equations, and designing the controller, which can simplify the analytical solution.
However, linear controllers are limited by the wind turbine's nonlinear characteristics
and cannot achieve the desired optimal performance due to these limitations and
nonlinear behaviors. Sliding mode control, known for its robustness to external
disturbances, unmodeled dynamics, and uncertainties, along with the simplicity of its
control law and minimal computational requirements, emerges as an ideal solution for
controlling nonlinear, multivariable systems like wind turbines. Thus, sliding mode
control is considered by many researchers as the preferred method for achieving optimal
turbine control.

1.2. Research background

Ref. [8] discusses the high-order sliding mode control method due to features such as
reducing external mechanical stress, limited arrival time, and resistance to external and
dynamic disturbances, including unmodeled ones. This article utilizes a 2nd order vector
slip surface to generate control signals. It employs rotor current and electric torque to
maximize output power without damaging the system. Article [9] explores control of
production power in turbines, acknowledging that wind speeds vary. It introduces a
system with two working areas dependent on peak speed, utilizing a high-degree sliding
mode control method to ensure system stability in both areas and to apply ideal feedback
control. Despite model uncertainties, this control method demonstrates resistance to
system parameter uncertainties. It calculates the speed of the rotor and its torque via a
sliding mode observer, and the difference from the optimal torque is used as the control
error. A sliding mode modulator is employed to control the output power. Another
approach for controlling the generator [10], is the adaptive fuzzy integral variable
structure controller, aimed at maximizing wind power by adjusting turbine speed based
on wind speed. This surpasses traditional control methods reliant on mathematical
models. It introduces an adaptive fuzzy integral variable structure for control. The
combination of a robust nonlinear controller with quadratic sliding mode control [11]
represents another strategy for turbine control. This method integrates a robust
nonlinear controller with a quadratic sliding mode method, known as the strong
convolution algorithm, to manage the wind turbine system. The goal is to maximize wind
energy captured by the turbine and maintain the stator power factor of a wire rotor
induction generator at a desired level. Ref. [12] proposes a method to control generator
speed, presenting a variable-speed wind turbine power control method connected to the
grid. Another study combines integral variable structure control and directional field
vector to manage rotor voltage, subsequently controlling rotor current and stator voltage
[13]. To address the buzzing phenomenon, a saturation function replaces the sign
function. Additionally, to minimize steady-state error, an integral sliding surface is
employed, which overall achieves our objectives for the smoothness and safety of the
generator in controlling no-load disconnection.

In another approach, sliding mode control is utilized for bending angle control due to
its fast response, minimal lift, and resistance to disturbances. However, the sliding mode

method often encounters the issue of creating a buzzing phenomenon. This article
Journal of Green Energy Research and Innovation 1(2) (2024) 64-80
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mitigates the problem through the use of a pseudo-sliding mode generator, showcasing
that the control agent employed offers higher efficiency compared to traditional integral
controllers [14]. Ref. [15] discusses a control strategy employing a nonlinear flow on the
turbine for variable-speed wind turbines with dual induction generators. Ref. [16]
presents an enhanced direct power control method for grid-connected wind turbines,
especially when facing unbalanced grid voltages. Furthermore, Ref. [17] explores the
application of second-order sliding mode control for synchronous power control in
networking.

1.3. Research gaps and contributions

Control of wind turbines using sliding mode control is sparsely covered in existing
research. This method, notable for its distinct capabilities, is the focus of this paper. Sliding
mode control is characterized by its variable structure, rapidly switching between
multiple control strategies. The initial design step involves selecting a suitable sliding
surface, crucial for modeling the system's optimal closed-loop performance in the variable
state space. Subsequent steps include determining the paths for system control to ensure
it remains within the desired trajectory [18]. The design of a sliding mode controller for
wind turbines, especially variable speed ones, prioritizes ensuring effective performance
and control stability. As demonstrated in Figure 1, this paper utilizes a smart particle
swarm algorithm to optimize the parameters of the sliding surface function for sliding
mode control. It's worth mentioning that the approach outlined in this paper potentially
maximizes the power harvested from the wind turbine by minimizing fluctuations in
electromagnetic torque. Essentially, this paper proposes a control strategy that merges
sliding mode control with an optimal algorithm, specifically particle swarm optimization,
applied to a grid-connected wind turbine with a squirrel cage induction generator. This
strategy aims to achieve two objectives. The primary goal is to maximize the wind power
captured by the turbine, while the secondary goal, pursued concurrently, is to minimize
changes in electromagnetic torque. The innovation and features of this approach are
highlighted as follows:

- Using the sliding mode control for the wind turbine to obtain the maximum power from
the wind system.

- Determining the optimal values of the parameters of the sliding surface function of the
sliding mode control for the optimal performance of the wind turbine.

Next, the proposed design model for the wind turbine is detailed in the second part.
Following that, the third part provides numerical results to assess the effectiveness of the
proposed design. Finally, the fourth part discusses the overall implications of the results.

2. Wind turbine model

Figures 1 and 2 present the comprehensive block diagram of the system under study,
which is a variable speed squirrel cage induction generator (SCIG) controlled via sliding
mode. Additionally, the parameters of the sliding mode controller are optimized using the
Particle Swarm Optimization (PSO) algorithm, thereby assessing its optimal

Journal of Green Energy Research and Innovation 1(2) (2024) 64-80
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configuration. Consequently, the model of the wind power plant, the sliding mode
controller, and the PSO algorithm are detailed in the subsequent sections.

2.1. Wind energy conversion system model

Based on Figure 2, the important components of a variable-speed wind turbine are:

Wind speed (v)
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Figure 1. General of the proposed plan.
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1- Turbine
2- gearbox
3- Squirrel rack induction generator (SCIG) connected to the grid
Therefore, in the following, the mathematical model of these components will be
presented in order, which expresses their behavior in the studied system.
A) wind turbine model (aerodynamic section) Wind turbine generally converts the
kinetic energy of the wind into mechanical energy slowly and also the total energy
available from the wind turbine can be calculated from Equation (1):

E, = Lo
2

(1)

where (m) represents the mass of air passing through a square disk of one square
meter, and (v) denotes the wind speed, expressed in meters per second. It should be noted
that the air mass can also be calculated from Equation (2):

m= pAd (2)

In Equation (2), (p) represents the air density, (4) denotes the area swept by the
turbine blades, and (d) is the distance from the wind source. According to Betz's theory,
the mechanical power extractable from the wind turbine (P,) can be calculated using the
form of Equation (3):

P, :% pIRAC, (2, ) 3)

where (R) is the radius of the wind turbine blade, (1) represents the tip speed ratio,
and (f3) denotes the pitch angle, referring to the angle between the chord of the blade and
the plane of rotation. Finally, (C,) is the power coefficient of the wind turbine. It is

noteworthy that the tip speed ratio is given by Equation (4):

oR
A== (4)
(w,) is the rotational speed of the wind turbine rotor. It should be noted that Ref. [19]
has derived a mathematical relationship for (Cp), which is expressed in the form of
Equation (5):
1 0.035 (5)

C.(1,B)=05176x (116" —0.43-5)xe? +0.00681 VI = -
(1) “ p=5)x 110085 f+1

Phrase I' introduces a covariate for calculating (Cp). Moreover, the power of the rotor
(aerodynamic power, also denoted as (P,)) is given by Equation (6):
P, =0T, (6)
that (T q) is equal to the aerodynamic torque, and Equation (7) can be calculated by:

T, = %ﬂpRSCq (AV? (7
where (C ¢) is calculated based on Equation (8):
Cpo(A)
Ca()=— (8)
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B) squirrel cage induction generator model (SCIG): Voltage equations of squirrel cage
asynchronous generator in dq frame of reference based on references [19-20] can be
expressed as Equation (9):

Vs Ro+Lip -—al (I - Ly, Igs

Vqs _ a)ll-s Rs + Ls p a)le I-m p iqS (9)
0 L,p 0 R +Lp 0 igr
0 oLy, 0 oL, R, Iqr

Also, the equations of connected flux are based on [20-21] and can be calculated by
Equation (10):

$ss | [Le O L, O is

Pus 0 L 0 L,|igs

bo | 1Ly 0 L 0|, (10)
bo | 1O Ln O L lig
Hence, the SCIG torque equation can be calculated by Equation (11):
T, :npt—t‘iqsqﬁ, (11)
Additionally, this is described by Equation (12):
%= Tr:m+1idS (12)

In the aforementioned equations, (v4s) and (v4s) represent the components of the
measured voltage; (ig4s), (igs), (igr), and (ig,-) are the respective stator and rotor current
components. The vector components of stator and rotor flux linkages are denoted as
(bas), (Pgs), (dbar), and (¢pg,-). Stator and rotor phase resistances are indicated by (R;)
and (R, )respectively. (L,) and (Lg) correspond to the stator and rotor inductance, while
(L) signifies the mutual inductance between the stator and rotor. The symbol (n,)

stands for the number of pole pairs, (p) denotes the time derivative ((%)), (wg)

represents the synchronous angular velocity and the rotor time constant ((73.)) is

L
expressed as (—RT).
T

2.2. Proposed sliding mode control

Sliding Mode Control (SMC) has been applied to various systems recently due to its
simplicity in implementation and robustness against uncertainties and external
disturbances [22]. SMC involves guiding the system to a desired sliding surface and then
applying a control law to ensure the system remains within this surface [23]. The design
process of SMC includes 1) selecting the sliding surface, 2) specifying the conditions for
convergence, and 3) defining the control law for sliding mode, with each step detailed
below:

A) Selecting the switching level: A nonlinear system can be be expressed as Equation
(13):

X = f(X,1)+g(X,u(X,t1) X eR" ueR (13)
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that f(X;t) and g(X,t) are assumed to be bounded and non-deterministic linear non-
continuous functions. Generally, the form of Eq is utilized by Cellutin to determine the
sliding surface [24], as presented in the following form, known as Equation (14):

n-1
S(X)=(%+y) e, e=XT-X, X =[X,X,., X", x4 =[x?¢ x4 X9, ..T (14)

where, e, 7, n, X9, and X are equal to the error vector, positive coefficient, system degree,
requested state vector, and state vector, respectively.

b) Definition of convergence conditions: Convergence conditions that determine the
allowed and non-allowed area are established through the Lyapunov Equation [25] as
depicted in Equation (15):

S(X)S(X)<0 (15)
The control algorithm is defined by Equation (16):
u=u®+u” (16)

where u, u eq, u ", sat(S(X)/@ ) and are Control variable, equivalent control variable,
switching control, saturation function and threshold width of the saturation function
respectively. See Equations (17) and (18):

u" =u"sat(S(X)/¢) (17)

sgn(S) if |Sp>e

sat(S(X)/(/’)z{ Sle if |Ske

(18)

Based on Equation (12), the rotor flux (¢,) is solely a function of the d-axis stator
current (i;s). Thus, if the rotor flux remains constant, the generator torque (7T,) depends
only on the g-axis stator current (iqs). Consequently, controlling T, can be achieved by
regulating i,s. A proposed SMC scheme for controlling the electromagnetic torque (7¢) of
a variable speed SCIG wind turbine is illustrated in Figure 3. In the variable speed wind
turbine system, the sliding surface is chosen to allow the turbine to operate near the
optimal regime characteristics [26]. Therefore, the sliding surface in this study is selected
based on Ref. [27] as follows in Equation (19):

S =mJ,@, +m,Jd.T, -0 (19)

=5
W’mdzy)

Sliding Mode Complete
Controller Power |
Chain 1

Electromagnetic torque T.

High-speed shaft

Figure 3. Sliding mode control plan.
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The total sliding mode control law for the variable speed wind turbine system is the
sum of the equivalent control components and switching control components. This is
considered in Equations (20)-(22)

To_rer =U%+u" (20)
e Te

ud =T, _1+m2Jt (myJyan, +myd T ) (my — A(4,V)) (21)

A(/l,v):(K.v.Rz)/ 2(Co(.a-Co(n)1 22 (22)

Considering K = 0.5mp * R? and (C5(1)) equal to the derivative of the power factor
relative to (A). Also, (m; = —1/Ty,,) is equal to the inverse of the time constant, and (m,)
is equal to the static gain. This relationship is presented as Equation (23):

Dnopt
Teopt (1+K(a’h — Whopt ) / a’hopt)

My =—My (23)

The switching component of the control of the sliding law ((u,)) is determined by
selecting the Lyapunov function. The root form of the obtained sliding surface is calculated
according to Equation (24):

u" =-asgn,(S) (24)

2.3. Particle swarm algorithm (PSO)

To initiate the particle swarm optimization (PSO) algorithm, specific populations are
established for each variable. Subsequently, a random value is generated for each variable
and population within the predefined range of variable changes. The next phase involves
calculating the fitness function for each population, noting that the fitness function aligns
with the objective function of the problem at hand. Following this, the algorithm
determines the best point, representing the optimum of the fitness function, with the
variables at this juncture denoted as (x..). To navigate towards this optimal point, the
particle transitions to a new position at a certain velocity. Thus, this stage necessitates the
computation of the particle's new velocity and position, achievable through Equations
(25) and (26), respectively [28].

(1) _ () 0 _ () 0 _ (0
VI = wvi +¢ xrand, x (X, —x{ )+ ¢, x rand, x(x&, - x{) (25)

(k+1) _ (k) (k+1)
X[ =X 4V (26)

In Equation (25), the coefficients (c;), (c;), and(w) are recognized as the tuning
parameters of the particle swarm optimization algorithm. Modifying these parameters
can enhance the algorithm's proficiency in problem-solving at certain points. Typically,
based on empirical evidence, suitable values for (c;), (c;), and (w) are 2, 2, and 0.7,
respectively. This formula indicates that the velocity of each particle is determined by its
deviation from the target position. Subsequently, Equation (26) calculates the particle's
new location. The subsequent step involves evaluating the fitness function for the new
positions of the particles and assessing the convergence criteria. It's important to note
that these steps are iteratively refined to achieve convergence. For this study, the

Journal of Green Energy Research and Innovation 1(2) (2024) 64-80
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objective function, or fitness criterion, for the particle swarm optimization is defined as
the mean squared error (MSE), detailed in Equation (27):
MSE = — 3e(K)? (27)
nT o

where (e(k)) represents the total number of samples, and (T) denotes the sampling
time. (e) signifies the deviation between the reference rotor current and its actual value
in the (d) direction, the difference between the reference electromagnetic torque and its
actual value under Sliding Mode Control (SMC), and the disparity between the reference
rotor speed and its actual speed. It is important to highlight that, as illustrated in Figure
2, the output of this process consists of the decision variables, which serve as reference
signals for the torque, rotor current, and rotor speed.

3. Numerical results

In this section, the capability of the scheme is investigated. Hence, the case study is
introduced first, and then, the obtained results are expressed.

3.1. Study case

The system under consideration is integrated into a 2 MW wind turbine. It's important
to note that the characteristics of its generator and the aerodynamic components are
detailed in Table 1. Additionally, it is assumed that the turbine experiences no friction,
leading to the friction coefficient (K;) being set to zero. Moreover, the optimal settings for
the Particle Swarm Optimization (PSO) algorithm, namely the inertia weight (w), and the
acceleration coefficients (c;) and (c;), are chosen to be 0.7, 2, and 2, respectively, as per
Ref. [23]. The algorithm is configured with a population size of 20 and is set to run for 100
iterations.

16 n

_ — —_
=) ') =~

Wind speed (m/s)

o0

0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4. Time graph of wind speed.
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Table 1. Wind turbine parameters.

Parameters Values
K, 0
J, 4.4532 +10° Kgm?
P 1.225 kg/m3
R 37.5m
Ts 0.1

The performance of the wind turbine is significantly influenced by wind speed, making
it a critical input parameter. In this study, the wind speed considered for the turbine is
depicted in Figure 4. As illustrated, the wind speed fluctuates widely within both high and
low-speed ranges, introducing a random element that tests the system's resilience across
these conditions. The wind speeds range from 7 to 16 meters per second. It's important
to clarify that such variability represents an extreme scenario unlikely to occur in practice.
Rapid and severe changes in wind speed are rare in real-life conditions and are employed
here solely to assess the robustness of the control system under challenging
circumstances.

3.2. Results

The results depicted in Figures 5 to 9 showcase various parameters: the input time
curve of the bending angle, bending angle itself, aerodynamic power, aerodynamic torque,
turbine absorption coefficient, rotor speed, rotor flux in the q and d directions, generator
torque, and the generator output voltage along the d and q axes. An examination of Figure
(5-a) and a comparison with Figure 4 reveal that an increase in wind speed, or when the
wind speed is notably high, triggers a control input signal for the bending angle, whereas
this signal remains zero in conditions of low wind speed.

It is observed from Figure (5-b) that when the bending angle control input signal is
engaged or is non-zero, the bending angle changes. This alteration helps in reducing the
mechanical stress on the wind turbine, thereby preventing damage to the wind turbine
system. Corresponding to the wind speed shown in Figure 4 and the bending angle
depicted in Figure (5-b), the daily absorption coefficient curve resembles what is shown
in Figure (5-c). From this figure, it is evident that the absorption coefficient consistently
registers low values. However, due to variations in wind speed, the absorption coefficient
curve is also subject to change over time. Nonetheless, as illustrated in Figures (5-d) and
(5-e), the wind turbine exhibits high aerodynamic power and torque. It is important to
note that, in many instances, the rotor speed difference relative to its reference speed
diminishes, as shown in Figure 6.

Figures (7-a) and (7-b) display the rotor current curves in the q and d directions,
respectively. It is important to note that the current in the d direction correlates with the
reactive power of the turbine, which remains constant regardless of wind speed; hence,
the rotor current in the d direction remains constant. Conversely, the flow in the q
direction is tied to the aerodynamic power and, thus, varies in accordance with wind

Journal of Green Energy Research and Innovation 1(2) (2024) 64-80
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speed. Consequently, the generator's output active power, which depends on the rotor
current in the q direction, also fluctuates over time, as depicted in Figure 8. The last graph
showcases the stator voltage in the d and q directions, presented in Figure 9.

From the figure, it's evident that the output voltage fluctuates over time, reflecting
variations in wind speed. This phenomenon is attributed to the need for the rotor current
in the g-direction to align closely with its reference signal, minimizing the error rate.
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Figure 5. Time diagram, a) Bending angle input, b) Bending angle, c) Turbine absorption
coefficient, d) Turbine aerodynamic power, e) Turbine aerodynamic torque.
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Figure 6. Time graph of real speed and rotor reference.

Consequently, the reference signal for the rotor current in the q-direction changes with
wind speed, necessitating adjustments in the rotor current to match wind speed
fluctuations. This adjustment leads to changes in the generator's output voltage.
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Table 2 details the mean square error deviations for the control strategies under
review: one employing solely sliding mode control and another combining sliding mode
control with the PSO algorithm. The data indicate that the mean square error is
significantly reduced in the design that integrates sliding mode control with the PSO
algorithm, showcasing a notable advantage of the proposed design.

x10°

0 10 20 30 40 50 60 70 80 90 100
Time (s)
(a)
x10°
1
8k
— T Reference signal of L,
6 —
-—4E 41 N
2 —
0 - -
| | | | | | | | I
0 10 20 30 40 50 60 70 80 90 100
Time (s)
(b)

Figure 7. Time diagram, a) rotor current in direction g, b) rotor current in direction d.
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Output power of generator
58] e

o

1 | 1 1 1 1 1 | 1
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Time (s)

Figure 8. Time diagram of active generator power.
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| 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

(a)

0 10 20 30 40 50 60 70 80 90 100
Time (S)

(b)
Figure 9. Time diagram of the output voltage of the stator, a) in the direction of d, b) in the
direction of q.

Table 2. Mean square error deviations for different study cases.
Level Study case
34/12 Proposed design with sliding mode control

The proposed combination of sliding mode control and PSO

57/8
/ algorithm

4. Conclusion

In this paper, the wind turbine model is a combination of sliding mode and PSO
algorithm. In the turbine model, the aerodynamic part and its generator were considered.
Then the first-order sliding mode controller was presented on the proposed system.
Finally, the PSO was applied to minimize the error correction between the reference signal
of the control variables and the variables themselves. Then, the proposed problem was
applied to a standard wind turbine and based on the numerical results, the following
general results were obtained:

- Increasing blade bending angle at high-speed winds to reduce mechanical stress and
damage mechanical flexibility
- The input signal of bending angle control at speed is zero the low wind was due to the

lack of high mechanical pressure
Journal of Green Energy Research and Innovation 1(2) (2024) 64-80
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- The low absorption coefficient of the wind turbine due to the proper control of the
blade bending angle at speed upwind

- Changes in aerodynamic power and moment proportional to time and their
dependence on wind speed and blade bending angle I see

- Excellent tracking of the rotor current in the q direction with minimal error when using
a combination of sliding mode control and PSO algorithm

- Excellent tracking of the rotor current in the d direction with minimal error when using
a combination of sliding mode control and PSO

- Dependence of the rotor current in the g direction on the wind speed due to the
dependence of the rotor current in the g direction on the active generator power

- The lack of dependence of the rotor current in the d direction on the wind speed is due
to the dependence of the rotor current in the d direction on the reactive power of the
generator.

- Generator output voltage changes proportional to wind speed to properly control the
rotor current in g and d directions

- A low mean square error (MSE) if a combination of sliding mode control and PSO
algorithm is adopted.
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