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Abstract: A second-order sliding mode (SOSM)-based direct power control (DPC) of a doubly-fed
induction generator (DFIG) is introduced in this research paper. Firstly, the DFIG output powers are
regulated with the developed SOSM controller-based DPC scheme. The Super Twisting Algorithm
(STA) has been used to reduce the chattering phenomenon. The proposed strategy is a combination
of the Lyapunov theory and metaheuristics algorithms, which has been considered to identify the
optimal gains of the STA-SOSM controllers. The Lyapunov function method is employed to define
the stability regions of the controller parameters. On the other hand, the metaheuristics algorithms
are mainly employed to select the fine controllers’ parameters from the predefined ranges. A Thermal
Exchange Optimization (TEO) method is used to compute the optimal gain parameters. To prove the
superiority of the proposed TEOQ, its obtained results have been compared with those obtained by
other algorithms, including particle swarm optimization, genetic algorithm, water cycle algorithm,
grasshopper optimization algorithm and harmony search algorithm. Moreover, the results of the
introduced TEO-based SOSM controller have been also compared with the Proportional-Integral
(PI)-based vector control and the conventional sliding mode control-based DPC. Moreover, an empirical
comparison is carried out to investigate the indication of every metaheuristics method by employing
Friedman’s rank and Bonferroni tests. The main findings indicate the effectiveness of STA-SOSM
control for system stability and power quality improvement. The ripples in the active and reactive
powers are minimized and the harmonics” distortions of stator and rotor currents are improved.
Besides, the STA-SOSM controller shows a superior performance of control in terms of chattering
phenomenon elimination.

Keywords: modeling; Lyapunov theory; second-order slide mode control; doubly-fed induction
generator; super twisting algorithm; advanced metaheuristics

1. Introduction

In recent years, the utilization of renewable energy sources has prompted a reduction in
conventional fossil-fuel energy source dependency. Wind energy as a renewable source has gained
considerable attention because it is clean and pollution-free. It has undoubtedly been the most growing
source in terms of installed capacity. Wind Energy Conversion Systems (WECSs) are mainly based on
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wind turbines (WTs) that convert kinetic energy to electrical energy through an electrical generator.
However, the intensive studies that have been carried out in the wind technology market produced
different wind energy configurations. The most popular configuration is the Doubly-Fed Induction
Generator (DFIG) linked with the WTs. This type is vastly used due to its considerable advantages,
of which the decoupled control of active and reactive powers, low converter costs and mechanical
exertion decrease are the main ones. The DFIG is basically a wound rotor generator. The rotor
windings are linked to the utility grid via a power converter consisting of a Rotor-Side Converter
(RSC) and a Grid-Side Converter (GSC). This topology enables the converter to catch the portion of
20% to 30% of the overall power, resulting in reducing its cost. As such, losses in the converter are
less resulting in an amelioration in the overall performance. However, according to the Global Wind
Energy Council’s report of 2018, DFIG-based wind converter systems are approximately 243.4 GW of
the overall 568.409 GW wind power investiture. This means that DFIG occupies close to 50% of total
wind power generation [1].

Several research works have assured reinforcement of the efficiency of WECSs. Itis well established
that the DFIG running under variable wind speeds to allow capturing the maximum amount of wind
power. To achieve this goal, there exist various control strategies. The classical Vector Control (VC)
scheme is broadly applied for both RSC and GSC converters. This scheme allows independent control of
the power components exchanging between the DFIG and the grid, keeps the Direct Current (DC)-link
voltage constant and realizes the maximum power point tracking. The VC method is mostly attained by
regulating the decoupled rotor converter currents using linear Proportional-Integral (PI) controllers [2].
The major disadvantage of this scheme is that the effectiveness of the DFIG system substantially relies
on the accurate adjusting of the PI parameters and the exact values of DFIG parameters, such as stator
resistance, rotor resistance and inductances. Hence, the PI controllers-based VC method provides poor
performance and low robustness, especially when actual DFIG parameters deviate from the nominal
values which have been used in the control system [3-5].

In this regard, to overcome the shortcomings of the VC method based on linear controllers,
a number of the non-linear control strategies have been proposed in the literature. In [6], Direct Power
Control (DPC) is perfectly performed using the fuzzy logic control strategy. Stator power components
are regulated and contrasted with the linear PI type. In [7], a hybrid control based on a PI controller
combined with fuzzy logic is adopted to perform the DPC strategy. Although the results from
the fuzzy-based controller introduced better performance over Pl-based controller, the difficulty in
fuzzy logic was in the determination of suitable fuzzy rules. A model-based predictive DPC method
was achieved in [8]. The stator power components were predicted in one period of the sampling
frequency, in which the rotor voltage was calculated based on this prediction. The predictive control
strategy introduced a better solution but it was prone to computational problems. In [9], a hybrid
controller based on the multivariable generalized predictive control model and the Heo controller was
implemented. The predictive control term ensured the convergence feature while the Hoo control
strategy was adopted to reinforce robustness under external disturbances. DPC regulation was
proposed using the Artificial Neural Network (ANN)-based system. The proposed ANN system
adopted an individual training technique using fixed-weight and supervised models. This led to a
lower execution time and, therefore, the errors caused by control time delays were reduced. Although
the ANN-based controller presented better performance over the linear PI controller, there were some
problems in the execution of the ANN [10].

Apart from the aforementioned approaches, the Sliding Mode Control (SMC) based technique
has recently been proposed for the DFIG-based WECS. The strengths of SMC lie in its robust
nature performance against uncertainties, parametric mismatch, external unknown disturbances,
fault conditions, fast convergence and simplicity to implement. Indeed, the majority of WTs are
established in rural regions and linked to prosaic grids where dense unsymmetrical loads and voltage
dips happen frequently. Therefore, a robust control approach should be used to ensure the performance
of the DFIG-based WECS and the SMC-based approach is the most suitable candidate. In [11],
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the classical SMC has been adopted to perform the DPC strategy at the stator side by applying the PI
controller to the DC-link voltage. The sliding surface was selected according to the tracking error and
its integration. In [12], the conventional SMC is applied to regulate the rotor speed and the DC-link
voltage. However, the chattering problem remains the most serious challenge when implementing
the SMC strategy, which may involve high control activity and excite unmodeled dynamics. Several
methods were applied to outperform the issue. In [13], the fast exponential reaching law-based
SMC was carried out and compared with the classical exponential reaching law. In [5], a new SMC
law was developed to perform indirect power control, of which the tracking performance and the
robustness to uncertainties were enhanced. In these studies, the chattering phenomenon was clearly
reduced. However, an efficient approach to outperform the chattering issue is to employ high-order
sliding mode ones. In [14,15], the Super Twisting Algorithm (STA)-based Second-Order Sliding
Mode (SOSM) controller is applied to perform DPC regulation, which introduced better performance
compared to other variants of SMC strategies. However, the question that should be highlighted
is related to the selection of the optimal STA-SOSM controllers’ gains. Although these gains are
positive, tuning these effective design parameters to obtain high control performance is a very hard task.
Moreover, the majority of the SMC parameters are adjusted with the manual trial-and-error method,
which remains difficult and time-consuming. Therefore, introducing a methodical approach to attain
the fine gains setting of STA-SOSM controllers is a challenging activity. To this end, metaheuristic
optimization algorithms are recently nominated as an appropriate solution.

In this context, several methods have been applied to select the gains of SMC controllers. In [16],
the Fractional-Order Sliding Mode Controller (FOSMC) is introduced to control the stator power
components of DFIG. The multi-objective grey wolf optimizer was applied to adjust the parameters
of FOSMC. In [17], the DPC strategy is performed by using STA-SOSM control and the Lyapunov
theory was applied to determine the ranges of controllers’ gains. In [14], the DPC approach is also
implemented, in which tuning equations are derived to adjust the gains of the STA-SOSM controllers.
In [18], the direct torque control of the DFIG using the STA-SOSM strategy was implemented.
The rooted-tree optimization algorithm was used to search the optimal gains of the STA-SOSM
controllers. Ripples in the torque and rotor speed were decreased while the system rapidity increased.

In this paper, the STA-SOSM control strategy is proposed to achieve the direct power control
of the DFIG and keep the DC-link voltage at the GSC constant. The main contribution of this work
is to provide a combination method of the Lyapunov theory and metaheuristics algorithms to find
the optimal gains of STA-SOSM controllers. The Lyapunov theory is adopted to define the ranges of
controllers” parameters to ensure the system’s stability, whereas metaheuristics algorithms are mainly
employed to select the fine controllers’ parameters from the predefined ranges. The main contributions
of the proposed designed controller are that it (1) increases the robustness and stability of the controlled
system; (2) provides methodical and less-complicated proceedings based on a novel TEO method to
adjust the gains of the controllers; (3) minimizes ripples in the active and reactive powers; (4) improves
the Total Harmonic Distortion (THD) of the stator and rotor currents. The well-known metaheuristics
algorithms are Particle Swarm Optimization (PSO), Genetic Algorithm (GA), Water Cycle Algorithm
(WCA), Grasshopper Optimization Algorithm (GOA), Harmony Search Algorithm (HSA) and Thermal
Exchange Optimization (TEO). An empirical comparison study between the metaheuristics algorithms is
achieved. Besides, statistical tests are carried out to assess the significance of each method. Furthermore,
the performance of the STA-SOSM control strategy is compared with linear PI controllers for reference
tracking, parameter variations and voltage dip conditions.

This paper is arranged as follows: Section 2 explains the mathematical representation of the DFIG
model. Section 3 shows the representation of the applied super twisting algorithm-based second-order
sliding mode on the DFIG system. Besides, the same section specifies the formularization of the
STA-SOSM controller’s adjusting issue that will be resolved by the recent metaheuristics algorithms.
Section 4 presents the implementation and the validation of the proposed metaheuristics algorithms
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with the Lyapunov theory for tuning the STA-SOSM controller. Concluding remarks are given
in Section 5.

2. Model Statement

2.1. Wind Turbine Model

The WT isin charge of capturing wind energy and transforming it into kinetic energy. The harnessed
mechanical power is expressed as [19]:

1
P = 5pCp(A, )RV, (1)
The power conversion efficiency C, is a dimensionless coefficient, which is a function of the tip

speed ratio and pitch angle. Based on the wind turbine characteristics, the power coefficient can be
calculated from the following general expression [7]:

Cp(A,B) = cl(% —c3p— 04) exp(—%) + ceA )

where ¢; = 0.5176, ¢c; = 116, c3 = 0.4, ¢4 = 5, c5 = 21, ¢ = 0.0068 and A; is defined as:

1 1 0035
A \A+0.088 p+1

®)

The tip speed ratio is expressed as a relation between the blade tip speed and the wind speed. Itis
given by:
4R

A= Vo 4)

If the wind speed is below the rated value, the power coefficient should remain at its maximum
value by applying the Maximum Power Point Tracking (MPPT) strategy and deactivating the pitch
control. If the wind speed exceeds its rated limit, the pitch mechanism is switched on to decrease the
extracted mechanical power.

2.2. Doubly Fed Induction Generator Model

The mathematical representation of the DFIG model can be defined as follows [20]:

C des . .

Vs = Rsigs + dstd — WsPgs Qds = Lsigs + Linig,

Vqs - Rsiqs + % + Cl)s(Pds and (qu = Lsiqs + Lmlqr (5)
Viar = Rylgr + % = (ws — wm)(qu ' ®ar = Lyiay + Lnigs

. dpgr =1L, j
Vagr = Relgr + % + (ws = W) Par Par = Lrigr & Lunigs
In this study, Stator Flux Orientation (SFO) is used to perform the power control of the DFIG.
Supposing that the electrical grid is stable, the stator flux is constant. Besides, for high-power DFIGs,
the stator resistance can be ignored due to its small value [21]. Therefore, according to the above
presumptions, the stator voltages and fluxes can be written as follows [20]:

Vis =0
6
{ Vqs = Vs = ws@ys (©)
Pds = Pdas = Lsids + Lmidr
A . 7)
Pgs = 0 = Lyigs + Linigr
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The stator power components and rotor voltages are expressed as [5,22]:

. . L .
Py = (Visias + Visigs) = =352 Vi

. . V2 Luvts 8
Qs = %(Vqslds + Vdslqs) = %(%Ls - L_SVsldr)
. di .
Vi = Ryig + aLr% — ow;Lyig 9
. digr . Ly ( )
Var = Rylgr + 0Ly + owyLyigy + Th@rPds

whereo = L, —L%/Ls and w; = ws — wyy.

2.3. Grid-Side Converter and DC-Link Models

The GSC part is joined to the grid via an Inductance (L) capacitance (C) inductance (L) circuit
(LCL)filter to a better harmonic reduction of the grid currents. The mathematical model of the GSC
in the dq frame is expressed as in Equation (10). At the fundamental frequency, an LCL-filter can be
approximated to an L-filter [21]:

di , ,
{ Ly~ = ~Rrigg + wgLrigg + eag — Vay (10)

di, . .

Lr5E = —Rrigg — wgLrigg + egg — Vyf
where Rr is the sum of the converter-side R; and grid-side R resistors, and Lt represents the sum of
the converter-side L; and grid-side Lg inductances.

The DC-link circuit, which connects the GSC and RSC components, can be modeled as
follows [5,12]:

av, 1 (3¢
(35 )

At~ Crl\2Vy
where i, is the current flowing between the DFIG rotor and the DC-link. From the voltage dynamics
given by Equation (11), the DC-link voltage can be controlled via the direct grid current.

3. Metaheuristics-Based Integral Sliding Mode Control Strategy

3.1. Problem Statement

The main objective for controlling the RSC circuit is to independently regulate the stator active and
reactive powers. The nonlinear Super Twisting Algorithm (STA)-based Second-Order Sliding Mode
(SOSM) control scheme is employed to directly calculate the required rotor control voltage without
a need to use extra current control loops [11,14]. The proposed STA-based SOSM control scheme is
depicted in Figure 1.

To track the stator power component references, the following sliding surfaces are selected:

t
sq. = Qi — Qs +cq. [ eq, (t) dt
K (12)
sp, = Py —Ds +Cp5fep5(t) dt
0

whereep, = P; —Psand eg, = Qi — Qs denote the tracking errors between the set-point values and actual
values of the active and reactive stator powers, respectively, co, and cp, and are positive parameters
to be tuned. The integral terms are adopted to reinforce the transient response and minimize the
steady-state error [11].
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Figure 1. Metaheuristics-tuned direct power control block diagram of the doubly-fed induction
generator (DFIG)-based Wind Energy Conversion System (WECS).

According to Equations (8) and (9), the dynamics of the switching variables given in Equation (12)
are expressed as:

dSQs dQ: . .
l ar l_[ A +cQ.eQ, — Milgr + rawriyr }+r3[ Vir ]+[ Ndr ] (13)

d,% = T epep, — igr — T4y — 2wrig, Var Nar
where 7y = %%w; =T gR_ﬂ, sty = 71013 = rOJLLr and ry = Vol,fﬁkps) and 14,, 14 are the perturbation
terms related to the unmodeled dynamics, parameters’ uncertainties and any external disturbance at
the reactive and active powers loops, respectively [5].

In the DPC of the DFIG system, the stator power components are controlled by regulating parts
of the converter voltage at RSC circuit. Therefore, the rotor converter voltages are selected to be the
control output variables. From Equations (12) and (13), it can be deduced that:

2 920

5Qs dat_ __

v, — 0, 9¥dr =r3#0 (14)
asPs d dlzs

Wy =0, Wy =r3#0

It can be noted that the relative degree concerning sq, is a first-order relative degree. Similarly,
the relative degree with respect to sp, equals 1 as well. Consequently, the DPC scheme may be achieved
by applying classical SMC or STA-SOSM approaches. Thus, the voltages to be forced to the rotor
circuits components based on STA-SOSM controllers can be calculated as follows [19,23]:

[ Var ]_[ Var, ]+[ Varsrs ] (15)

VLV VWSTA

The last control laws contain the equivalent and super twisting terms. The main objective for
super twisting terms is to ensure that the switching surfaces s5, = 0 and sp, = 0 are attained in a finite
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time. Furthermore, the equivalent control terms V,, and Vg, aim to make the system slide the sliding

manifold. However, the equivalent control terms can be directly calculated by forcing dzts = d‘s;t’s =0.
The proposed Vg, and V., voltages are defined as follows [24-26]:
0.5
{ ‘d/drsTA = _/\Qs 5Qs sgn(st) + YQs (16&)
Yos _
= —agsgn(s.)
0.5
};‘VSTA = —Ap,|sp, sgn(sPs) + Yp, (16b)
- = —ar,sgn(sp,)

where Ao, ag,, Ap, and ap, are positive control parameters to be designed, sgn(.) is the mathematical
sign function and ygq,, yp, are the integral actions of the super twisting terms for the power control law
components. From Equations (15) and (16), it can be deduced that the control laws applied to the rotor
voltage dynamics are given by:

Var = %(—AQS

05 , ) aQ:
5Q, sgn(st) + YQ, T lgy — N2Wrlgr — €Q.€Q, — r

(17a)

dyo
dts = _astgn(st>
05 . . dp*
Vor = %(—/\pS sp,| sgn(sp,) + yp, + riig + rawy + rawyig — cp.ep, — d—ts) (17b)
dyp,
o = —ap,sgn(sp,)

Finally, the proposed DPC strategy based on the STA-SOSM approach, which is designed for
active and reactive power regulation of the DFIG, is shown in Figure 2.

Figure 2. Block diagram of the rotor-side converter (RSC) with the proposed direct power control (DPC)
strategy based on super twisting algorithm-based second-order sliding mode (STA-SOSM) controller.

Moreover, to make the DC-link voltage constant, the direct grid current is regulated thanks to
a designed STA-based SOSM controller. The quadrature one can be utilized to control the reactive
power exchange between the GSC and the grid [27].

The DC-link voltage dynamics (11) can be rearranged under the following form [12]:

AR

“ar = Ddcidg + Mac (18)
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where Dy, = é % “;—‘Z and 7,4, denotes the perturbation term at the DC-link voltage loop.
Let us define the dynamics of the DC-link voltage error as follows [22]:

sv =Vae— Vi (19)
The time derivative of the sliding surface is as given:
dSV . i dV;
dtd = Dicigg + Nac — Tc = Uge + Ndc (20)
. avs_ . .
where . = Dyclgq — Tdc is the new control input.
Finally, the control input i;g is given as:
" 1 05 av,
i, = D_dc(_/\dC‘SVdc sgn(svdc) + Yac + i 1)
Ay
Zf = —adcsgn(svdc)

where A4 and a4 are positive control parameters to be designed, sgn(.) is the mathematical sign
function, y,, is the integral action of the super twisting term for the DC-link voltage control law and
D, #0.

In high dimensional systems, the choice of the control parameters of the SOSM is a big challenge,
where optimal gain parameters ensure the stability and robustness of the system and introduce a
fast response. Control parameter adjustment with the classical manual trial-and-error method is a
time-consuming procedure. Furthermore, the selection of SOSM coefficients based on other methods,
such as Hurwitz stability analysis and linearization around the equilibrium point, can achieve stability
of the control law but without ensuring that the obtained parameters are the optimal ones. To alleviate
the selection of the control parameters of the SOSM control the thermal exchange optimization
algorithm will be adopted to solve the tuning issue, in which the limitations of the control parameters
are used as inequality constraints for the optimization problem. This leads to an increase in the tracking
performance a system and eliminates the chattering problem.

3.2. Robustness and Operational Constraints

Lyapunov stability analysis of the DFIG-based wind converter dynamics leads to nonlinear
constraints on the decision variables of the formulated control problem. The stator reactive power
loop is considered for this analysis since the same methodology can be applied to the stator active one.
By using the control law (17) and taking into account the time derivative of the slide surface as given
in Equation (13), the dynamics of S, can be represented as follows [23,25]:

{ zf}?‘“ = g8, O‘SSgn(SQS) + yQ, + Nar
2 = —ag,sgn(sg, )

(22)

Let us consider that the perturbation term 1, of the system (13) is globally bounded as follows:

0.5

Inar| < ¥aulso. (23)

where Y, is a positive constant.
Now, the following quadratic Lyapunov function is selected as a candidate function as follows:

Vo.(sawva.) = £h.La.ca, (24)
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T
where &o. = [& &]T = [|SQS'O'5sgn(sQS) st] and Ly, > 0 is a positive definite matrix with the

following form:

dag + A% -A
Co2l Ao 2
The first time derivative of g, can be expressed as follows [17]:
&g 1
= —(A 2
T = iz(Aege +Bia) (26)

—300. 3 1o["
where Ag, = ( Cag. 0 )and B= [E 0] .
Then, the time derivative of Vi, (SQS, st) along the trajectories of the system (16) is computed as:

dv S T
2 (s0.v0) =~ b MTeg + IENTEg @)

2ag, + A7, —Ag, A2

where M = % QbA Qs 1Qb ] and NT = [(Z(XQS + TS) - Ags ]
Qs

Using the bounds on the perturbation (23), it can be demonstrated that [25]:

Vo,
W(SnyQs) |é| 0.Q0.0. (28)

where the matrix Qg is expressed as:

7410 ¥, (Ao + Yo

Qo = —(AQS + ‘PQS) 1

(29)

&[ Z(XQS + A2Qs — (4
2

when this matrix is symmetric and positive definite, i.e., Qo = Qg > 0, there exists a candidate

Lyapunov function (24) satisfying %(SQS, yQS) < 0 and the control system will reach to the origin
in a finite time. So, to have Qq, as a positive definite matrix, the range values of Ap, and ag, should
respect the following nonlinear constraints:

Ag, > 2¥g, = Amin

510, ‘YQQ a¥2, i (30)

%0, > Ao g awg) ~ %0

To have the stability condition related to the sliding variable sp,, the same methodology is adopted
as for the stator reactive one. Similarly, the range values of Ap, and ap, are derived as follows:

Aps > Zpr = /\min
%s _ ,min (31)

04 - - — O
p (Aps—2%p,) P,

s

For the DC-link voltage dynamics, the limitations of the effective control parameters are
determined as:

504 +4\1/ . (32)
Age > /\dc—z(d cde = qn

{ Ade > 2% g = AT
Aae—2%ac) de

where ¥ ;. > 0is a positive constant.
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Moreover, the stability conditions for the parameters of the grid current controllers

/\idg’ aidg’ /\iqg’ aiqg are:
Aiyg > 2Lge = Ag}gin
2 2
Aiyg > 4(A-AiigzL ) Ylngg - agclin >
ixg 88 xg 8

where x can represent the d or q axis. For some constants ¥, > 0.

3.3. Control Problem Formulation

Although the convergence of the sliding surfaces can be guaranteed, an important question should
be highlighted. This question is related to the selection of the optimal STA-SOSM controller’s gains.
Although we know that the gains A, and a,, for n € {Qs, Ps, Vy, idg, iqg} are positive, tuning these
effective design parameters to obtain a high control performance for the studied DFIG system is a
very hard task. Poor tuning of the gains may lead to deteriorating the system control performance.
Moreover, the majority of the SMC parameters are adjusted with the manual trial-and-error method,
which remains difficult and takes much time [28].

In this work, five STA-SOSM regulators for the external and inner-loops at the RSC and GSC
circuits are taken into account for the optimization procedure. These nonlinear and robust regulators for
the stator power component dynamics, DC-link voltage and grid current components are systematically
designed and tuned thanks to the proposed TEO algorithm. However, more details about the TEO can
be found in [20,29].

The decision variables of the formulated hard optimization problem are obviously the A, and a,
parameters for the designed STA-SOSM controllers (17) and (21). They are specified for the optimization
process as:

T
x = [Aqu Q. Ades Xer Aiyy iy | € SCRY (34)

where § = {x € Ri,xlow <x< xup} denotes the bounded search space for the STA-SOSM controllers’
tuning problem. For optimal control approaches, the objective functions are defined by popular
performance criteria, such as Integral Absolute Error (IAE), Integral Square Error (ISE), Integral
Time-weighted Absolute Error (ITAE) and Integral Time-weighted Square Error (ITSE). The targeted cost
functions are optimized considering the time-domain constraints, such as the overshoot, steady-state
error and rise and/or settling times [21,30]. To enhance the performance of the controller through a
proper selection of SOSM parameters, the defined stability and robustness conditions in Equations
(30)—(33) are forced as inequality constraints for the formulated optimization problem. Therefore,
the adjusting problem associated with the STA-SOSM regulators of the DFIG is completely formulated
as a constrained optimization problem as follows:

minimize Jy, (x,t), m € {IAE, ISE,ITAE, ITSE}
T
X = [AQS’ aQs’ /\dC/ Xde, Aidg’ aidg] S Cc Ri

subject to :
21 (x, t) = 0p, — 611;1Sax <0

_ _ smax
S 35)
gB(x/ ) — Odec — dI%aX_
§a(3,1) = bjy =0T < 0
8s(x,1) = by =07 <0

/\n,min < An < An,max

Ay min < O < Apmax, 1 € {Qs/ Vies idg}
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where [, : ]Rﬁ_ — R are the cost functions, g : ]Rﬁ_ — R are the problem’s inequality constraints,
Oder Oi " O; " op, and O¢, are the overshoots of the DC-link voltage, grid current components and stator
power components, respectively. The terms 671, 62:", 62‘;", op.* and 685" indicate their maximum
specified values.

The optimization issue (35) is a multi-objective kind. Therefore, the weighted sum-based
aggregation functions are adopted to hold these multiple costs. The objective function is defined using

the IAE index as:

b feis Ge D)t
Jiag(x,t) = [wvdc Wiy, Wiy, WQ, wPS] fOT lei, (x, 1)t (36)
(x, )|t
)

where T denotes the total simulation time, w, € {Qs, Ps, V., idg, ige( are the weighting coefficients
satisfying Y, w, = 1 and ¢;(.) are the tracking errors defined ep (x,t) = P;—Ps(x,t), eg,(x,t) =
r

Qs = Qs(x ), eqe(x,t) = Vi = Vie(x, 1), iy (x,1) = i;g —igg(x,t) and e;, (x,t) = o —igg(x, t).

3.4. Thermal Exchange Optimization Algorithm

The thermal exchange optimization (TEO) method is an advanced algorithm devised by Newton's
law of cooling [29]. In the TEO algorithm, every agent is considered as a cooling object. By contacting
another object as an enclosure fluid, heat is transmitted and a thermal interchange happens between
them. The new temperature of each agent is considered as a new position of the potential solution in
the search space.

In the search space, at the k' iteration, every agent is defined by its temperature
Ti.‘ = (Tfil, Tﬁz, ., Tik, d)' (i,k) € [1,Np0p] X [0, Njter]. In order to reinforce the optimization abilities,
the TEO method utilizes thermal memory (TM) to save some of the best chronological vectors and its
related fitness. So, these saved resolution vectors are supplemented to the population and the same
amount of existing worst agents is removed. After that, a growing order of solutions is saved based on
its objective function values. The Ny, saved agents are evenly parted into two sets of environment
and cooling agents. The environment objects are denoted as Tlf, T’;, ..., Tk while the cooling ones

Npop/2
k k k
are TNW /2. TNW j2,,0 TNW .

Since the agent that has lower 17 can exchange temperature slightly, the proposed method developed

a similar equation to estimate the value of 1 for each agent as given in (37):

Value of the obejective function (object)

= 37
1 Value of obejective function(worst object) 57)
As the iterations increase, the value t = k/Nj,, rises, resulting in upgrading the exploration
technique. To reinforce the TEO method’s exploration ability, Formula (38) is introduced to prevent
enclosing in local optima and to renovate the environmental temperature:
k+1 _ k
T = (1-2{0,1}(c1 + (1 = 1)) T, ; (38)
where ¢ and ¢; are the controlling variables chosen as 0 or 1, ¢{0, 1} is a uniformly random number,
T,e(nvi is the former environmental temperature and (1 — ¢) is introduced to minimize the randomness
by closing to the last iterations. When decreasing of the randomness is not required, the value of c; is
set to zero.



Mathematics 2020, 8, 2012 12 of 31

The new temperatures for each object, i.e., either cooling objects or environmental ones,
are updated as:
TH =18
1

env,i

+ (k-1

—nt
env,i)e 1 (39)
In the TEO method, another equation is introduced to upgrade the exploration mechanism.
Control input 0 < pro < 11is adopted and decides whether a term of every cooling agent must be altered
or not. For every agent, such an input is contrasted to Rand(i), (i =1,2,... ,Npop). If Rand(i) < pro,

one term of the i agent is selected indiscriminately and its value is renewed as [29]:
T(i,j) = Tj,mjn + (L{(O/ 1) X (Tj,max - Tj,min) (40)

where T; ;) is the " term of the i object, T max and Tjmin are the superior and lower limits of the jh
term, respectively.

The flowchart explains the introduced metaheuristics-based adjusting method of the SOSM
regulators in the DFIG system, as shown in Figure 3.

Figure 3. Flowchart of the proposed thermal exchange optimization (TEO)-tuned SOSM
controller parameters.
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4. Results and Discussion

This part introduces the simulations performed to investigate the effectiveness of the proposed
metaheuristics-based STA-SOSM controllers for the studied DFIG. The main components of the WECS
are discussed, with a special focus on the control of electrical magnitudes at the RSC and GSC of DFIG
systems, such as active/reactive powers and DC-link voltage. The proposed global metaheuristics-based
STA-SOSM controller design was constructed through MATLAB/Simulink. The parameters of the
studied DFIG-based WECS are listed in [21].

4.1. Convergence Rates

To investigate the effectiveness of the proposed metaheuristics, the introduced algorithms GA [31],
PSO [32], HSA [33], WCA [34] and GOA [35] were executed with the same values for the common
parameters, i.e., population size Npopy = 50 and the maximum number of iterations N, = 100. To find

accurate values of the decision variables x* = |A% ,a% , A% ,a% , AT ,a; |, the bounded search domain
Qs” 7Qs” de” Tdc” igg” Tige

was set to xpin < x € Ri < 700 and xpi, is the minimum limit of the decision variables that is
determined by Equations (30)—(33).

Table 1 gives the optimization results of the problem (35). The bold and underline values represent
the best convergence values for each index. It can be obviously noted that the introduced TEO and GA
produce highly competitive solutions with the other methods. Table 2 lists the acquired parameters of
the STA-SOSM regulators for each proposed optimization algorithm. In fact, these adjusted STA-SOSM
regulators’ parameters result in better transient and steady-state responses of the whole introduced
methods. Besides, Figure 4 displays the convergence histories of the mean cost functions for four
indices. Moreover, it is clear that the TEO method for the ISE and ITSE indices copes the other
introduced algorithms in terms of speed and non-premature convergence. Figure 4a,c state that the
TEO-based algorithm for the IAE and ITAE indices displays the better convergence as a second and
third-order respectively after the GA one. These results confirm that the superiority of the TEO method
is still in terms of exploitation and exploration mechanisms. The Box-and-Whisker plots of the mean
objective function values are shown in Figure 5 and further prove the superiority of the proposed
TEO-based tuning approach.

Table 1. Optimization results of the problem (35).

Performance Criteria PSO GA HSA WCA GOA TEO

Best 0.838 0.617 0.883 0.672 1.27 0.724

Mean 0.880 0.649 0.915 0.861 1.42 0.778

IAE Worst 0911 0.695 0.969 1.37 1.64 0.874
STD 3 %1072 31x102 33x102 28x10! 14x10! 59x1072

ET (s) 10,822 13,722 9891 10,859 9576 9646

Best 56.53 4222 47.40 37.59 129.99 40.54

Mean 76.97 62.31 57.43 948.91 141.32 56.11

ISE Worst 94.42 86.93 73.40 4431.78 155.13 70.25

STD 17.98 2151 12.53 1947.20 10.75 11.97

ET (s) 12,143 12,568 9274 11,761 9041 10,513

Best 0.054 0.040 0.852 0.041 0.084 0.079

Mean 0.059 0.046 1.34 0.112 0.099 0.096

ITAE Worst 0.062 0.050 1.72 0.210 0.125 0.115
STD 3x1073 4x1073 41x107! 7 x 1072 15x1072 14x1072

ET (s) 13,380 11,665 9897 12,026 9841 10,271

Best 0.1775 0.1532 0.1883 0.1543 0.1765 0.1529

Mean 0.1941 0.1537 0.1944 0.1544 0.1832 0.1532

ITSE Worst 0.2178 0.1539 0.2023 0.1545 0.1878 0.1534

STD 151072  18x107* 39x10% 86x107° 36x102 1.6x107*
ET (s) 13,663 12,633 11,101 12,466 9850 9790
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Table 2. Optimized decision variables of problem (35).

STA-SOSM Controllers’ Gains

Performance Criteria  Algorithms

A;s 0‘:25 A;c a*dc igg aidg
PSO 360.7 31.2 135.7 480.1 23.8 500
GA 5.6 595.2 7.7 211.2 58 355.9
IAE HSA 149.3 389.5 107.3 4749 2739 342.2
WCA 7.3 34.5 52.4 391.7 8.9 404.9
GOA 314 94.9 99.8 12.4 19.9 64.3
TEO 15 33.1 26.1 14.5 324 5.2
PSO 4 283.2 406.6 4429 4994 108.3
GA 7.9 303.6 83.1 305.2 9.6 138.4
ISE HSA 199 393.1 94.4 205.8 324.2 219.9
WCA 9.7 336.4 14.7 227.8 3.2 386.7
GOA 54.6 74.3 99.9 22.6 20 92.5
TEO 28.9 13.2 17.4 93.6 5.7 93.2
PSO 348.2 31.9 77.3 377.8 10.4 432.1
GA 8.1 240.4 55.8 398.1 10.2 406.9
ITAE HSA 61.5 157.6 56.1 339.5 279.8 276.1
WCA 49 46.8 100.2 68.5 7.8 628.8
GOA 63 93.6 62.9 95.1 35.1 22.6
TEO 19.5 65.7 1.9 90.5 2.8 20
PSO 77.6 173.8 100.3 234.2 372.5 369.4
GA 9.8 335.2 98.5 146.5 7.82 670.4
ITSE HSA 104.3 416 87.3 201.7 35 276.9
WCA 10 650.5 91.9 182.3 6.9 124.6
GOA 36.7 90.5 86.1 55.4 11.1 48.1
TEO 63.7 57.2 12.3 53.9 42.5 5.8

4.2. Statistical Analysis and Comparison

4.2.1. Friedman’s Test

The mean values concerning the various optimization indices are classified to evaluate the most
optimal one according to its average cost function. Besides, a statistical study based on Friedman and
Bonferroni-Dunn’s tests is executed by utilizing these mean values [21]. The average ranks for all the
reported algorithms based on the considered criteria are summarized in Table 3. We can obviously
observe that the introduced TEO method and GA have the lowest ranks as marked in the bold and
underline in comparison with the rest of the algorithms.

Table 3. Ranking of algorithms based on the statistical study.

Performance Criteria

Average
Methods IAE ISE ITAE ITSE Rank
Score Rank  Score Rank Score Rank  Score Rank
PSO 0.880 4 76.97 4 0.059 2 0.1941 5 3.75
GA 0.649 1 62.31 3 0.046 1 0.1537 2 1.75
HSA 0.915 5 57.14 2 1.34 6 0.1944 6 4.75
WCA 0.861 3 94891 6 0.112 5 0.1544 3 4.25
GOA 1.42 6 141.32 5 0.096 4 0.1832 4 4.75
TEO 0.778 2 57.11 1 0.099 3 0.1532 1 1.75

Friedman’s test provides the computed value X% = 11.23 of the y-distribution. Since the computed
score is greater than the statistical value, the null hypothesis is rejected. Furthermore, by applying the
Iman-Davenport test [36], the null hypothesis is also rejected as the calculated value is greater than the
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critical value at the same significance level. These statistical results denote that there are significant
differences between the effectiveness of the presented methods.

4.2.2. Bonferroni-Dunn’s Test

However, a post-hoc Bonferroni-Dunn’s test was applied to test whether or not the presented
TEO method is significantly superior to another method [21]. The TEO and GA algorithms have the
same performance. Therefore, this test was performed to investigate the differences between the TEO
and other algorithms except for GA. The corresponding Critical Differences (CDs) of the reported
algorithms at the confidence levels 95% and 90% are computed as CDg g5 = 3.17 and CDy; = 2.88.
Figure 6 shows the representation of the Bonferroni-Dunn’s test, taking into account that the TEO
is a control method. The GOA and HSA methods violate the horizontal line of 95% significant level.
This indicates that the TEO method works at least remarkably better than the GOA and HSA methods
at a 95% significance level over the solutions equality [37].

7 T T T T T T
[ Rank
Best rank
6 95% sig.level | |
= = :90% sig.level

Average ranks

PSO GA HSA WCA GOA TEO
Control algorithm: TEO

Figure 6. Graphical representation of the Bonferroni-Dunn’s test for problem (35).

4.2.3. Elapsed Time Efficiency

According to the average elapsed times that were listed in Table 1, the Computational Time
Efficiency (CTE) [38] for every method over the presented optimization index is listed in Table 4. In terms
of computational time, it can be noted that the introduced TEO method achieved the second-best
average elapsed time, whereas the GOA metaheuristic achieved the best average elapsed time.

Table 4. Measures of algorithms” CTE metrics for problem (35).

Algorithms
Performance Criteria
PSO GA HSA WCA GOA TEO
IAE 16.77%  21.26%  15.33% 16.83% 14.84%  14.95%
ISE 18.59%  19.24%  14.20% 18.01% 13.84%  16.09%
ITAE 19.94%  17.38%  14.75%  17.92% 14.67%  15.31%

ITSE 19.65%  18.17%  1597%  17.93%  14.17%  14.08%
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4.3. Reference Tracking Condition

The target of this scenario is to evaluate the behavior of the STA-SOSM and vector control-based
PI strategies. The stator reactive power, DC-link voltage and THD of the stator and rotor currents
are adopted for making a fair comparison. However, the gains obtained by the TEO algorithm are
used. As shown in Figure 7a, for the two control strategies, the stator reactive power perfectly tracks
their references values, for which the STA-SOSM controller introduces better performances in terms
of overshoot damping, settling time and steady-state error decreasing. However, the PI controller
presents a faster time response. It can be noted from Figure 7b that both controllers introduce a good
tracking performance with a remarkable superiority of the STA-SOSM controller in terms of rise time,
settling time and steady-state error decreasing. To further compare the performances of these two
methods, the stator and rotor currents” harmonic spectra are compared. Figure 8 states that the THD
of the stator current is better for the STA-SOSM strategy (THD = 0.28%) when compared to the PI
controller one (THD = 0.77%). Furthermore, the THD of the rotor current for the STA-SOSM controller
(THD = 0.32%) is less than obtained by the PI one (THD = 0.85%), as stated in Figure 9.
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Figure 7. Performance comparison: (a) stator reactive power; (b) DC-link voltage.
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Figure 8. Stator current harmonic spectra: (a) Proportional-Integral (PI) controller; (b) STA-SOSM controller.
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Figure 9. Rotor current harmonic spectra: (a) PI controller; (b) STA-SOSM controller.

Figure 10a,b show the dynamic performances of the controlled stator reactive power and DC-link
voltage against the chattering behavior of the time-domain responses. It is clearly observed that the
undesirable phenomena in the stator reactive power and DC-link voltage dynamics are reduced with
the proposed TEO-tuned STA-SOSM controller in comparison with the conventional SMC method.
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Figure 10. Chattering attenuation: (a) stator reactive power; (b) DC-link voltage.

4.4. Robustness Analysis

4.4.1. Parametric Mismatch Condition

Further tests of the impact of the DFIGs parameter variations on the dynamics performance of the
control strategies will be presented. To this end, the proposed STA-SOSM and vector control-based PI
strategies are investigated. Figures 11-13 show the simulation results with variations in inductance and
resistance values. For this test, the demonstrative figures will present the dynamical performances of
the electromagnetic torque and DC-link voltage as well as the stator active and reactive powers for the
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STA-SOSM and the PI controllers at each scenario. Figure 11 presents the time-domain performances of
the aforementioned control loops when the rotor inductance is augmented by 200% of its nominal value.
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Figure 11. Simulation results of different control dynamics under the influence of rotor inductance
variations: (a) PI controller; (b) STA-SOSM controller.
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Figure 12. Simulation results of different control dynamics under the influence of stator inductance
variations: (a) PI controller; (b) STA-SOSM controller.
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Figure 13. Simulation results of different control dynamics under the influence of set-of-parameters
variations (SPV): (a) PI controller; (b) STA-SOSM controller.
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In addition, Figure 12 shows the time domain performances of the control loops in case of the
stator inductance variation. Figure 13 shows the time domain performances when more than one
parameter are changed. We can clearly deduce that parameter deviations have a clear effect on the
dynamic performances of electromagnetic torque, DC-link voltage and stator active/reactive powers
when using the PI controller. In addition, the decoupling between the active and reactive powers is
not ensured in this case, whereas the proposed TEO-tuned STA-SOSM approach is robust against
parameter variations and the decoupling is perfectly ensured.

4.4.2. Grid Faults Condition

DFIGs are very sensitive to grid disturbances because of the direct connection of the stator winding
to the grid. In WECSs, dip voltage is not acceptable. Therefore, the performance of the proposed
controllers was examined under a dip voltage scenario. The grid voltage dips and the SPV scenarios
were tested at the same time. The dynamic responses of the STA-SOSM controlled system and PI are
presented in Figures 14-16. It can be noted from Figure 14 that the proposed control strategy can
successfully mitigate the voltage dip, as the fluctuations in the electromagnetic torque, stator active
and reactive powers during the voltage dips were relatively small and the attenuation speed was faster.

In the PI controller case, there are high amplitude fluctuations in the dynamic responses of
the electromagnetic torque, stator active and reactive powers because of the voltage dip condition.
However, the proposed STA-SOSM and PI controllers have approximately the same performance in the
DC-link voltage response. Moreover, Figure 16 confirms the effectiveness of the proposed STA-SOSM,
where the stator and rotor currents are within their predefined ranges. While the stator and rotor
currents in case of the PI controller are completely distorted as shown in Figure 15. These results
confirm the robustness and ability of the proposed TEO-tuned STA-SOSM controller to deal with
voltage dip conditions.
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Figure 14. Simulation results of different control dynamics under unbalanced grid voltage conditions
and the influence of SPV: (a) PI controller; (b) STA-SOSM controller.
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Figure 15. Simulation results of the stator and rotor currents under unbalanced grid voltage conditions
and influence of SPV (PI controller case).



Mathematics 2020, 8, 2012 28 of 31

4 : : l '
X . ) ias
a r ics | |
2 - MW*'M"'Mr‘-ﬂlml"ﬂrHiM!“.m.nmwwwm,uwmmwm,nm\uwm,n.mq.ng.q,nwam,qw.l-unyum,qnm,mmt.ﬂ,u‘uw.-‘p. HME A A
3 B AALAAAALUAMUAKGMALAAAMAAMAAAMLAUAAAAMAGbALLbMAbbARbbbtbbaARbar 1 TETTERETIIRTERIEERLLY
o ] ]
2
£
€ 2F -
_4 | | | | | |
3 3.5 4 45 5 5.5
Time (sec)

Figure 16. Simulation results of the stator and rotor currents under unbalanced grid voltage conditions
and the influence of SPV (STA-SOSM controller case).

5. Conclusions

This paper discussed and performed a proposed metaheuristics-tuned STA-based SOSM control
scheme for the outer- and inner-loops at both RSC and GSC circuits of a DFIG-based WECS. The proposed
strategy is a combination of the Lyapunov theory and metaheuristics algorithms, which aims to identify
the optimal gains of the STA-SOSM controllers. The Lyapunov theory was used to determine
the constraints and limitations of the gains of controllers. The uncertainty model and the external
disturbance for stator powers and DC-link voltage dynamics were analyzed and taken into consideration.
Then, the tuning issue associated with the STA-SOSM controllers was formulated as a constrained
optimization problem, which was solved using the recent TEO algorithm. To investigate the significance
of the introduced TEO-based method in attaining the minimum value of the cost function, a comparison
study with well-known algorithms was implemented. The simulation results have shown that the
introduced TEO-based STA-SOSM controllers have high performances and robustness to uncertainties
and parameter mismatches as well as the attenuation of chattering phenomena in comparison with
vector control-based PI controllers. The obtained results confirm that the introduced TEO-based
algorithm is an appropriate method for regulating the DFIG system by methodically adjusting the
unknown STA-SOSM controllers” parameters effectively.

The current research work is limited by considering that wind speed is fixed. Besides, the proposed
method investigated a low voltage dip condition. Stability enhancement of the DFIG system under the
previous concerns will be carried out in future work. This will be implemented through interactions
among DFIGs with various control methods, such as fractional-order PI and adaptive gain SOSM
controllers. Indeed, these methods deserve attention because they solve the difficulty of estimating the
uncertainty upper bounds for WECSs.
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Nomenclature

Cic DC-link capacitor

€e(d,q) Grid voltages in dq reference frame
lo(dq) Grid currents in dq reference frame
Ir(d,q) Rotor currents in dq reference frame
is(d,q) Stator currents in dq reference frame
L Mutual inductance

Ly, Ls Rotor and stator inductances

Py Stator active power

Qs Stator reactive power

Ry, Rg Rotor and stator resistances

Ve DC-link voltage

Vg Grid converter voltage in dq reference frame
Viidg) Rotor converter voltage in dq reference frame
Vs RMS phase voltages for the stator
Vi) Stator voltages in dq reference frame
wg Angular grid frequency

Wiy, W Rotor and stator angular frequencies
O Mechanical rotational speed

Pars Par Rotor fluxes in dq reference frame
Pdss Pas Stator fluxes in dq reference frame
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