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Abstract: Traditional direct field-oriented control (DFOC) techniques with integral-proportional
(PI) controllers have undesirable effects on the power quality and performance of variable speed
contra-rotating wind power (CRWP) plants based on asynchronous generators (ASGs). In this work,
a commanding technique based on the DFOC technique for ASG is presented on variable speed
conditions to minimize the output power ripples and the total harmonic distortion (THD) of the grid
current. A new DFOC strategy was designed based on third-order sliding mode (TOSM) control to
minimize oscillations and the THD value of the current and active power of the ASG; the designed
technique decreases the current THD from ASG and does not impose any additional undulations
in different parts of ASG. The designed technique is simply implemented on traditional DFOC
techniques in variable speed DRWP systems to ameliorate its effectiveness. Also, the results show
that by using the designed TOSM controllers, in addition to regulating the active and reactive powers
of the ASG-based variable speed CRWP system, the THD current and active power undulations of
the traditional inverters can be minimized simultaneously, and the stator current became more like a

sinusoidal form.

Keywords: third-order sliding mode control; asynchronous generators; variable speed dual-rotor
wind turbine; direct field-oriented control; integral-proportional

1. Introduction

A sliding-mode command (SMC) is a robust command technique that forces the system
to slide along a prescribed switching surface and changes the dynamics of a system by using
a discontinuous command signal [1]. Compared to that of other command strategies, SMC
attracted significant interest due to its high robustness to external disturbances, simplicity,
ease of implementation, and low sensitivity to the system parameter variations [2]. Similar
to other methods, we can find this method in all fields of applied sciences, such as robotics,
process command, machine command, and motion command. On the other hand, the
instrumentation is among the most widely used applications of the SMC technique. There
are new applications of the SMC method, for example, anomaly detection and congestion
command. SMC technique was used for AC machine drive in wind turbines. In [3], the
author uses the SMC technique to regulate the power of the induction generator. In [4],
direct power command (DPC) was designed based on the SMC method of the induction
generator. Active power undulations were reduced by using the neural SMC (NSMC)
technique [5]. However, the NSMC technique was able to offer better effectiveness and
performance compared to that of classical SMC strategy. Benbouhenni et al. proposed the
fuzzy SMC technique to reduces stator current and torque undulations of an asynchronous
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generators-based wind turbine [6]. This technique combines the advantages of fuzzy logic
and the classical SMC technique so the chattering phenomena are eliminated. In [7], a
robust SMC technique based on neuro-fuzzy controllers was developed for ASG.

Despite the many advantages and numerical simulation results, as well as the exper-
imental results, the SMC method is still characterized by several problems, such as the
chattering issue. When this method is used to produce electricity from a wind farm, it
presents ripples at the level of effective electric current, and this is undesirable because
high-quality current and energy can be obtained only if the ripple ratio is very small. There
are several solutions proposed to ameliorate the characteristics and effectiveness of the
SMC technique, and thus, to improve the quality of the electric current. When the current is
high quality, the life of the devices is extended to a longer period, thus reducing the cost of
purchasing the devices. In addition, the cost of periodic equipment maintenance is reduced.
Among the proposed solutions to reduce chattering and improve SMC performance, we
find terminal SMC (TSMC) technique [8], synergetic control [9], integral SMC (ISMC)
strategy [10], fast TSMC technique [11], adaptive global SMC control [12], total SMC [13],
nonsingular TSMC [14], fast TSMC technique [15], and fast integral TSMC [16].

Traditionally, the terminal SMC (TSMC) command was proposed in 1996 by Yu
etal. [17]. Compared to that of the classical SMC technique, TSMC offers some superior
characteristics such as high steady-state tracking precision and fast and finite-time conver-
gence, such as motor control, robot command, multiagent systems, stochastic nonlinear
systems, second-order SMC command, TSMC observer, and distributed command. Never-
theless, the TSMC command technique has a singularity problem. The latter is among the
biggest obstacles that limit the use of the TSMC method. In [18], a nonsingular fast TSMC
technique was proposed for position tracking of the electric cylinder. ASG control through
rotor current controllers proposed by the TSMC technique is designed in [19], and in this
work, the current and torque undulations are reduced compared to the classical method.
A super twisting fractional-order terminal SMC technique was designed to command the
rotor converter of ASG [20]. In [21], the rotor side converter of ASG is controlled by using
the second-order integral TSMC method. The TSMC approach improves the performance
of the ASG-based wind turbine compared to a standard SMC method [22].

In recent decades, several new methods were published with the goal of overcoming
the chattering phenomenon of classical SMC techniques. In [23], an approach of the high-
order SMC technique was designed. In [24], another approach was designed to overcome
the problem of the high-order SMC technique. These two techniques adopted indirect
methods to overcome the problem of the chattering phenomenon. In [25], the author uses
the super twisting algorithm (STA) to control the induction generator. The neural algorithm
and the STA technique were combined to reduces voltage and stator current ripples of
ASG-based wind power [26]. The combination of the STA algorithm and the neuro-fuzzy
methods was completed to obtain a more robust method, as well as to reduce oscilations at
the level of electromagnetic torque and active power [27]. STA algorithm with fuzzy logic
was used to control doubly fed induction machines [28]. In [29], a direct power control
(DPC) with the STA algorithm minimized the ripples of active power compared to that
of DPC with a look-up table. In [30], the author uses the STA algorithm to command
the power of the synchronous generator (SG). In [31], the fractional order-based super
twisting algorithm (FOSTA) improves the performances of the BLDC compared to that of
proportional-integral (PI) controllers. The STA technique minimizes the chattering effect,
which is inherent in the traditional SMC method [32,33]. In [34], the adaptive intelligent
global SMC method was proposed to minimize the current ripple of a DC-DC buck inverter.
In [35], the DPC strategy was designed based on the variable gain STA technique to
command ASG-based wind turbines. In [36], the STA improves the performance of the
DFIG and the quality of output power compared to classical SMC control.

There is another method that was suggested in several scientific works to ameliorate
the characteristics of the SMC method under the name of second-order continuous SMC
method. This method is characterized by simplicity and durability, and it can be accom-
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plished easily. This method is used to ameliorate the effectiveness and efficiency of the DPC
and DTC of the asynchronous generator [37,38]. Synergetic control and the SMC method
are combined to minimize the chattering phenomenon and ameliorate the characteristics of
the quality current of the ASG [39]. This designed strategy is a simple nonlinear technique
that can reduce the total harmonic distortion (THD) of current compared to that of the
traditional strategy. To obtain lower current ripples and high-quality energy efficiency,
a new nonlinear strategy is designed in [40]. This designed new strategy is simple and
gives very excellent results compared with that of the PI controller. This method was called
terminal synergetic control.

There are many nonlinear methods proposed to ameliorate the purity of current
produced from renewable sources. All these methods have one goal: to obtain good results
in terms of ripples of effective power, electric current, and THD value.

In this work, we attempt to deliver a new method for SMC to reduce the chattering
phenomenon as well as improve the performance and efficiency of the asynchronous
generator-based contra-rotating wind turbine power (CRWP). This method will be called
below as the third-order sliding mode (TOSM) command. This new method is the main
contribution made in this paper.

In this work, the TOSM command was designed to control and minimize the ripples
of current, reactive power, torque, and active power of ASG-based variable- speed CRWP
systems. A TOSM technique to overcome the undulations power problem is designed
for the direct field-oriented control (DFOC) technique of variable-speed CRWP systems.
A DFOC control strategy with TOSM controllers is employed to enable avoidance of the
power undulations and improve the response time. The system states can be ensured
to improve in variation parameters. The principle of the proposed TOSM controllers
is detailed in the work. Validation of the designed technology is carried out by digital
simulations using Matlab software.

In summary, the novelties and main findings of this paper are as follows:

- A new TOSM controller based on the DFOC control scheme is proposed to reduce
ripples of both reactive and active powers.

- TOSM controllers minimize the tracking error for reactive and active powers towards
the references of ASG-based variable speed CRWP systems.

- The DFOC-TOSM control scheme with the PWM technique minimizes the THD value
of torque, voltage, and active power of ASG-based variable speed CRWP.

Thus, the combination of the work is as follows. In Section 2, contra-rotating wind
turbine system models are presented. In Section 3, the proposed nonlinear controller is
presented using the STA controller. Section 4 includes the DFOC control scheme with
designed controllers. Section 5 presents and discusses the numerical results of the research
carried out.

2. CRWP Model

Wind energy is inexhaustible, clean, does not require much maintenance, and is
inexpensive. The use of wind energy is now common in the world in the field of electric
energy generation. The most widely used generation system for wind power conversion is
the single-turbine, which is capable of converting 59% of the total wind power into useful
electrical power [41]. This is still a very small percentage and needs to be increased. In
order to ameliorate the characteristics and development of a single-rotor system, there are
several scientific types of research in this regard to increase the efficiency of power recovery.
Among these most effective solutions, we find the two-rotor system or contra-rotating wind
power. The latter can increase the power conversion efficiency by 40% compared to that of
a single turbine system (STS) [42]. This new method is explained in [43—47]. In this new
technology, two turbines were used to raise and increase the ability to collect energy from
the wind. Experiments proved the effectiveness of this new technology. However, the first
is a small turbine and the second is a large turbine. The difference between new and old
technology lies in the number of mechanical components and the amount of energy gained
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from the wind. As is known through the scientific experiments conducted on this new
technology, all the results are in favor of the new technology. Besides, this new turbine has
excellent characteristics in regions with high and low wind speeds. Among its advantages
is that it operates at lower tip speed ratios compared to that of the traditional STS [47].
However, this method has several disadvantages, such as high costs, control difficulties,
and risk of subsynchronous resonance. On the other hand, the new technology has more
mechanical components than the classic wind turbine. The mechanical energy obtained
from this new technology is shown in Equation (1). Through this equation, the total energy
of this technology is the sum of the two energies of the small and large turbines:

Pcrwp = Pr = Pst + Pr1 (1)

where Pgr and Pyt are the mechanical power of the small and large turbines.
In the CRWP system, the resulting aerodynamic torque is the sum of the torques of
the small and large turbines and is represented by the Equation (2).

Tcrwp = Tr = Tst + Trr )

where Ts7 and Ty are the aerodynamic torque of the small and large turbines.
Equations (3) and (4) represent the aerodynamic torque for of the large and small
turbines [45].

C
Tir = ——5—p-m-Ryp-wir 3)
2:A0
T _&. 7R3 02 4
ST = 3 P TURgrWst 4
2')‘5T

where: Rgr and Ry are the blade radius of the small and large turbines; p: the air density;
Ast, Arr: the tip speed ration of the small and large turbines; wsr, wir the mechanical
speed of the small and large turbines.

Equations (5) and (6) represents the tip speed ratios of the small and large turbines,
respectively.

wst:R

Ast = =t (5)
ST
R

At = w (6)
LT

where Vsr and V|t are the speed of the unified wind on small and large turbines.

To calculate the wind speed at a point between a large and a small turbine, we use
Equation (7). Fifteen m is the distance (x) between the center of the large turbine and the
center of the small turbine [48].

@)

szvLT-(l—l_ v1-Cr g, 2x )>

2 A V14422

where Cr is the trust coefficient (Ct = 0.9) and Vx is the wind speed at a point between a
large and small turbine.
Cp in terms of the pitch angle (B) is given by Equation (8) [49].
116

—21
Cp(B, A) = 0.517- (k — 048 — 5) e +0.0068-A )
1

3. Third-Order Sliding Mode Control

There are many types of SMC techniques in the literature. All these proposed methods
aim to reduce chattering phenomena. The one with the simplest algorithm and the easiest
experimentally is the STA method [50,51]. This method was applied in several fields, for
example, electronic and electrical control. In [52], there are two types of STA which are
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as follows: super twisting extended state observer and super twisting SMC. These two
methods were applied to wind turbines to compare them. In [53], the characteristic of
DFOC was improved by the STA method. Experimental results showed the characteristics
of the STA technique in improving the response time of a six-phase motor. STA technique
was proposed to control the DC-link of the NPC inverter [54]. Internal permanent-magnet
synchronous motors (IPMSMs) were controlled by an adaptive STA observer [55]. In [56],
the author proposes to use the STA technique to command the output current of the
multilevel converter. Permanent-magnet synchronous motors (PMSMs) were controlled
by two different types of nonlinear controllers (STA and SMC) [57]. Experimental results
showed that the STA improved the motor properties compared to that of SMC. In [58], the
author proposes to use the STA technique to control the photovoltaic system. The STA
technique has a very high efficacy compared to that of the classical method, as seen in the
results of [58]. Synchronous motors (SMs) were controlled by the STA method [59]. STA
observer with adaptive parameters estimation was proposed to command the IPMSMs [60].
In [61], the author proposes to use the STA technique to control the DC motor. The
numerical simulation results showed that the characteristics of the STAR technique improve
the performance and efficiency of the DC motor.

In this section, a new technique to reduce the chattering phenomena and minimizes
the ripples of active power and current for ASG-CRWP was designed. The designed
technique, named third-order sliding mode (TOSM), is an effective method for uncertain
systems to overcome the main drawbacks of the classical SMC technique and STA described
in the literature. The proposed strategy is a nonlinear method based on the STA method.
The command input of the designed TOSM controller comprises three inputs given by
Equation (9):

u(t) = uy (t) + un(t) + us(t) )
ur(t) = A/ 1S -Sign(s) (10)
s (t) = /\2~/Sign(5)dt (11)
us(t) = As-Sign(S) (12)

Equation (13) shows the output of the proposed TOSM method:

() = Ar/|S| -Sign(S) + Az / Sign(S)dt + As-Sign(S) (13)
The tuning constants A1, A,, and A3 are used to refine the TOSM strategy for controller
smoothing.

This suggested method was used to improve the performance of the DFOC method.
Figure 1 shows the structure of the proposed TOSM controller.

£ sign(S) I \ M
> sign(S) —%

sign(S)

S=X"-X

—» |5, P Sart(iS1) [P

Figure 1. Structure of proposed TOSM controller.
The stability condition is given by:

$S<0 (14)
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This TOSM technique is designed in this work to minimize the ripple of stator current,
active power, electromagnetic torque, and reactive power in an ASG-based CRWP system
using the DFOC strategy and an inverter controlled by the classical PWM technique.

4. DFOC-TOSM Control

In the literature, the FOC technique was widely used for AC machines. The principle
of this control is to orient the stator flux along the axis of the rotating frame. Two types
of FOC strategies were studied in literature: direct and indirect FOC control. Traditional
FOC control was proposed to control the induction generator [62]. In [63], the indirect
FOC (IFOC) technique improved the performance of the induction generator compared
with that of the DFOC technique. In [64], the FOC strategy was designed based on the
neuro-fuzzy (NF) controllers to minimize the current and flux of the ASG. The experimental
result shows the superiority of the designed FOC-NF technique. In [65], the FOC strategy
was designed based on SVM technique and hysteresis current to minimize the reactive
power ripples of ASG-based traditional wind power.

In this section, we propose to ameliorate the performances of the DFOC strategy of
the asynchronous generator integrated into the CRWP system. This method is based on
the following principle [64]:

P45 = 0 and Pygs = s (15)
Hence, direct stator voltage and quadrature stator voltage can be written as:
Vis = Vs = ws-¢p
qs s 5'W¥s
1S (10

Equation (17) expresses each of direct stator current and quadrature stator current of
the induction generator.
Igs = — My Igr
q Ls 4 (17)

Ids = _LMS'Idr+ %

The active and reactive power are obtained from Equation (18).

Qs = —1.5(%.% N “%”2)

: (18)
P, = —15<4Mp,

Equation (19) represents the torque.

M
Tem = —1.5 Igr- s p~L— (19)
S

Equation (20) expresses each of direct rotor voltage and quadrature rotor voltage of
the induction generator.

2 2 .
Vir = Rarlyr + (Lr = ) pLyr — g (Ly = 42 ) Iy + g 2425

2 2 (20)
Vir = RapLar + (Lr - %) play — g ws: (Lr - %) Igr
Equation (21) represents direct and quadrature rotor current of the ASG.
- M2 M-V, 1
= (=gt~ )by ) gy
" (21)

I :(V — g (L _Mz).[ )é

The DFOC method is a very simple and easy to implement method, and it can be
applied to any electric machine. In addition, it is inexpensive compared to that of other
methods. The principle of this method can be expressed as in Figure 2. From this figure, it
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is observed that two independent PI controllers to control the direct and quadrature rotor
voltages are used.

- = = e = e = =y

Figure 2. Classical DFOC strategy.

This method is simple but provides greater ripples for both current and active power.
Also, the response time is rather large compared, for example, with direct power command
(DPC) and direct torque command (DTC), and this is due to the use of PI controllers.

In this paper, we propose to ameliorate the characteristics and effectiveness of this
method by the proposed nonlinear TOSM method. Thus, by improving the quality of the
current produced, the life of the generator and the system as a whole is extended as well.

The principle of the TOSM-DFOC strategy is the direct regulation of the current, active
power, voltage, torque, and reactive power of the ASG-based CRWP system by using two
TOSM techniques. The two regulated variables are reactive and active powers, which are
usually controlled by TOSM controllers. The idea is to keep the active and reactive power
quantities within the designed sliding surfaces.

The DFOC with TOSM controllers (TOSM-DFOC) is a modification of the traditional
DFOC strategy, where the PI regulators were replaced by TOSM controllers, as shown in
Figure 3.

Os rer ! . :
@ 1 TOSM —»?—H
. I B (I

Os ! !

| GMXVL|

P s ref i N :
)+ TOSM— Lo
_ : - Vg

Ps :

______________________

Figure 3. Structure of DFOC-TOSM strategy.

The TOSM technique was designed to force the regulated dynamics towards man-
ifolds and keeps them there. To force the ASG active and reactive powers to track their
corresponding references, the sliding surfaces Sos and Sp; of the reactive and active powers
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are selected as the error between the desired and real dynamics, being given by Equations
(22) and (23), respectively:
Sps = P — P; (22)

Soe = Qi — Qs (23)

The sliding surfaces shown in Equations (22) and (23) are used as inputs for the TOSM
command law. Thus, TOSM regulators for the active and reactive power are used to
influence the two rotor voltage components, as in Equations (24) and (25), respectively:

Vi = A1-\/|Sqs| -Sign(Sps) +/\2~/Sign(SQs)dt+/\3-Sign (Sas) (24)
Vi = Ary/ISns| - Sign(Ses) + Aa- [ Sign(Sp.)dt +Aa- Sign(Sp)  (@25)

This proposed technique is implemented for a DFOC strategy based on the TOSM
controllers to obtain minimum active power undulations and to minimize the chattering
phenomenon. The controller structure of the TOSM technique for the reactive and active
powers of the DFOC strategy is presented in Figures 4 and 5, respectively.

A Sign(SPs As

Sps=Ps - P
B e lsien(Sps —’[>—"

—1Sps[PSqrt(1Sps!

Figure 4. Proposed TOSM active power controller.

r’Sign(SQSFA’{ A3
Sos=Qs" - Qs
_.—>Sign(SQs

PlSign(SQs)

—» 1SQs| —’Sqrt(ISQsl i

Figure 5. Proposed TOSM reactive power controller.

The basic block diagram of the DFOC-TOSM strategy is shown in Figure 6. This
strategy is designed as a simple algorithm that provides a robust command. However,
this proposed strategy gives a fast response dynamic compared to DFOC, DPC, and DTC.
This designed technique can better minimize the active and reactive power undulations
compared to that of classic DPC, DFOC, and DTC strategies.
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Os order sliding —@
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Figure 6. DFOC-TOSM control of ASG-CRWP.

The proposed method is one of the best methods available today, and this is due to
the use of TOSM. The following table (Table 1) shows a comparative study between the
proposed method and some of most famous and widely used methods, such as DTC, DPC,
and FOC control scheme. From Table 1, we note that the proposed method is more robust
than the rest of the methods in terms of improving the dynamic response and THD value.
But this method is rather complicated compared to that of the classic DTC and DPC.

Table 1. A comparative study between DFOC-TOSM with some techniques.

Sensitivity

. o,
Control Techniques Controller = Complexity Cl:ll‘rEI:lt Refere'nce Dynamic to Parameter THD (%)
Oscillations  Tracking Responses of Current
Change
DTC control Hysteresis Low High Good Good High High
controller
DPC control Hysteresis Low High Good Good High High
controller
FOC control PI High High Acceptable  Acceptable High High
Proposed technique TOSM . .
(DFOC-TOSMC) controller High Low Excellent Excellent Medium Low

5. Numerical Simulation

The proposed TOSM controller as applied for the ASG reactive and active powers
was implemented using MATLAB® software. Comparison between the proposed method
and the classical PI controller in terms of current, active power, torque and reactive powers
undulations reduction, wind speed changing, trajectory tracking, and robustness to ASG
parameter variations.

The generator used in the digital simulation has the following characteristics: f = 50 Hz,
p=2,Rs=0.012 ), Lr =0.0136 H, Pn = 1.5 MW, Rr = 0.021 Q}, Ls = 0.0137 H, Vn =380V,
J =1000 Kxgm?, M = 0.0135 H, F = 0.0024 Nxm.

The grid used in the simulation has the following parameters: nominal grid voltage
(Vg = 389 V), nominal grid frequency (fs = 50 Hz), DC-link voltage (E = 1200 V), filter
inductance (Lg = 6 mH), and filter resistance (Rg = 0.15 (2).

DFOC with PI controllers (DFOC-PI) and DFOC-TOSM are simulated and compared
in terms of current, reactive power, torque and active power undulations, reference tracking,
and THD value of current.
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To test the effectiveness and robustness of the proposed method, we proposed two
different tests: the first is related to tracking the trajectory and the second to assess the
robustness to changes in some parameters of the machine.

5.1. First Test

The results obtained from the simulation for the two methods are shown in Figures 7-12.
In the case of each of the two proposed methods, the measured values of reactive and
active power follow the reference values very well (see Figures 9 and 10). On the other
hand, for the two techniques, the active and reactive powers perfectly track their references
values, for which the TOSM controller introduces better performances in terms of settling
time, overshoot damping, and steady-state error decreasing. In Figures 9 and 10, both
controllers introduce a good tracking performance with a remarkable superiority of the
proposed TOSM controller in terms of rise time, settling time, and steady-state error, which
all decrease. The electric current has the form of active power and is related to the wind
speed, as seen in Figure 12.

FFT analysis

Fundamental (50Hz) = 710.1 , THD= 2.94%

20 - L ,,,,,,,,L,,,,,,,,,L,,,,,,,,,L,,,,,,,,,L,,,,f

(-3 N | L __ Lo Lo __ Lo

0 —

Mag (% of Fundamental)

0 500 1000 1500 2000
Frequency (Hz)

Figure 7. THD (DFOC-PI).

FFT analysis
Fundamental (50Hz) = 719, THD= 1.42%
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| | | | |
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° | | | | |
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Figure 8. THD (DFOC-TOSM).
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Figure 10. Reactive power.
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The torque resulting from the two proposed methods is shown in Figure 11. From this
figure, we find that the value of the torque is related to the values of active power and wind
speed. To further compare the characteristics of these two techniques, the stator currents
harmonic spectra are compared.

Figures 7 and 8 show the THD of stator current of the AG-CRWP system for both
DFOC strategies. Here, the THD value is reduced for the DFOC-TOSM (1.42%) when
compared to that of the DFOC-PI (2.94%). The THD reduction can be estimated at 51.71%.

The zoom in the current, active power, and torque is shown in Figures 13-15, re-
spectively. The DFOC-TOSM strategy reduces the undulations in torque, reactive power,
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current, and active power compared to that of the DFOC-PI strategy, and the reduction
rate is estimated at 84%, 94.5%, 78%, and 90%, respectively, compared to that of the clas-
sical method (DARPC). Based on the results above, the DFOC-TOSM strategy proved its
efficiency in minimizing undulations and chattering phenomena.
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Figure 15. Zoom (Torque).

5.2. Second Test

The aim of this test is to find out which method is not affected by changing the
following parameters: Rs, Rr, Ls, M, and Lr. Figures 16-21 show the simulation results
for variations in inductance and resistance values. Note that there is a change in reactive
power, torque, active power, and current because both active power and torque are related
to changing values of parameters. The classical technique was heavily affected by the
change of parameter values compared to that of the designed technique (Figures 22-24),
and this is evident in the value of THD (Figures 16 and 17). The ripple reduction can be
estimated at 73.94%. Parameter changes have a clear effect on the dynamic performances
of active power, current, torque, and stator reactive power when using the PI controller. In
addition, the decoupling between the reactive and active powers is not ensured in this case.
Instead, the designed DFOC based TOSM controller is robust against parameter variations,
and decoupling is perfectly ensured.
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Thus, the DFOC with designed TOSM algorithms is more robust than the classical
DFOC technique.

The obtained results can be summarized in Table 2. Table 2 presents a comparative
study between the proposed method and the classical method in all respects. Through this
table, we note that the proposed method gave very satisfactory results in terms of reducing
the torque and flux fluctuations. Also, the proposed method improved the dynamic
response compared to that of the classical method. On the other hand, the proposed
method provided better results in terms of current, reactive power, torque and active power
fluctuations, reactive and active power tracking, and the quality of the produced current.
The proposed DFOC-TOSM technique is more robust than that of the traditional DFOC
using PI controllers except for the dynamic response, rise time, overshoot, and settling time,
which is faster in the proposed technique than that of the DFOC technique. However, the
proposed technique is complicated relative to the calculations to be performed compared
to that of the DFOC control technique.

A comparative study between the proposed method in this paper with some published
works in terms of the value of THD is presented in Table 3. Through this table, the proposed
method provided a very good THD value of the current compared to that of the rest of
the other controls. Tables 2 and 3 show that the proposed method is more robust and
can be used to improve the quality of current and energy produced from the wind power
generation system.
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Table 2. Comparative results obtained from DFOC-TOSM with DFOC control.

Control Techniques

Criteria DFOC DFOC-TOSM
Reactive and active power tracking Well Excellent
THD (%) 2.94 1.42
Reactive and active power ripples Acceptable Excellent
Dynamic response (s) Medium Fast
Reactive power: ripples (VAR) Around 20,000 Around 1100
Torque: ripple (N.m) Around 500 Around 80
Settling time (ms) High Medium
Overshoot (%) Remarkable ~ 19% Neglected ~ 1.5%
Sensitivity to parameter change High Medium

Active power: ripples (W)

Around 10,000

Around 1000

Simplicity of converter and filter design Simple Simple
Rise Time (s) High Medium
Stator current ripple (VAR) Around 100 Around 22
Simplicity of calculations Simple Rather complicated
Improvement of transient performance Good Excellent
Quality of stator current Acceptable Excellent
Table 3. Comparative results with other methods.

References Techniques THD (%)
Ref. [6] Fuzzy SMC technique 3.05
Ref. [38] Direct torque command 2.95
Ref. [64] FOC with hysteresis current controller 3.70

Virtual flux DPC method 419
Ref. [66]

DPC 4.88
Integral SMC technique 9.71

Ref. [67] ; -
Multi-resonant-based sliding mode controller (MRSMC) 3.14
Ref. [68] SOSMC method 3.13
Ref. [69] DPC control with STA controller 1.66
DFOC-PI 294

Designed strategies

DFOC-TOSM 1.42

6. Conclusions

In this study, a new TOSM strategy was designed to command the generated reactive
and active power from the ASG based on the variable speed CRWP. The designed strategy
aims to ameliorate the command characteristics of the algorithm that are based on the
proposed TOSM methods by minimizing active power, torque, current, and reactive power
undulations under variable speed CRWP system.

The proposed TOSM command was used to define the attractive command section of
the classic SMC strategy.

The designed strategy was compared with that of the classical PI controller. The
obtained results illustrated the effectiveness of the designed TOSM strategy, even in the
presence of time-varying reference trajectory, ASG parameter variations, and changes in
speed wind. Current, active power, torque, and reactive power undulations were largely
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minimized, and response time was improved using the designed TOSM strategy. Moreover,
robustness, stability, and high-decoupling between the command axes were ensured.

The simulation results showed that the introduced TOSM-based DFOC control scheme
is high performance and has a robustness to uncertainties and parameter mismatches as
well as the attenuation of chattering phenomena in comparison with that of the DFOC con-
trol scheme-based conventional PI controllers. The designed control technique improved
the active power ripple, current ripple, torque ripple, reactive power ripple, and THD
value of stator current by about 90%, 78%, 84%, 94%, and 51.71%, respectively, compared
to that of the classic DFOC strategy. Finally, the designed TOSM strategy may be a good
solution to improve the DFOC strategy effectiveness applied for power systems, ensuring
high quality of active power and stator current.

To summarize, the main findings of this research are as follows:

A novel nonlinear controller was presented and confirmed with numerical simulation.
A new DFOC strategy based on the proposed TOSM algorithm was presented and
confirmed with numerical simulation.

e A robust command technique was designed to minimize the ripples of current, active
powet, electromagnetic torque, and reactive power.

e  The THD value of stator current was reduced by the proposed strategy.

In future work, to improve the quality of the voltage, torque, current, and active power,
the asynchronous generator will be controlled using another combination of intelligent
algorithms, such as type-two fuzzy logic and neural algorithm used for DFIG in [34]. The
ratio between the obtained performance and the complexity of the control will be evaluated.
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