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Abstract: A robust and improved control scheme of a variable speed multi-rotor wind turbine
(MRWT) system with a doubly fed asynchronous generator (DFAG) is displayed in this work. In
order to improve the performances and effectiveness of the traditional direct power control (DPC)
strategy of the DFAG, a new kind of sliding mode controller (SMC) called modified SMC (MSMC)
is proposed. The most important advantage of the DPC-MSMC strategy is to reduce the power
ripples and improve the quality of the currents provided to the grid. In addition, to control the
rotor inverter, a pulse width modulation (PWM) technique is used. The proposed DPC-MSMC
strategy was modeled and simulated using MATLAB/Simulink software. The simulation results
showed that the ripples in stator currents, active and reactive powers and torque were considerably
reduced for the proposed DPC-MSMC strategy compared to the traditional DPC. Additionally, the
proposed DPC-MSMC method works excellently to reduce the total harmonic distortion (THD) of
the stator current in the case of variable wind speed. On the other hand, a robustness test against
parametric variations showed and confirmed the robustness of the proposed technique compared to
the classical method.

Keywords: doubly fed asynchronous generator; variable-speed multi-rotor wind turbine system;
direct power control; modified SMC technique; total harmonic distortion

1. Introduction

The tremendous technological developments recorded in recent years have played a
major and important role in increasing wind power and making use of one of the most
exploited renewable energies in the world, especially in advanced industrialized coun-
tries [1,2]. This development has been accompanied and contributed by many research
teams in different countries around the world, where numerous articles have been pub-
lished in important scientific journals [3-5].

Wind turbines are divided into two large families according to their speed of rotation—
we distinguish wind turbines with fixed speeds and those with variable speeds. Due to
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the variable nature of wind speed, those with variable speeds are the most commonly
used [6,7].

After much bibliographic research, it has been found that the doubly fed asynchronous
generator (DFAG) is the most used machine in wind turbine systems [8-12]. The main
feature of this generator is that it can be controlled from the rotor side through a power
inverter sized one-third smaller than in the case of other machines controlled by the
stator [13]. Additionally, this generator is more robust and has minimal maintenance
compared to other generators such as asynchronous generators.

Among the large number of control methods and techniques of electrical machines
existing in the literature, that based on field orientation remains the most used and marketed
due to its simplicity and efficiency. Among the most famous methods used to control the
DFAG and have been widely used in renewable energies is direct torque control (DTC) [14],
sliding mode control (SMC) [15], backstepping control [16], vector control [17], synergetic
control [18], direct power control (DPC) [19], hybrid control [20], field-oriented control
(FOC) [21], and high-order SMC strategy [22]. In Table 1, a comparison is made between
the various existing methods that were applied to the DAPG-based wind turbine system,
using criteria such as the degree of complexity, the ripple ratio, the dynamic response,
etc. From this table, FOC strategy control is one of the ways proportional-integral (PI)
controllers are efficiently used. This method is among the most famous and most widely
used methods in the field of controlling electrical machines. This method can be easily
accomplished. However, the use of conventional PI regulators and its large dependence on
the parameters of the control system represents the main disadvantage of this method. The
use of robust controllers capable of overcoming this problem has been the subject of much
scientific research in recent years.

Table 1. A comparative study between the different methods used in wind turbine.

DPC Hybrid Control Backstepping DTC FOC Synergetic Control
Control
Robustness Robust More robust Robust Robust Not robust Robust
Control of inverter Switching table PWM PWM Switching table PWM PWM
Quality of current Acceptable High Good Acceptable Weak Good
Experimentation Easy Difficult Difficult Easy Difficult Easy
Dynamic response Fast Fast Fast Fast Slow Fast
Simplicity Simple Complicated Complicated Simple Rather complicated Simple
Hysteresis Intelligent/Nonlinear Hysteresis Synergetic
Controller - PI controller
comparator controller comparator controller
THD Medium Low Medium Medium High High

To improve the performance and effectiveness of electrical machine control methods,
artificial intelligence is used as a means to reduce road defects. In [23], neural networks
were used to improve the performance and effectiveness of the DPC method for an DFAG-
based wind turbine system. Through the results, the use of neural networks leads to
reducing the ripples of current, active power and torque. Additionally, it improves the
dynamic response to active and reactive power compared to the traditional strategy. In [24],
the author introduces a fuzzy logic controller to the DTC method with the aim of improving
durability and obtaining high quality current in the electrical network. The proposed
strategy is more robust than traditional DTC strategy. Another intelligent method based on
the genetic algorithm (GA) was used to improve the performance and effectiveness of the
DPC method by using the perfect proportional and integral gains of the PI controller [25].
This proposed DPC method is simple, uncomplicated, easily accomplished, and more
robust compared to the classical DPC method. DTC strategy and ant colony optimization
(ACO) algorithm was combined to control the DFAG-based wind turbine system [26]. The
proposed DTC strategy is more robust compared to the traditional DTC strategy with a PI
controller. Additionally, the DTC based on the ACO method reduced the total harmonic
distortion (THD) value by 40.08% compared to the traditional DTC-PI method. This ratio is
very good, which indicates the effectiveness of the ACO method in improving performance
compared to the traditional methods such as the PI controller.
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Another approach to improving the performance and efficiency of methods such as
DPC is based on the use of nonlinear methods. These nonlinear methods are known to
be robust and not affected by changing parameters of the system under study. In [27],
the DPC based on backstepping control method is used to control the DFAG-based wind
turbine system. The results showed that the proposed DPC-BC technique is better in terms
of reducing the value of the ripples, torque, current and active power, compared to the
classical DPC method. This reduction in the ratio of ripples was very significant, which
indicates the effectiveness of the combination of two different methods (DPC strategy and
BC technique). Additionally, an improvement in the dynamic response compared to the
traditional DPC methods is observed. Another non-linear method was used in [28] to
improve the performance and efficiency of the traditional DPC method, where a second-
order sliding mode controller (SOSMC) is used to control both the effective power and
the reactive power. This nonlinear method is more robust than traditional SMC strategy.
The proposed DPC-SOSMC strategy is robust and easy to implement. An adaptive-gain
SOSMC controller has been proposed in [29].

As it is known, sliding mode control is a type of non-linear method that appeared in
the early 1970s. This method was suggested by Emelyanov and Utkin in order to overcome
the obstacles of using a PI controller [30-34]. The SMC theory was used in many areas such
as power electronics and control. Durability is among the most famous advantages of this
method compared to the classic methods. The use of the SMC controller in systems leads to
improved performance and overcoming defects when the parameters of the studied system
are changed. On the other hand, this technique has shown its great efficiency and robustness
in the field of rotating machines control. However, despite its qualities, the presence of the
undesirable chattering phenomenon has greatly reduced its use. This phenomenon, created
by a discontinuous part of the control, has been the subject of hundreds of research works
that have attempted to attenuate it. Several methods have been suggested to remedy this
problem such as the smooth approximation of discontinuous part [35], techniques based
on artificial intelligence [36-39], high order sliding mode [40].

Other attractive methods have lately been applied and have proven good results such
as fractional-order SMC [41-44], adaptive terminal and variable exponential discrete-time
sliding mode reaching laws [45,46], adaptive high order sliding mode [47], etc.

Further researchers have proposed hybrid solutions such as Heo sliding mode [48],
backstepping SMC [49,50], sliding mode with passivity-based control [51,52], and predictive
SMC [53,54].

So, a new nonlinear method, called modified slide mode control (MSMC), has been
proposed and tested in this paper to prove its robustness and great efficiency in mitigating
the chattering phenomenon in DFAG operation. This controller is first proposed and
designed in this paper, being based on a change in the traditional SMC technique with
the aim of obtaining a simpler method of application in systems, especially complex ones.
The Lyapunov theory is employed to define the stability regions of the designed MSMC
parameters. In this paper, the MSMC strategy is proposed to achieve the DPC technique
of the DFAG-based multi-rotor wind turbine (MRWT) system and keep the THD value
of the stator current at the minimum value. The main contribution of this paper is to
provide a combination strategy of the DPC method and proposed MSMC technique to
minimize the ripples for reactive power, torque, active power, and stator current of the
DFAG-based MRWT system. Additionally, the proposed DPC-MSMC strategy is a robust,
simple, and easy to implement algorithm. The main contributions of the proposed designed
DPC strategy are as follows: (1) reduces ripples in the current, reactive, and active powers;
(2) increases the robustness and stability of the controlled system; (3) provides a simple
and less complex method to be used to control complex systems; (4) improves the THD
value of the rotor and stator currents; (5) improves the performance and effectiveness of
the traditional DPC strategy; (6) simplifies the use of the slide mode control technique.

In additions, an empirical comparison study between the traditional hysteresis com-
parators is achieved. Additionally, a statistical comparison was made to assess the sig-



Energies 2022, 15, 3689

4 of 25

nificance of the proposed strategy against some published control techniques in terms of
underestimating the THD value of the electric current. Furthermore, the performance of
the DPC-MSMC technique is compared with conventional DPC with a lookup table for
reference tracking and parameter variations.

The paper is prepared as follows. The modeling of the DFAG-based variable speed
MRWT system is given in Section 2. The proposed MSMC technique is dedicated in
Section 3. Classical DPC strategy of the DFAG-based MRWT system is explained in
Section 4. Section 5 describes the DPC strategy based on the proposed MSMC technique
of the grid side converter (GSC). In Section 6, simulation results are shown and discussed.
Finally, the paper’s conclusions are presented in Section 7.

2. Model of DFIG-MRWT System

The electric power generation system used in this work is illustrated in Figure 1, where
a multi-rotor wind turbine is used to rotate the generator (DFAG), and Ps* and Qs* represent
the references for active and reactive power. The latter is fed by two inverters with different
working principles.

Wind

Power Grid

(Q
H +
()

. Proposed indirect field-
Pt ) — O*
oriented control

Figure 1. Structure of the MRWT system.

In this work, a MRWT system was used in order to obtain more energy from the wind,
as this turbine is two turbines located in the same axis. This system has been studied in
several scientific works in order to improve the performance of the classic turbine [55-57].
MRWT system is a large turbine connected to a turbine of small power and rotating in
the same direction. The torque produced by the MRWT system is the product of the two
torques of the large turbine and the small turbine [58]. The mechanical energy gained from
wind by a multi-rotor wind turbine system is shown in Equation (1).

Py = Pst + Prr 1)
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The torque produced by the MRWT system is the sum of the two torques of the large
and small turbine, where the torque produced is used to rotate the DFAG. Equation (2)
represents the torque of a multi-rotor wind turbine.

Ty = Tst + Tir )

where P; and T; are the total power and torque of the MRWT system, Ty and Tt are the
torque of the large and small wind turbines, and P;r and Pgr are the mechanical power of
the large and small wind turbines.

The torque produced by the small turbine and the large turbine is related to both wind
speed (wst and wyr), the air density (p), the large turbines (Rst, Ri7), and the coefficient of
power (Cp). These two torques are expressed by Equations (3) and (4) [56].

C
Tir = %P'”’R%T'W%T 3)
ZALT
C
Tsy = %P'”'RgT‘ng 4)
2)\ST

To calculate the Cp,, Equation (5) is used, where this is a coefficient related to both tip
speed ratio (A) and pitch angle (B).

1 0.035
CplBs )‘):0.085+/\+ﬁ3+1 ®)

The mechanical power gained from the wind for each turbine is represented by
Equations (6) and (7) [55].
Cp(B, M)

Pst = #P'SST'WET (6)
Cy(B, A
Prr = #P'SLT'W%T (7)

The value of the tip speed ratios of the small turbine and the large turbine are given in
Equations (8) and (9), respectively [58].

wsT Rsr
Ag = LSt ®
ST Ver
wiT-R
ALt = % )
IT

To calculate the wind speed at any point between the large and small turbines,
Equation (10) is used. Where this speed is related to the distance between the two turbines,
as well as a constant value (Ct = 0.9) [57].

o 1- (1 — CT) 2x
Ve="Vir <1 — 5 <1 + m)) (10)

where V|t is the wind speed of the large turbine and x is the distance between the center of
the large and small turbines.

In this work, the distance between the big turbine and the small turbine is 15 m. The
turbine used in this work is used to rotate an electric generator of the type DFAG in order
to obtain electrical energy. This generator is used because of its durability, ease of control,
low maintenance and gives excellent results in case of variable wind speed. The generator
is a transformer, which converts the mechanical energy gained from the wind into electrical
energy. The latter is used to feed the electrical network. So, the generator used contains
two main parts, the electrical part and the mechanical part. On the other hand, the Park
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transform is used to give the generator the mathematical form. Equation (11) represents
the electrical part of the generator, presenting the voltage and flux of the generator.

Vir = Relyy — wr¥gr + g ¥a,
Vor = Relyr + 0, ¥ g, + 5 ¥
Vis = Relgs + ws¥ s + 5 ¥gs
Vis = Relgs — ws¥gs + ¥4

(11)
Yar = Lelgy + Mlys
Tqy - MIqS + LrIqr
Ygs = My + Lslgs
Wis = Lslgs + My,
As for the mechanical part, it is expressed by Equation (12) [59,60]:
aQ

Generator torque (T,) is related to both stator flux and rotor current and can be
expressed by Equation (13) [35].

M
Te = 15p 7 (—Yaalrg + ¥sq10) (13)
S

On the other hand, the active and reactive power can be calculated using Equation (14),
where to calculate these two values, both stator voltage and current must be measured.
In addition, the quality of the active power is related to the quality of the electric current,
and to obtain a high-quality electric current, a control method must be chosen that gives
excellent results in terms of current ripples and THD value.

Py = 1.5(Vyslgs + IpsVigs)
(14)
Qs = 1-5(_Iquds + Vqslds)

3. Proposed Modified SMC Technique

In this part, a new idea is presented to SMC technique to improve the performance of
the classical DPC method and enhance the quality of electric power generated by the DFAG
integrated in the MRWT system. As it is known, SMC technique is a type of nonlinear
method most widely used, as this method appeared in the late last century to overcome the
problem of classical methods such as field-oriented control [61]. Among the advantages of
this method is that it is robust control and can be easily accomplished [62]. In addition, the
strengths of SMC lie in its parametric mismatch, external unknown disturbances, robust
nature performance against uncertainties, fast convergence, and fault conditions.

Equation (15) expresses the principle of the SMC method, where there are two parts in
this method are continuous control (u,;) and discontinuous control (u,,) [63]. To use the
SMC control method, the mathematical form of the studied system must be known, which
makes this method difficult to use in the case of complex systems [64]. In addition, the
problem of chatter is among the downsides of this method. This problem creates several
defects in the systems such as ripples and turbulence in operation.

U= Uy + Ueg (15)

where u,, is named the equivalent control which has as an objective the compensation of the
undesirable dynamics; it is used when the system enters the sliding mode. The command
uy is determined in order to verify the convergence condition despite the inaccuracy on
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the model parameters [62]. Equation (16) represents the discontinuous control of the SMC
technique, where K is the gain by which the SMC response is adjusted.

u, = K x Sign (e) (16)

where e is the error or sliding surface (e = X* — X) and K is the positive gain.

In the SMC method, the continuous control is calculated using the mathematical form
of the studied system, which makes this method difficult to perform especially in the case
of complex systems such as seven-phase induction motor [61]. In addition, the dynamic
response of the classical method is somewhat heavy compared to other nonlinear methods
such as the super twisting algorithm. Additionally, the use of the classical SMC method in
automated systems increases energy consumption and this is not desirable.

In order to overcome the defects of the SMC method, a new idea is proposed by
changing the original principle of the SMC technique, whereby the continuous control part
is removed and replaced with K; x e(t). The proposed SMC method or modified SMC
(MSMC) technique is shown in Equation (17), where both K; and Kj are used to adjust the
response of the proposed MSMC technique.

w = Ky x Sign (e(t)) + Ky x e(t) (17)

where K; and K; are the positive constants. These gains are used to adjust and improve the
response of the proposed MSMC technique.

The amplitude Kj is chosen to be large enough to compensate for the difference in
dynamics between the actual system and the reference system (given by the sliding surface)
and to compensate for the co-incident disturbances.

The objective of the control law is to constrain the state trajectories of a system to reach
and then stay on the sliding surface despite the presence of uncertainties on the system.
In other words, the control law must make the surface of locally attractive sliding (i.e.,
in the vicinity of the sliding surface, all the trajectories of the system must be directed
towards it). Thus, the control law must be calculated by verifying a condition ensuring
the stability of the sliding surface, S(x, t) = 0. Such a condition is called the attractiveness
condition. On the other hand, the proposed MSMC technique is more simple, more robust
(being not related to the system parameters), and easy to implement compared to the
traditional SMC strategy. Additionally, the proposed MSMC technique can be used in
a complex system, easily replacing the classic SMC strategy. However, the use of the
proposed MSMC technique makes the system fast in terms of dynamic response due to the
absence of complex calculations such as derivation or integration.

The direct method of Lyapunov makes it possible to pronounce as to the stability of a
state equilibrium without resorting to solving the equation of state of the system. Supposing
that the equilibrium state is 0, to ensure the stability of the proposed MSMC technique,
Equation (18) is used. The proposed MSMC method is a simple one, not related to the
mathematical form of the studied system, and it can be accomplished easily. Moreover, the
proposed MSMC method is more robust because it is not related to the parameters of the
studied system, which makes it overcome the shortcomings of the classical SMC method.

SxS5<0 (18)
The sign of a function V(x), (V(0) = 0, V(c0) = 00), called Lyapunov’s function, and that
of its time derivative V (x) = dl;(tx) give information on the stability of the system. V(x)

plays the role of an “energy” function active for the considered system. If V(x) > 0, Vx # 0

and V(x) < 0, the system is asymptotically stable. A class of classical Lyapunov functions
for determining the condition of attractiveness is that of quadratic functions of the type.

V(x) = > x §? (19)



Energies 2022, 15, 3689

8 of 25

This function is positively defined in an obvious way. A necessary and suffcient condi-
tion for the slip variable 5(x, t) to tend to zero is that the derivative of V be defined negative.

V=Sx5<0 (20)

This inequality is called the attractiveness condition which is not sufcient to ensure
finite time convergence to the surface. To ensure convergence of S(x, t) towards 0 in
finite time, a stronger condition must be respected. In the case of modes classical slid-
ing conditions, the condition of non-linear attractiveness called y-attractive condition is
generally used.

SxS<—yx|S,7>0 1)

where 7 is a positive gain (for example, 77 = Kj).
It comes back, for S # 0, to

S < —y x Sign (e), >0 (22)

We see immediately why this criterion guarantees convergence in finite time. Byin-
tegration, if S(0) > 0, S(f) < S(0) —y x t,and if S(0) < 0, S(t) > S(0) +# x t. So, in all
cases, S(x, t) reaches 0 in less than 150

Therefore, this criterion is always satisfied if the command is of the type
w = K; x Sign (e) (23)

To simplify the idea of the proposed MSMC method, Figure 2 is given to facilitate and
clarify the concept further.

» Sign (U)

X?&*

Figure 2. Schematic diagram of the proposed MSMC technique.

In the proposed MSMC technique, the K; X e(t) part is used in the proposed method
to simplify the method and make it more suitable, especially with complex systems such
as a seven-phase asynchronous motor. Additionally, it simplifies the calculations and not
complicate the use of sliding control. Moreover, it made the dynamic response more rapid
compared to the classic method. The K; x Se(t) and Kj x (de(t)/dt) can be used in place of
Ky x e(t), in which case these methods are called integral modified sliding mode control
(IMSMC) and derivative modified sliding mode control (DMSMC), respectively. These can
be the subject of further research.

This method (MSMC) is used to improve the performance of the traditional DPC
method with a switching table (as explained in the next section) and the designed DPC-
MSMC method is presented in Section 5 of the paper.

4. DPC Strategy

The classical DPC method is among the methods used in the field of wind energy and
this is because of its simplicity and ease of implementation compared to the field-oriented
control method, where in this method the active and reactive power are directly controlled
by using a switching table and two hysteresis comparators [65]. This method is very similar
to the direct torque control method, and the difference lies in the controlled amounts. In
the direct torque control method, the torque and flux are controlled. As for the classical
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DPC technique, the active and reactive power are controlled using the active and reactive
power as references [66]. Figure 3 represents the principle of the classical DPC technique of
DFAG placed in a MRWT system.

Power Grid
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Reactivepower |  —-T-TTT------ 1

Switching g ]
- DFAG MRWT
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SEEE

' table

Active power

RSC

1
L _____

3 Lm
2 oLsLr G ] ‘Ir,c{,ﬁ aﬁ Ir,abc T T T T T

3 ;V; VS.LH Vr‘qﬁ Vnabc
2o % orr (D"“)] T Vate

Active and reactive power estimation
Figure 3. Classical DPC of the DFAG-MWRT system.

From Figure 3, the classic DPC method is simple and easy to perform compared to
the FOC method. Moreover, the traditional DPC method gives a fast dynamic response
compared to some methods such as vector control [67]. In this method, we need to estimate
both the reactive power and the active power, where both current and voltage are measured
in order to estimate these two values [68]. In this method, it is not necessary to know the
speed of the rotor [67]. On the other hand, flux is needed to estimate the active and reactive
power. Equation (24) represents both the quadrature and direct rotor flux of the generator.

— t _ ;
Pra = fot(Vr er.rzx)dt (24)
qoyﬁ - fo (Vr - errﬁ)dt

On the other hand, the rotor flux is given by Equation (25) [66]:

el = or =/ (0% + 7 (25)
The angle 6, between the frame (r) and the vector ¢,, is equal to:

|0,| = arctg (‘Prﬁ) (26)
Pra
where 0, is the angle of the rotor flux.
Equation (27) is used to calculate the direct and quadrature stator flux. The stator
flux is given by Equation (28). On the other hand, the angle of the stator flux is given
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by Equation (29). This angle is of great importance in knowing the areas of reference

stator voltage.
Psa = f — Rgisy )dt 27)
Psp = fo Rslsﬁ)d

95| = @5 = (fpiﬁ + 9% ) (28)
|0s| = arctg (Z ﬁ) (29)

where 0; is the angle of the stator flux.
There is a relationship between tension and flux, where this relationship is shown in
Equation (30). To calculate the stator and rotor flux, Equations (24) and (27) are used.

Vs = @5 X w;s (30)

In order to estimate both the active power and the reactive power, Equation (24)
through (30) are used. Equations (31) and (32) can be used to estimate the active and
reactive power, respectively [57].

_qsf_ Vslm
P, = 1.5( o (pr’3> (31)

Vs VsLm ) (32)

Qs =-1 5( oL, Prp — oLsL, — 5 Pra

In the classical DPC strategy, the switching table is the main part and is the heart of
the classical DPC method. This table is used to control the inverter on the generator side.
Table 2 represents the switching table for the classical DPC method [65]. From this table,
the control signals for the inverter gears are obtained.

Table 2. Switching table for classical DPC technique.

1 2 3 4 5 6
Hq Hp

1 2 3 4 5 6 1

1 0 1 2 3 4 5 6

-1 6 1 2 3 4 5

1 3 4 5 6 1 2

0 0 4 5 6 1 2 3

-1 5 6 1 2 3 4

As mentioned earlier, in the classical DPC method we need two hysteresis comparators
in order to control the active and reactive power of the DFAG-based MRWT system. In this
method, a three-level hysteresis comparator is used to control the active power, while for
the reactive power, a two-level hysteresis comparator is used. Figure 4 shows the hysteresis
comparators used in this method.
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Figure 4. Scheme block of the hysteresis comparators.

The use of classical hysteresis controllers in the DPC method creates several disad-
vantages, including fluctuations in the level of active power, torque, reactive power, and
current [69]. Additionally, this method increases the THD value of the stator current, which
makes the current of an undesirable quality. In addition, we get a signal with unstable
voltage at the output of the inverter, which may cause disturbances at the machine level. All
of these factors lead to system-wide failures and thus increase the cost of maintenance, and
this is undesirable. To overcome these difficulties, reduce maintenance costs, and improve
current quality, MSMC controller is used to improve the performance of the classical DPC
technique. This proposed DPC technique with the modified SMC controller is described in
the next section.

5. Proposed DPC Technique

All the designed techniques for controlling the DFAG-based MRWT system do not
completely eliminate the active and reactive power fluctuations. Therefore, a robust control
approach must be used to ensure performance. The DFAG-based MRWT system and
the MSMC-based approach is the most suitable candidate due to its simplicity and ease
of application.

To improve the quality of current and active power generated by the DFAG and
to reduce the ripples of torque, reactive power, flux, and current, the proposed DPC
method based on a modified SMC controller (DPC-MSMC) is used. Figure 5 represents
the proposed DPC-MSMC method for controlling DFAG placed in the MRWT system.
The proposed DPC method based on the MSMC controller is an evolution of the classical
DPC technique, in which the switching table is replaced by the PWM technique, and
the hysteresis controller is replaced by the proposed MSMC controller. The designed
DPC-MSMC strategy is characterized by simplicity, ease of implementation and durability
compared to the classical DPC method. Additionally, the proposed strategy reduces the
active power, current, and reactive power ripples compared to the FOC and DPC strategy.
Therefore, the proposed strategy improves the responses dynamic of the reactive and active
power of the DFAG.
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Figure 5. Proposed DPC-MSMC strategy of the DFAG-MWRT system.

In the DPC-MSMC of the DFAG system, the stator power components are controlled
by regulating parts of the converter voltage at rotor side converter (RSC) circuit. Therefore,
the rotor converter voltages are selected to be the control output variables.

In DPC-MSMC technique, the maximum point power tracking (MPPT) technique is
used in order to get the reference value of the active power, and for the reference of the
reactive power it is set to 0 Var. Moreover, Equations (31) and (32) are used to estimate both
the active power and reactive power, respectively.

Control tasks for DPC strategy are to track the new reactive power, Qs, and active
power, Ps. The tracking errors are as follows:

eq = P, sref — P
33
{ er:eref_Qs (33)
Equation (33) after derivation becomes as follows:
{ .éazl'bsref_l?s (34)
er = eref - Qs

The reference value for both direct and quadrature rotor voltages (V4* and Vg, *) using
the proposed DPC-MSMC technique is represented by Equations (35) and (36):

Vi, =Ky x Sign (e;) + Kz X e, (35)

Vg = Ky x Sign (ea) + Ka X eq (36)

where e; and e, are the active and reactive power errors, and K; and K; are positive gains.
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From Equations (35) and (36), it can be deduced that the control laws applied to the
rotor voltage dynamics are given by:

. . 3K V. V.L
Vi =Ko (Qug - ) - 5 (Jow - JiEen) @)
S St
3Ky Vsl
2 “oL.L TP

The modified SMC technique is proposed to generate the direct and quadrature
rotor voltage references from the reactive and active power errors. Two proposed MSMC
controllers are selected for reactive and active power control. The designed MSMC reactive
and active power controllers of the DFAG-based MRWT system is shown in Figure 6.
This proposed MSMC controller is more simple, more robust, and easy to implement.
Additionally, this proposed method is not related to the parameters of the studied system,
which makes it more robust and has fewer ripples compared to the classical DPC method. In
Table 3, a comparative study is given between the classical DPC method and the proposed
DPC-MSMC strategy. From this table, the proposed DPC-MSMC technique is much better
than the classical DPC method in all aspects. Among the advantages of using the proposed
MSMC controller is the mitigation of the effect of chattering resulting in an upgrade in
operational performance due to the exclusion of the chattering part in the classical method.
Moreover, the use of the proposed control unit significantly improves torque and reactive
power compared to the traditional method. The proposed controller reduces the ripples,
the active and the reactive powers, and increases the stabilization ratio.

Vi, = Ky x Sign (Ps,gf - ps) - (38)

A4
+

A 4

Sign (U) Ka

v/

Y

Sign (U) | Ki

v

vdr*

J o .
I/

Figure 6. Block diagram of the MSMC active and reactive power controllers.
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Table 3. Comparative study between the classical DPC strategy and the designed DPC-MSMC technique.

Designed DPC-MSMC DPC Technique
Block of estimation Yes Yes
Hysteresis comparator No Yes
Switching table No Yes
Robustness High Low
THD value of current Low High
Dynamic response Fast Slow
Power ripple Low High
Implementation Easy Easy
Simplicity Simple Simple
Applied to multi-phase Easily Complicated
generator
Completion cost Not expensive Not expensive
Controller used MSMC controller Hysteresis comparator
Steady-state error High Low
Current quality High Low
Power quality High Low
6. Results

Control by DPC-MSMC technique, with the choice of stator active and reactive powers
as well as sliding surfaces, was validated by numerical simulation using Matlab/Simulink
software. The proposed DPC-MSMC technique is compared with the classical DPC strategy
in terms of ripples of active power, torque, current, reactive power and THD value of
electric current. In this work, three tests were proposed to verify the robustness of the
proposed DPC-MSMC technique, where the tests are a test in the case of variable wind
speed, robustness test, and a steps speed wind turbine test. The DFAG used is the same as
that used in [70,71].

A. Steps speed wind test

In this test, the wind speed has the form of steps, where the results obtained from this
test are represented in Figure 7. From this figure, it can be seen that the active power and the
reactive power follow well the references with preference over the proposed DPC-MSMC
technique in terms of dynamic response (see Figure 7a,b). It is noted that a negative sign
“—" implies on active power generation absorption by DFAG. The torque and current of
the generator are represented in Figure 7c,d, respectively. From the two figures, it can
be seen that the torque and the current take the same form as the active power and their
value is related to the wind speed. In addition, the increase in wind speed leads to an
increase in the value of both torque and current. Regarding the response time for the
reactive power, it was 1 millisecond for the classical DPC method and 0.02 milliseconds
for the designed DPC-MSMC strategy, where the designed strategy reduced the response
time by 98% compared to the traditional DPC technique. Additionally, the designed DPC-
MSMC strategy gave a fast response time for both torque and active power compared to the
classical DPC technique. The THD value of the electric current is represented in Figure 7e,f
for both the classical and the proposed DPC-MSMC technique, respectively. It is worth
mentioning that the proposed DPC-MSMC technique gave a lower THD value than the
classical method, and the THD reduction ratio is about 76.82%. On the other hand, the
proposed DPC-MSMC technique minimized the undulations in the reactive power, current,
active power, and torque compared to the traditional DPC strategy. Figure 8 presents the
zoom in the reactive power, torque, and active power. The value of the ripples of reactive
power, torque, active power and current are shown in Table 4. Through this table, the
proposed DPC-MSMC technique reduced the ripples of current, reactive power, torque,
and active power compared to the classic DPC strategy by a ratio of 75%, 92.64%, 75%, and
80%, respectively.
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Table 4. Comparison of ripple values between the proposed and the classical DPC method (steps

speed wind test).
Reactive Power Torque (N-m) Active Power Stator Current
(VAR) 1 (W) (A)
DPC 34,000 100 15,000 20
DPC-MSMC 2500 25 3000 5
Ratios 92.64% 75% 80% 75%

At the time moment of 1.101 s, the steady-state error for the active power was 4000 W
for the classic DPC technique and 1300 W for the designed DPC-MSMC strategy. With
these values, the designed strategy reduced steady-state error about 67.5% compared to
the classical DPC method. As for the reactive power, the steady-state error was 5000 VAR
and 2800 VAR for both the classical and the designed strategy, respectively. So, the de-
signed DPC-MSMC strategy reduced steady-state error by 44% compared to the traditional
DPC technique.

B. Variable-speed test

A variable wind speed is used in this test in order to know the change in the behavior
of the proposed DPC-MSMC technique compared to the classical DPC strategy, where
the results are shown in Figure 9. Through this figure, the active and reactive power
follow the references well for the two methods (see Figure 9a,b) with many ripples for the
classical technique compared to the proposed DPC-MSMC technique (see Figure 10a,b).
Additionally, the current and the torque have the same shape as the active power (see
Figure 9¢,d), and the higher the active power, the higher the value of both torque and
current and vice versa.

The proposed DPC-MSMC technique has reduced torque ripples compared to the
classical DPC method (see Figure 10c). Moreover, the proposed DPC-MSMC technique
provided the best value for THD compared to the classical DPC strategy (see Figure 9e,f)
and the reduction ratio was about 71.63%. The ripples of torque, active power, reactive
power and current are recorded in Table 5. Through this table, the proposed DPC-MSMC
technique reduced ripples by 55%, 74.42%, 67%, and 91.33% for current, active power,
torque, and reactive power, respectively, compared to the classical DPC method. On the
other hand, the designed DPC-MSMC improved the dynamic response of both active and
reactive power of the DFAG compared to the conventional DPC technique. At 0.9585 s, the
steady state error for active power is approximately 4900 W and 50 W for traditional and
designed control technique, respectively. Additionally, the steady state error of the reactive
power was 5000 VAR and 1000 VAR for the traditional and proposed strategy, respectively.
Consequently, the designed technique reduced the steady-state error rate by approximately
98.98% and 80% for active and reactive power, respectively, compared to the conventional
DPC strategy. These results show the effectiveness of the designed DPC-MSMC technique
in improving the performance and features of the classical DPC method. In the next test,
the generator parameters are changed in order to study the behavior of the proposed
DPC-MSMC technique in the event of a problem.
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Table 5. Comparison of ripple values between the designed and the traditional DPC technique
(variable speed wind test).

Reactive Power Active Power
(VAR) Torque (N-m) Current (A) W)
DPC 15,000 50 20 7000
DPC-MSMC 1300 16.50 9 1790
Ratios 91.33% 67% 55% 74.42%

C. Robustness test

In this test, the behavior of the proposed DPC-MSMC technique is studied in com-
parison with the classical DPC strategy in case of changing Ls, Lr, Rs, Lm, and Rr to the
following new values 0.00685 H, 0.0068 H, 0.024 €}, 0.00675 H, and 0.042 (), respectively.
The obtained results are shown in Figure 11. In this test, the classical DPC strategy is af-
fected more by changing the machine parameters compared to the DPC-MSMC technique,
and this effect is observed through the ripples of torque, reactive power, current and active
power (see Figure 12a—c). Moreover, the reactive power and the active power follow the
references well, despite the modification of the generator parameters (see Figure 11a,b).
Additionally, the designed DPC-MSMC strategy improved the dynamic response of both
reactive and active power of the DFAG-based MRWT system compared to the traditional

DPC strategy.
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Figure 11. Simulated results from the robustness test.
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Figure 12. Zoom in the reactive power, torque, active power and current (robustness test).

The current and torque take the same form as the active power, and their value remains
related to the wind speed and the studied system (see Figure 11c,d). The steady state error
in this test was calculated at 0.2 s, being 7740 W and 2260 W for the conventional strategy;,
respectively, proposed. Consequently, the proposed DPC-MSMC strategy reduced the
steady-state error value of the active power by 70.80%, compared to the conventional DPC
strategy. In the case of reactive power, the value of steady-state error in this test was also
calculated at the moment of 0.2 s. The steady-state error values were 18,400 VAR and
2400 VAR for for the traditional and proposed strategy, respectively. Accordingly, the
designed DPC-MSMC technique minimized the steady-state error value of the active power
by 86.95%, compared to the conventional DPC strategy.

The THD value of the electric current for the classical and proposed DPC-MSMC
technique is shown in Figure 1le,f, respectively. The proposed DPC-MSMC technique
reduced the THD value by about 76.85% compared with the classical DPC strategy. On the
other hand, the value of the ripples of torque, active power, current and reactive power for
the classical and proposed DPC-MSMC technique are shown in Table 6. The proposed DPC-
MSMC technique reduced the ripples of torque, active power, current, and reactive power
by 77%, 73.33%, 76%, and 93.71% ratios, respectively. These results show the effectiveness of
the proposed DPC-MSMC technique in improving the quality of current and active power.

Table 6. Comparison of ripple values between the designed and the conventional DPC strategy
(robustness test).

Reactive Power Active Power
(VAR) Torque (N-m) Current (A) W)
DPC 35,000 100 30 15,000
DPC-MSMC 2200 23 7.2 4000
Ratios 93.71% 77% 76% 73.33%

The proposed DPC-MSMC technique gave a lower value for the THD of the electric
current compared to several published methods as shown in Table 7, where this table
represents a comparative study between the proposed DPC-MSMC technique and several
published methods in terms of the THD value of the electric current.
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Table 7. A comparative study between the DPC-MSMC technique and other works in terms of the

value of THD.
Techniques THD (%)
Genetic Algorithm-Least Squares Wavelet
Ref. [71] Support Vector Machines (GA-LS-WSVM) 3.39
method
Ref. [72] Field-oriented control 3.7
Strategy 1 5.6817
Ref. [73] P trol
OWer contro Strategy 2 3.1873
Ref. [74] DPC strategy with STA controller 1.66
Ref. [75] Classical direct torque control 6.70
Fuzzy direct torque control 2.40
Ref. [76] Direct power control with IP controllers 0.43
Ref. [77] Fuzzy sliding mode control 1.15
Ref. [78] Direct torque control 7.83
Neural direct torque control 3.26
Ref. [79] DTC technique using L-filter 10.79
DPC strategy using LCL-filter 4.05
Ref. [S0] Integral sliding mode control 9.71
Multi-resonant-based sliding mode controller 3.14
Ref. [81] Second-order sliding mode control 3.13
Ref. [82] Two-level direct torque control 8.75
Three-level direct torque control 1.57
Ref. [26] DTC with PI controllers 12
DTC strategy with ant colony optimization
. 7.19
algorithm
Ref. [83] Virtual flux DPC strategy 4.88
DPC 4.19
Ref. [84] Predictive polar flux control 0.77
Predictive torque control 2.15
Ref. [85] Integral sliding mode control 0.88
Ref. [86] DTC strategy with genetic algorithm 4.80
First test 0.19
DPC_MSMC Second test 0.40
technique
Third test 0.53

7. Conclusions

In this work, a new method of sliding mode control (called MSMC) was proposed.
This proposed method has been applied to the DPC strategy to improve the quality of the
powers provided by a DFAG-based MRWT system. The proposed DPC-MSMC technique
was achieved using simulation and the obtained results were compared with the classical
DPC strategy. The obtained results proved the effectiveness of the proposed modified SMC
technique in improving the performance and effectiveness of the DPC method. The results
obtained can be summarized in the following points:

1. Improve the effectiveness of the DPC of the DFAG-based MRWT system.
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2. The proposed DPC-MSMC technique reduced reactive power, torque, active power,

and current ripples compared with the classic DPC method.

Decrease the THD value of the electric current.

Decrease the steady-state error of the active and reactive powers of the DFAG.

5. The proposed DPC-MSMC technique is more robust compared to the classical
DPC strategy.

Ll

In the near future, we will verify the performance and control effectiveness of the
proposed method on a wind power generation system using grid-connected DFAG to solve
problems of ripples for active power and electric current.
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Abbreviations

SMC Sliding mode control

DTC Direct torque control

SOSMC  Second-order sliding mode control
FOC Field-oriented control

DPC Direct power control

MSMC  Modified sliding mode control

PI Proportional-integral

THD Total harmonic distortion

BC Backstepping control

DFAG Doubly fed asynchronous generator
MRWT  Multi-rotor wind turbine

PWM Pulse width modulation

MPPT  Maximum point power tracking technique

RSC Rotor side converter
SSC Stator side converter
GSC Generator side converter
GA Genetic algorithm

ACO Ant colony optimization
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