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ABSTRACT Experimental work using Hardware-in-the-loop simulation is performed in this article for a
power system based on multi-rotor wind energy for power generation. Power is generated using a doubly-fed
induction generator (DFIG), where the suggested approach to regulate the energy is different from the direct
power command (DPC) in terms of idea and structure, even though the same equations are used to estimate
the powers. Two parallel super-twisting controls are used to control the power, and modified space vector
modulation (MSVM) is used to operate the rotor side converter. The designed command is unrelated to the
system’s mathematical model and uses only a few gains, which makes it an effective and distinctive effective-
ness compared to the DPC based on the super-twisting controller (DPC-STC). Also, simplicity, robustness,
and ease of application are the most notable characteristics of the suggested command. Moreover, an uncon-
trolled grid-side converter was used to demonstrate the efficacy and competence of the suggested command
in ameliorating the features of the designed power system. The suggested command was first verified in
MATLAB, and the results were confirmed using experimental work, where Hardware-in-the-loop using the
dSPACE 1104 was used for this purpose. In this work, the results obtained with the DPC-STC technique
were compared in terms of undulations and oscillation minimization ratio, total harmonic distortion (THD)
of stream, and steady-state error (SSE) value. The designed command minimized the THD of current with
an efficiency of 45.94%, 46.95%, and 45.93% in the first test, second test, and third test, respectively. Also,
the active power undulations were minimized compared to the DPC-STC by58.33%, 45.60%, and 44.88%
in the first test, second test, and third test, respectively. The SSE of reactive power was also reduced by 68%,
71.32%, and 70.80% in the first test, second test, and third test, respectively. These ratios indicate the effec-
tiveness, ability, and efficiency of the suggested command to ameliorate the efficiency of the power system.

INDEX TERMS Doubly-fed induction generator, super-twisting controls, direct power command, multi-
rotor wind energy.

NOMENCLATURE PWM Pulse width modulation.
DFIG  Double-Fed Induction generator. FL Fuzzy logic.
DTC  Direct torque control. MSVM  Modified space vector modulation.
STC Super-twisting control.
HC Hysteresis comparator.
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DSTC  Dual super-twisting control.
DPC Direct power control.

PI Proportional-integral.

MPPT  Maximum power point tracking.
SMC Sliding mode control.

MRWT  Multi-rotor wind turbine.

SSE Steady-state error.

THD Total harmonic distortion.

FOC Field-oriented control.

LT Lookup table.

ANFIS  Adaptive-network-based fuzzy inference
system.

I. INTRODUCTION

In the last years, the direct power control (DPC) approach has
become one of the most prominent aproaches in the area of
command, that have appeared in recent years as a genuine
solution among the suggested solutions for regulating and
regulate machines. The direct torque control (DTC) and this
approach are extremely similar, as it has the same principle
and idea, and the difference between them consists in the ref-
erences used or the regulated quantities [1]. In the DPC, both
the reactive (Qs) and active power (Ps) are regulated, while
in the DTC, the flux and torque are regulated directly without
the utilization of internal loops [2]. Simplicity, robustness,
low cost, and few gains usedare among the characteristics that
makes DPC famous compared to both vector command and
field-oriented control (FOC) [3]. The DPC strategy was used
to control a photovoltaic system based on the filtration [4]
and control system of the doubly-fed induction generator
(DFIG) [5]. Also, it was used to control the power of the
synchronous generator [6], as its use greatly improved the
dynamic response of these energy systems.However, some
drawbacks limit the use of this method, as the current quality
is low and there are high fluctuations at the level of both
the Ps and Qs as a result of using the hysteresis comparator
(HC) [7]. Also, a lookup table (LT) is used to produce com-
mand pulses in the IGBTs of the converter, which results in
an electric current of non-constant frequency, which is unde-
sirable [8]. Several genuine solutions have been designed to
ameliorate the advantages and defeat the cons and defects
of the DPC, such as the use of neural networks (NNs) [9],
synergetic control (SC) [10], fuzzy logic (FL) [11], genetic
algorithm [12], sliding mode controller (SMC) [13], back-
stepping command [14], super-twisting control (STC) [15],
and fractional-order control [16]. Using these techniques
leads to ameliorate the advantages and significantly reduce
the Qs and Ps fluctuations. Also, the DPC based on
these methods becomes difficult to achieve, expensive more
complex.

STC approach is among the non-linear strategies designed
to surpass some real problems of the SMC, which is distin-
guished by high competence, easy to apply, and can be used
in many fields such as controlling machines and renewable
energy sources [17]. It was proposed in the work [18] to
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use the STC to overcome the problems and defects of the
DPC of DFIG strategy, where a control of the STC was
used to command the power. The STC approach was used
to determine the voltage reference values based on the power
error, where the voltage reference values are used to generate
operating pulses for the rotor side converter (RSC) of DFIG.
The DPC-STC is a modified strategy of the traditional DPC,
where robustness, high competence, and efficiency are the
most important features of this approach. The negative of
this strategy lies in the use of estimation of capabilities and
the presence of a significant number of gains. In [19], the
author used the STC strategy with a neural controller in order
to ameliorate the competence of the DFIG-based wind tur-
bine system. Using the neural STC strategy to control power
led to a higher number of gains compared to the conven-
tional strategy that relies on the use of a proportional-integral
(PI) regulator. Also, the neural STC strategy is difficult and
expensive to implement compared to PI control. This pro-
posed technique is verified using processor in the loop (PIL)
based experimental setup carried out in MATLAB/Simulink.
Results showed that the neural STC strategy significantly
reduced power ripples, total harmonic distortion (THD) of
current, overshoot, and steady-state error (SSE) compared
to the PI control. In terms of response time (RT), using the
neural STC strategy led to an unsatisfactory time compared
to PI control, which is negative.

Super-twisting HC is a solution that has been proposed to
overcome the cons of the DPC of DFIG-based multi-rotor
wind turbine (MRWT) system in [20]. In this work, the STC
strategy was used to replace conventional regulators (HCs)
for DPC, where the author kept using ST to produce the
pulses needed to operate the RSC of DFIG-MRWT system.
This approach has several advantages, including simplicity,
performance, high durability, and ease of implementation.
This proposed strategy was implemented and the algorithm
was validated using the MATLAB, where numerical and
graphical results showed that the proposed strategy signifi-
cantly reduced ripples, overshoot, and SSE of DFIG power
compared to the DPC. But in terms of RT, the designed
strategy provided an unsatisfactory RT compared to the DPC
strategy. Also, it is noted that the proposed approach is
affected by changing machine parameters, which is a neg-
ative matter that contributes to a decrease in the quality of
current and power. According to the work done in [21],
the STC provided unsatisfactory results compared to the SC
approach of DFIG. First, the author conducted a compara-
tive study between the two strategies in terms of simplicity,
ease of use, number of gains, durability, competence, and
ease of completion. Secondly, the two strategies were ver-
ified using the MATLAB, where two strategies were used
to improve the performance of the DPC of DFIG strat-
egy. Numerical results were extracted for the various tests
performed, and the completed comparison showed that the
STC has an unsatisfactory performance compared to the SC
approach, and this is highlighted by the calculated reduction
ratios.
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Given the importance of the STC, as it is considered an
appropriate solution, several solutions have been designed
to improve its characteristics and raise performance. The
proposed solutions to overcome the problems of the STC are
different, as most of them depend on introducing other strate-
gies into the STC approach (merging) in order to overcome
the defects. In [22], the author proposed a new strategy for
the STC to improve performance and increase durability. This
approach lies in the multivariate adaptive STC method, where
the adaptation scheme is based on a two-layer structure.
Also, it does not require knowledge of the upper bounds
for identical perturbations. It is possible to adapt both gains
to impose a second-order SMC while avoiding over estima-
tion of the disturbance, which is important for mitigating
the unwanted effects of chatter by exploiting information
extracted from the equivalent command. In the work [23], the
author uses a simplified structure of the STC approach as a
convenient and effective solution to overcome the problems
and drawbacks of the STC. This proposed strategy was used
to overcome the drawbacks of the filter-based photovoltaic
system. The results highlight the effectiveness of the pro-
posed approach in improving the characteristics of the studied
energy system compared to the conventional approach, and
this is shown by the graphical and numerical results. Also,
the proposed approach gave a value for the THD of current
that is much better than several existing controls, which is
a positive thing that highlights the high performance of this
solution, making it one of the most important solutions that
can be relied upon in the field of control in the future.
To overcome the shortcomings of the STC, the author in
the work [24] relied on fractional calculus. He relied on
this strategy because of its characteristics such as simplicity
and high durability. The proposed STC approach was used
to improve the characteristics of the indirect FOC approach
of asynchronous generator-based wind turbine. Accordingly,
the proposed control is characterized by complexity, a large
number of gains, difficulty of implementation, and reliance
on capacity estimation, which makes the control affected by
changing the machine parameters. However, despite these
drawbacks, the designed control provided very satisfactory
results compared to the conventional approach, and this is
shown by the results from the MATLAB. Fractional-order
proportional-integral STC is a solution that was proposed in
the work [25] to improve the quality of current and power out-
put from DFIG, where the MATLAB was used to implement,
verify, and find out the robustness of the proposed solution
compared to PI control. This designed solution has both
positives and negatives, as its negatives lie in its complexity,
expensiveness, large number of gains, and difficulty of imple-
mentation compared to the conventional approach. Its most
prominent advantages are high performance, great durability,
and efficiency, as the numerical results show these positive
features of this proposed approach. Also, this proposed strat-
egy provided very satisfactory results compared to several
research works in terms of reducing the value of response
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time and the value of THD of current. The NN technique and
STC were combined to overcome the problems of the DPC of
DFIG-MRWT in [26], where simulation was used to imple-
ment the designed strategy. Using neural STC as an effective
solution that significantly improved characteristics of the
energy system in all tests performed compared to conven-
tional PI-based command. This approach wasimplemented
experimentally using Hardware-in-the-loop (HIL) simulation
based on dSPACE 1104 in [27], where the author used two
different forms of wind speed (WS) in order to study the
behavior of the neural STC. The experimental results showed
the high performance of this approach and the validity of the
simulation. Also, it is noted that the energy ripples remain
present and are not completely overcome, which is a negative
thing. Neural-SC-STC techniques was adopted as a suitable
and effective solution to overcome the problem of low power
quality and current in the DFIG-MRWT system [28], as the
author used this proposed approach to compensate for tradi-
tional regulators (PI). Relying on this proposed approach led
to improving the values of THD of current, overshoot, power
ripples, and SSE compared to the conventional approach, and
this is shown by the numerical and graphical values obtained
from the MATLAB under different working conditions for
DFIG. The negatives of this proposed solution lie in the
complexity, the number of internal layers and neurons for
each layer needed to obtain good results, the large number of
gains, and the difficulty of implementation. Also, its reliance
on capacity estimation makes it give unsatisfactory results
in terms of power quality and current. Another simple solu-
tion based on the use of the STC was implemented in the
work [29], where this solution was used in order to overcome
the disadvantages of the DPC approach of DFIG-MRWT
system. This solution relies on the use of the dual STC
(DSTC) technique in order to command the power, as this
strategy was applied to the RSC of DFIG without the grid
side converter (GSC). This solution was implemented using
the MATLAB and experimental using HIL test, and several
tests were used for this purpose. All test results confirm
the effectiveness and performance of the DSTC approach in
improving the characteristics of the studied energy system
compared to the conventional approach, and this is what the
calculated reduction ratios show.

In this work, dual STC is used to ameliorate the advantages
and effectiveness of the DPC of DFIGs, where two STC
regulators are used in parallel to regulate the Ps and the same
applies to the Os. So, the essential contribution of the study
lies in proposing the DSTC technique as a suitable solution
to reduce energy undulations and minimize the THD value
of current. Moreover, the second contribution lies in the use
of DPC-DSTC based on modified space vector modulation
(MSVM) to regulate the RSC of DFIG-MRWT. To demon-
strate the characteristic of the DPC-DSTC in ameliorating the
system features, GSC is used using a diode, as the system
becomes simpler and less expensive. The obtained method
is featured by high efficiency and low Ps and Qs ripples
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compared to the DPC. First, MATLAB was used to verify the
robustness and effectiveness of the DPC-DSTC, comparing
the competence to the DPC-STC in terms of minimizing
fluctuations, THD value, robustness, SSE, and tracking the
DFIG-MRWT power reference. Secondly, the third contribu-
tion of this study is the implementation of DPC-DSTC with
HIL test (ASPACE 1104) using two different WS profiles and
the comparison of the experimentally obtained results with
the simulation results. Accordingly, the objectives achieved
by this work can be defined in the following points:

o Overcoming the cons of the DPC of DFIG-MRWT;

o Experimental confirmation of a system based on

MRWT;

« Significantly reduces current/power ripples;

« Significantly increases the robustness of DFIG-MRWT

system;

o Improved THD value for current;

o Improved SSE and overshoot values.

The work has been divided into 5 different divisions.
In the second division, an overview of the suggested approach
represented by DSTC is given. The DPC-DSTC strategy is
detailed in Section three. Graphical and numerical results are
given in the Section IV, with three tests used for this purpose.
In the fifth section, the proposed control is achieved experi-
mentally using HIL test (dASPACE 1104), where a variable WS
is used and the results are compared. The work is concluded
with a set of conclusions that summarize the purpose of the
work with reference to future work.

Il. MRWT SYSTEM

The energy system based on MRWT is considered one of the
most prominent energy systems that significantly reduces the
phenomenon of global warming and protects the environment
from pollution. The use of this energy system reduces the use
of non-renewable sources such as gas and allows the costs
of producing electrical energy to be significantly reduced.
Also, relying on the energy system allows it to overcome
the increasing demand for electrical energy, which makes it
of great importance in the energy field. This studied energy
system consists of an MRWT turbine, a DFIG generator, two
inverters, and a network. To complete this energy system, it is
necessary to provide mathematical modeling for each part.
This mathematical modeling is used to simulate the system in
MATLAB. In this studied energy system, a two-level inverter
is used to achieve RSC and GSC, which is implemented using
an uncontrolled inverter to simplify the system and reduce its
total cost.

A. TWO-LEVEL INVERTER MODEL

Traditionally, the two-level inverter is considered the cor-
nerstone of multi-level inverters, as it is characterized by
simplicity, ease of control, and ease of implementation. In this
inverter, six IGBT transistors are used. In order to control
this inverter, the PWM or SVM strategy is used. Several
other strategies can be relied upon to control this inverter,
as complexity, simplicity, and ease of implementation are
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among the most prominent features of any approach that can
be relied upon to command this inverter.

The mathematical model for this inverter is represented in
Equation (1). This inverter was used to embody the RSC of
DFIG, as this inverter was relied upon to simplify the system
and reduce its costs.

ol p[2 -1 —1][A
vil=21-1 2 1| R (1)
vl -1 -1 2 || R

where, V,, V},, and V. are the three-phase voltages.
F; =K; —}—K{,Fz =K2+K2’,andF3 =Kj3 ~|—Ké
Kj, K3, and K3 arethe top switch.
K{, K;, and K} are the bottom switch.

P 1 when K| is closed and K| is open
S when K{ is closed and K is open

Py — 1 when K5 is closed and Kz’ is open
*= —1 when K} is closed and K, is open

Fae 1 when K3 is closed and K3 is open
T —1 when K} is closed and K3 is open

B. DFIG MODEL

In the field of renewable energies, DFIG is considered one
of the most prominent solutions that can be relied upon for
generating electrical energy due to the characteristics that
distinguish it from other generators. This generator converts
energy gained from the air into electrical energy. This gener-
ator consists of two sections: a fixed section and a moving
section. According to the work done in [22], conventional
DFIG cannot operate under open-phase conditions. There
are three-phase DFIG, which is considered more common,
as well as five- [30], six- [31], and seven-phase DFIG [32],
where the greater the number of phases, the greater the capac-
ity and size of the DFIG. As is known, increasing the number
of phases contributes significantly to increasing the torque
value. But the negative of increasing the number of stages lies
in the increase in the cost of the machine, its weight, and the
difficulty of control. Compared to both synchronous genera-
tors and vernier permanent magnet machines (VPMM) [33],
the power generated by DFIG can be controlled by feeding the
rotor using two different inverters, which allows this genera-
tor to give greater efficiency in case of variable wind speed.
Also, the stator part of DFIG is connected directly to the
network without using an intermediary, which is not found in
other generators. Compared to both synchronous generators
and VPMM, DFIG is characterized by simplicity of control,
low cost, high durability, low periodic maintenance, and slip-
page, which makes it one of the most reliable generators
for generating electrical power. To find out the mathematical
model of DFIG, the Park transform is used for this purpose.
The mathematical model of DFIG is to give mathematical
equations for both the mechanical and electrical sections of
the machine, where Equation (2) represents the mechanical
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section of the generator. This equation gives the evolution of
speed as a function of torque.

dQ2
Te =]Xd—+fXQ+Tr
"M 2)
T, =1.5px L—(—\Ilsd X1y + Wy x11g)
A)

Equation (3) shows the voltage and flux of the rotor section,
where these two quantities are related to the current.

d
Var = R 1y — erpqr + Elydr
\Ildr = Lrldr + Mlds

4 3)
Vqr = erqr +w Wy + _\I'qr

dt
Vo = Mlys + Loy

The expressions for the voltage and flux of the stator section
are represented in Equation (4).

d
Vqs = Rslqs + wyWys + E\I’qs
Wys = Mly + Ll ys

J @
Vas = Relgs — wsWys + E\pxd

Wys = Lol gs + My,

To calculate powers, Equation (5) can be used, where both
current and voltage measurements are used for this purpose.

[ Py = 1.5x(VyyxIys + Las XV gs) 5)

05 = 1.5 x (— Iysx Vs + Vg xlus)

C. MRWT MODEL

Traditionally, the energy generated by wind-using turbines
depends on several factors such as the size of the turbine,
the speed of the wind, and the distance of the turbines from
each other. The use of traditional three-bladed turbines in
order to obtain mechanical energy causes several problems
and disadvantages, as these turbines are affected by the wind
generated between the turbines in wind farms, which leads to
adecrease in the energy yield of the wind farm. Also, in order
to obtain greater energy, turbines with large dimensions must
be used, which is difficult in terms of costs and implemen-
tation of the turbine on the ground. Therefore, researchers
found the solution by using MRWT turbines. According to
the work done in [34], the MRWT turbine provides more
energy gained from the wind than the energy provided by the
single-rotor turbine. Also, the rotational speed of the MRWT
turbine is greater than the rotational speed of a normal turbine.
In MRWT, several turbines can be used to form the mother
turbine, whereas in our work the study is limited to using two
turbines to form the MRWT turbine. So the torque and power
resulting from MRWT are expressed by Equation (6).

IT=n+n

6
P=P + P ©)

In Equation (7), the torque for each turbine is shown, where
the torque value is related to the WS and the dimensions of
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each turbine. The larger the dimensions, the greater the torque
value.

C
Tz——p3p-7T~R§W%

22 ™)
T = —p,o TR W

2)»3 11

The energy produced by the MRWT turbine is the sum of
the energy of each turbine, where Equation (8) is used to
express the energy produced by each turbine that makes up
the MRWT. This energy output is also related to both the WS
and the turbine dimensions.

Cp(B, M)
Cp(B, 1)
Pl — prSIW:;

According to Equation (8), the power of each turbine is
affected by a factor called the coefficient of power (Cp),
where its value is less than 1. The power gained from the
wind is greater in the case when this coefficient takes the
value of 1. This factor is related to the pitch angle (8) and
tip speed ratio (A), where the Equation (9) expresses how to
determine it.

116 =21
Cp (A, B) = 0.0068x + 0.517(7 — 048 =5 (9)
i

With:
~0.035 1
T B34+1 ' 0.088+ A

(10)

i

Equation (11) expresses the tip speed ratio of each turbine
used to create the MRWT.

. wo-R>

Tk (a1
w1 -1\

A=
Vi

In MRWT, each turbine has its own WS. The WS of the
second turbine is affected by the first turbine. The latter’s
speed is the WS. According to the work done in [35], the WS
of the second turbine is given by the following relationship:

1-JT=Cp) (1 L ))
2 V1 +4x2

V2=V1(1—

(12)

where, V| is the WS of second turbine, Cr is a constant gain
(Ct =0.9), V, is the WS of first turbine, and x is a distance
between the both turbines. In this work, the value of x is
estimated at 15 m because the power value of the turbine is
1.5 MW.

In order to control the MRWT turbine, the maximum power
point tracking (MPPT) strategy is used for this purpose,
as this approach was discussed in detail in the work [36].
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lll. MSVYM TECHNIQUE
MSVM is one of the solutions proposed to replace the tradi-
tional SVM strategy for controlling inverters. This strategy is
characterized by simplicity, inexpensiveness, easy to imple-
ment, and outstanding performance, which makes it one of the
most suitable and reliable solutions for controlling reflectors.
This strategy was discussed in detail in the work [37], where
its positives and negatives were addressed. In the work [38],
the author implemented the MSVM strategy for a two-level
inverter experimentally using dSPACE. The experimental
results were compared with both SVM and PWM, where the
experimental results showed that the MSVM strategy is more
efficient and performant than the SVM and PWM strategies.
In this work, the MSVM strategy will be discussed for a
two-level inverter that is used to feed the DFIG rotor, as it
was relied upon due to the features that distinguish it and the
results it provided in terms of the value of THD of the current
compared to both SVM and PWM.

The principle of the MSVM strategy is determined in four
steps:

o Step 1: Calculate Maximum of the power source;

o Step 2: Calculate Minimum of the power source;

o Step 3: Calculate the sum of Min (Va, Vb, and Vc) and

Max(Va, Vb, and Vc);

« Step 4: Generation of pulse series Sa, Sb, and Sc.

According to the steps mentioned above, Figure 1 repre-
sents the MSVM approach used in this work to control the
RSC of DFIG.

IV. DESIGNED STRATEGY

Traditionally, the DPC approach is considered one of the
strategies that have a rapid, dynamic response, which makes
it one of the most reliable solutions. Also, simplicity, low
cost, and ease of implementation are among the most promi-
nent characteristics that distinguish this approach from other
controls. However, this approach has negatives that hinder its
spread, as the most prominent of these negatives lie in the
low durability in the event of a malfunction in the system,
high energy fluctuations, the value of the THD of the stream,
and the estimation of capabilities. Many solutions have been
proposed to overcome these drawbacks, but the DSTC con-
troller is considered one of the most important solutions that
were presented in the work [29] to overcome these problems.

A. DSTC CONTROLLER

According to the work done in [39], the STC approach has
positives and negatives, as the author in this work completed
a comparison between the two strategies STC and SC of the
DFIG-based MRWT system. The results obtained showed the
superiority of the synergetic control strategy over the STC
approach in terms of improving the system characteristics.
Accordingly, the author of the work [29] believes that using
the dual STC approach is one of the simplest and most reliable
solutions, as two STC-type commands are used in parallel
in order to overcome the defects and problems of the STC
approach. This proposed solution does not require complex
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FIGURE 1. Two-level MSVM technique of RSC.

calculations or knowledge of the mathematical model of the
system under study, which makes it one of the most prominent
solutions that can be relied upon. According to the work [17],
the expression for the STC regulator can be expressed by
Equation (13).

Y (t) = K1 |S]” sign (S) + K»Sing(S) (13)

where, K7 and K are the gains of the STC technique, S is the
surface, and r is the exponent defined for the STC approach.

Based on the Equation (13) and according to the work
done in [29], the DSTC approach can be expressed by the
Equation (14).

y@®) =y1 (1) +y2(¥) (14)
With:

yi (1) = (K lei|" sign (e1) + KaSing(e1))  (15)
y2 (1) = (K3 lez|" sign (e2) + KaSing(ez))  (16)

where, e; and e; are the surface of the designed DSTC
technique, r; and r, are theexponent defined for the
DSTC technique. Figure 2 represents both the STC and
DSTC approaches used in this work.

The traditional STC strategy is represented in Figure 2a
and Figure 2b is a simple diagram of the DSTC technique.

103749



IEEE Access

H. Benbouhenni et al.: Experimental Assessment of a DSTC Technique of Variable-Speed MRWT Systems

\ 4

X-X Sgn (U) ;{>_> 1/s Gz‘ v

Ul X
umnru@)

A 4

a)STC technique.

STC_1 technique

A\ 4

»

$»| STC_2 technique

b) DSTC strategy.

FIGURE 2. DSTC controller.

Accordingly, from these forms, it is noted that these strategies
are characterized by simplicity and ease of implementation,
which is a positive thing.

In Table 1, a comparison is made between the two strategies
DSTC and STC, where their similarities and differences are
given.

TABLE 1. Comparison between the two strategies DSTC and STC.

STC strategy | DSTC technique
Number of e 1 2
Number of r 1 2
Number of sign(u) 2 4
Number of gain 2 4
Using the No No
mathematical
model of the
system
Ease of Yes Yes
experimental
implementation
Simplicity Yes No
Complexity No Yes
Performance Medium High
Robustness Medium High

B. DPC-DSTC-MSVM TECHNIQUE

Figure 3 represents the DPC-DSTC suggested using a
two-level MSVM technique in this study for controlling
the Os and Ps of DFIG-MRWT. The DPC-DSTC-MSVM
technique differs from the DPC technique in idea and prin-
ciple, where the ST and HCs were dispensed with and
replaced with both the two-level MSVM approach and two
DSTC controllers. One of the most important features of the
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FIGURE 3. Proposed DPC-DSTC-MSVM of DFIG-MRWT.

DPC-DSTC-MSVM is its robustness and high efficiency in
minimizing Ps and Qs fluctuations. Also, the current quality
is improved compared to the DPC strategies.

The DPC-DSTC-MSVM strategy has similarities with the
traditional strategy, as these similarities lie in the use of
the same controlled electrical quantities. Also, use the same
estimating equations for capacities.

In the DPC-DSTC, two DSTC regulators were used to
command the powers, where the outputs of these controllers
are the voltage reference values. These voltage reference
values are used to produce the operating pulses of the RSC of
DFIG-MRWT. Therefore, the complexity, number of gains,
and difficulty of completion can be considered among the
most important disadvantages of this command compared to
the DPC technique. However, the use of a DSTC regulator
increases the solidity and performance of the studied DFIG-
MRWT, as overcoming energy and stream fluctuations is one
of the most prominent goals of this work.

The DPC-DSTC-MSVM technique in this paper uses the
same estimation equations used in the DPC to estimate both
the Qs and Ps. The Qs reference value can be set to 0 and
the MPPT technique is used to calculate the Ps reference
value.

To estimate the DFIG energy, the Equations (17) and (18)
are used. In addition, we need to know the rotor flux,
where the voltage and current are measured to know the
flux.

Equation (19) is used to calculate the flux [9].

3 Lm.(Vs.W,p)

L= 17

5 2 .Lr.oLs an
3 Vs.Lm Vs

= —=(— a/ — ¥ 18

2 2( o.Ls.Lr ra + o.Ls 8 (18)
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where, W, g is the flux linkage of B-axis, Lm is the mutual
inductance, W, is the rotor flux linkage of «-axis.
V4|
Wy

M2
L L

Equation (21) can be used to calculate the Wyg and Wy,. The
angle between W,g and Wy, is given by Equation (22) [7], [9].

| = (19)

o=1 (20)

t
Wy = /(_ Rs Iso + Vsa)dt
Ot 21
\I’sﬁ = /(_ Rslsﬁ +Vsﬁ)dt
0

where, Vi, and Vg are the voltage linkage of o — 8 axis.
lpsﬂ

s

Os = arctg(—) (22)

Equation (23) represents the flux in terms of Wy, and W,g.

Dy = /W2, + Uy (23)

The two Equations (24) and (25) represent the estimation of
the Qs and Ps using both the stator flux and the rotor flux.

3 Lm

Py = " 20.Ls.Lr s Ws’ ¥ ] sin() .
3 ws M
QS:_EE|¢S|(E|1/f,|cos(k)—|1ﬂs|) (25)

Using Equations (14) to (16), the reference value for V. can
be written according to Equation (26). The reference value
for V, can also be written using Equation (29).

Vi, =y1 () +y2() (26)
With:
y1 (t) = (K |e1|" sign (e1) + K»Sing(e)) (27)
y2 (1) = (K3 |e2|™ sign (e2) + K4Sing(er)) (28)
where, K1, Ko, K3, and K4 are the gains of the DSTC con-
troller of Qs of DFIG.
Var =23 (0 +ya () (29)
With:
y3 (t) = (K5 |e3|"™ sign (e3) 4 KeSing(e3)) (30)
y2 (1) = (K7 |eq|™ sign (es) + KgSing(es)) (3D

where, K5, K¢, K7, and Kg are the gains of the DSTC con-
troller of Ps of DFIG.

Figure4 represents the DPC-DSTC-MSVM strategy for
controlling the Qs and Ps of the DFIG using the DSTC
technique, where two DSTC technique are used. The purpose
of using DSTC is to determine the reference values of both
the V,4 and V, g from the Qs and Ps errors.
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FIGURE 4. Proposed DSTC regulator of the Ps and Qs.

V. SIMULATIONS RESULTS

To study the characteristic of the DPC-DSTC-MSVM tech-
nique compared to the DPC-STC techniques, the numerical
simulation of the DFIG-based MRWT system was accom-
plished using MATLAB software. The parameter used in
this work is the same as the parameters used in the work
[15], [16], where a generator with a capacity of 1500 kW was
used (See Appendix).

To study the performance of strategies, two different forms
of WS are used, from which the necessary graphical and
numerical results are extracted. The comparison between the
approaches is made in terms of reference tracking, robustness,
performance, reduction in RT, jitter, overshoot, and SSE of
DFIG-MRWT power. Also, the two approaches are compared
in terms of the THD of current.

A. TEST_1

In this first test, the effectiveness of the DPC-DSTC-MSVM
is studied in comparison with the DPC-STC in terms of
reference tracking. In this test, the WS was used in steps as
shown in Fig. 5a.

From the system responses given in Figs. 5b and 5Sc for
both techniques the Qs and Ps tracks the reference powers
with fluctuations in both techniques. Active power follows
the change in WS, and takes negative values. But the Qs is
not affected by the change in WS, as it remains constant and
equal to the value 0.

Fig. 5d represents the current change for the two con-
trols. This current changes according to the change in WS,
as its value increases and decreases as the WS increases and
decreases. Also, the shape of this current is sinusoidal for both
controls, with the DPC-DSTC-MSVM having an advantage
in terms of fluctuations compared to the DPC-STC.

Figs. 5e and 5f represent the value of both the THD of
current and the amplitude value of the fundamental signal
(50Hz) for the two controls. From these two figures, the
THD value was 1.48% and 0.80% for both the DPC-STC and
the DPC-DSTC-MSVM, respectively. So, the DPC-DSTC-
MSVM approach reduced the THD value by an estimated
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FIGURE 5. First test results.

45.94% compared to DPC-STC. On the other hand, the ampli-
tude of the fundamental signal (50Hz) was 507.20 A and
976.5 A for both the DPC-STC and the designed technique,
respectively. Through these values, the DPC-DSTC-MSVM
reduced the value of this amplitude by an estimated ratio
of 48.05%. These percentages indicate that the DPC-DSTC-
MSVM has the ability to significantly improve the quality of
the stream compared to the DPC-STC.

The numerical results of this test for the two controls are
listed in Table 2, where values and reduction percentages
are given for fluctuations, RT, overshoot, and SSE of DFIG
power. Through this table, the strategy provided satisfac-
tory results in terms of fluctuations, overshoot, and SSE
compared to the DPC-STC. In the case of Ps, the DPC-
DSTC-MSVM reduced the values of fluctuations, overshoot,
and SSE by percentages estimated at 58.33%, 62.55%, and
65.51%, respectively, compared to the DPC-STC. In the case
of Qs, these ratios were estimated at 69.29%, 51.49%, and
68% for fluctuations, overshoot, and SSE, respectively, com-
pared to the DPC-STC. It is noted that these reduction rates
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TABLE 2. The overshoot, response time, ripples and SSE ratios of the
DFIG energy (Test 1).

Ps (W) | Os(VAR)
Ripples 12000 12200
Overshoot 2350 1340
DPC-STC SSE 2175 1250
Response time | 0.45 ms 0.52 ms
Ripples 5000 3750
Overshoot 880 650
DPC-DSTC SSE 750 400
Response time | 0.98 ms 0.89 ms
Ripples 58.33% 69.26%
Improvement Overshoot 62.55% 51.49%
ratios SSE 65.51% 68%
Response time | -54.08% -51.57

are high, which indicates the high performance of the DPC-
DSTC-MSVMin improving the characteristics of the studied
energy system. However, it is noted from the table that DPC-
DSTC-MSVM provided a response time to the capabilities
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greater than the time provided by DPC-STC which is not
satisfactory, as this negativity can be attributed to the method
of choosing (calculating) the values of the designed command
parameters. Therefore, the DPC-STC reduced the response
time compared to DPC-DSTC-MSVM by percentages esti-
mated at 54.08% and 51.57% for Ps and Qs, respectively.

B. TEST 2

This second test differs from the first test in terms of the form
of WS change used to study the characteristics of the DPC-
DSTC-MSVM. The WS used in this test is shown in Fig. 6a,
where it is noted that the Ps continues to follow the reference
well for the two commands, with its value increasing and
decreasing as the WS increases and decreases (Fig. 6b). Also,
this power continues to take negative values, as is the case in
the first test, with fluctuations at the two control levels. These
fluctuations are larger when using the DPC-STC compared to
the DPC-DSTC-MSVM.

Fig. 6¢ represents the change in Qs for the two controls,
where the same observations as in the first test are observed.
This ability continues to follow the reference well even with
the presence of fluctuations, as these fluctuations are low
when using the DPC-DSTC-MSVM technique compared to
the DPC-STC. Also, this power is not affected by changing
WS, as its value remains constant throughout the simulation
period and is equal to the value 0 VAR.

Fig. 6d represents the current change profile for the two
commands. This current’s value is related to the change in
WS, as its value decreases and increases as the WS decreases
and increases. This current has a sinusoidal shape for both
commands, with the DPC-DSTC-MSVM technique having
an advantage in terms of current quality compared to the
DPC-STC.

The signal amplitude value of fundamental (50 Hz) and
THD value of current for the two controls are represented
in Figs. 6e and 6f. From these two figures, it is noted that
the amplitude value was 504.1 A and 808.50 A for both the
DPC-STC and the DPC-DSTC-MSVM, respectively. There-
fore, the DPC-DSTC-MSVM strategy reduced the value of
this amplitude by an estimated percentage of 37.64% com-
pared to the DPC-STC. Also, the THD value was 1.64% and
0.87% for both the DPC-STC and the DPC-DSTC-MSVM,
respectively. So, the designed strategy gave a value to THD
much lower than the DPC-DTC, as it reduced its value by
an estimated rate of 46.95%. These percentages indicate the
efficiency and ability of the DPC-DSTC-MSVM to improve
the quality of the stream compared to the DPC-STC.

Table 3 shows the numerical values with the reduction
ratios for the second test, which are related to the vari-
able WS. The values of fluctuations, SSE, and overshoot
of DFIG power were low when using the DPC-DSTC-
MSVM compared to the DPC-STC, which is a good thing.
Accordingly, the DPC-DSTC-MSVM reduced the values of
fluctuations, SSE, and overshoot of Ps by ratios estimated
at 45.60%, 73.33%, and 70.83%, respectively, compared to
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TABLE 3. The response time, overshoot, ripples and SSE ratios of the
DFIG energy (Test 2).

Ps (W) | Os (VAR)
Ripples 12500 11900
Overshoot 2400 1400
DPC-STC SSE 2250 1325
RT 0.60 ms 0.75 ms
Ripples 6800 4850
DPC-DSTC Overshoot 700 520
SSE 600 380
RT 1.23 ms 1.45 ms
Ripples 45.60% 59.24%
Improvement Overshoot | 70.83% 62.85%
ratios SSE 73.33% | 71.32%
RT -51.21% -48.27%

the DPC-STC. Also, the values of fluctuations, SSE, and
overshoot of Qs were reduced by ratios estimated at
59.24%, 71.32%, and 62.85%, respectively, compared to the
DPC-STC.

The RT to capabilities was better when using the DPC-STC
compared to the DPC-DSTC-MSVM. Therefore, the RT to
the capabilities is negative for the strategy designed in this
test. This time was reduced by ratios estimated at 48.27% and
51.21% for Qs and Ps, respectively. Grey wolf optimization
can be used in the future to overcome the problem of response
time to capabilities in the DPC-DSTC-MSVM.

In Table 4, the change in the values of both THD and
the amplitude of the fundamental signal (50 Hz) of current
between the first and second tests is studied, where the change
of these two values and the extent to which they are affected
by the change in the shape of the WS are studied. From this
table, it is noted that the THD value increased significantly in
the second test for the two controls compared to the first test,
as the difference in the THD value between the two tests was
estimated at 0.07 and 0.16 for both the DPC-DSTC-MSVM
and the DPC-STC, respectively. Therefore, the designed tech-
nique provided very little impact compared to the DPC-STC,
which indicates the extent of its high performance. This
change in the THD value was estimated at 9.75% and 80.4%
for both the DPC-STC and the designed DPC-DSTC-MSVM
approach, respectively.

TABLE 4. Study of the change in values of fundamental (50 Hz) signal
amplitude and current THD between the first and second tests.

DPC- DPC-

STC DSTC
Test 1 1.48 0.80
THD (%) Test 2 1.64 0.87
Test 2 — Test 1 0.16 0.07

Ratios 9.75% 8.04%

] Test 1 50720 | 97650

fun (ﬁi‘:ﬂ::ffs‘;fm) Test 2 50410 | 808.50
signal Test 2 —Test 1 -3.1 -168

Ratios -0.61% -17.20%
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The amplitude of the fundamental signal (50 Hz) decreased
significantly in the second test, which indicates that it was
affected by the change in the shape of the WS, as the dif-
ference in amplitude between the second and third tests was
estimated at 3.1 A and 168 A for both the DPC-STC and
the proposed DPC-DSTC-MSVM technique, respectively.
Therefore, the DPC-DSTC-MSVMprovided the greatest dif-
ference compared to the DPC-STC. This difference in
amplitude was estimated at 17.20% and 0.61% for both
the proposed and DPC-STC strategies, respectively. Through
these ratios and this table, the value of THD and the amplitude
of the fundamental signal (50 Hz) are greatly affected by the
change in WS.

C. TEST 3

This test differs from the above tests, as the same form of
WS change used in the second test is used. This test aims to
study the robustness of the DPC-DSTC-MSVM compared to
the DPC-STC.

In this section, the resistance values will be multiplied by 2
and the inductance values will be divided by 2. Graphical
results are displayed in the Fig. 7. Figs. 7a to 7e represent the
Ps, Qs, current, and THD value, respectively. These figures
also show that changing the parameters affects both the power
and the THD value significantly. This effect is greater if
the DPC-STC approach is used compared to DPC-DSTC-
MSVM. Also, the power continues to follow the references
well despite the change in these parameters, as the value of the
Ps remains negative and changes according to the change in
WS (Fig. 7b). The value of the Qs does not change according
to the change in WS, as it remains constant and equal to the
value O VAR in the presence of ripples (Fig. 7¢). It is noted
that the power fluctuations are less in the case of using the
DPC-DSTC-MSVM compared to the DPC-STC, which is
a good thing that shows the robustness of the DPC-DSTC-
MSVM and its ability to improve the characteristics of the
studied system.

Fig. 7d represents the current change profile for the two
controls. Despite the change in the system parameters, the
current remains sinusoidal for the two controls, with a rise
in fluctuations, as these fluctuations are large in the case of
using the DPC-STC compared to the DPC-DSTC-MSVM.
The value of this current also keeps changing according to the
change in WS, which is the same as the observations found
in the previous two tests.

In Figs. 7e and 7f, the values of both the THD and the
amplitude of the fundamental signal (50Hz) are given for the
two controls. Through these two forms, the THD value was
1.72% and 0.93% for both the DPC-STC and DPC-DSTC-
MSVM strategies, respectively. So, the DPC-DSTC-MSVM
significantly reduced the value of THD, as this reduction was
estimated at an estimated rate of 45.93% compared to the
DPC-STC. The amplitude value of the fundamental signal
(50Hz) was 505 A and 807.80 A for both the DPC-STC
and the DPC-DSTC-MSVM, respectively. From these values,
the DPC-DSTC-MSVM provided a greater range than the

VOLUME 12, 2024



H. Benbouhenni et al.: Experimental Assessment of a DSTC Technique of Variable-Speed MRWT Systems

IEEE Access

x10

Ps (STC)
——Ps (DSTC)
2 —PSet

A [ N\

.
EN

&
s

&
A

Active Power Ps (W)

—Qs (STC)
—Qs (DSTC)
—Qs

ref

Reactive Power Qs (VAR)

5 6
Time (s)
b)Qs
1500

—lsa (STC)
—lsa (DSTC)

1000

-500

Stator current Isa (A)
o

-1000

15005 1 2 3 4 5 6 7 8 9 10 11
Time (s)
c)Current

Fundamental (50Hz) = 505 , THD= 1.72%
T T T

Lan. i " L
o 100 200 30 400 500 700 00 900 1000

Froquene ()
d)THD (STC).

Fundamental (50Hz) = 807.8 , THD= 0.93%
T T T

o 100 200 a0 400 600 700 300 900 1000

500
Frequency (Hz)

e)THD (DSTC)

FIGURE 7. Results of the third test.

DPC-STC method by an estimated percentage of 37.48%
compared to the DPC-STC. These percentages show that
the quality of the current is better if the proposed DPC-
DSTC-MSVM is used despite changing the system param-
eters, which indicates its high robustness compared to the
DPC-STC method.
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The numerical values for SSE, ripples, RT, and over-
shoot of DFIG power for the two controls are listed in
Table 5, where it is noted that DPC-DSTC-MSVM pro-
vided better numerical values than the DPC-STC in terms
of ripples, overshoot, and SSE. But in terms of RT capa-
bilities, it provided unsatisfactory results compared to the
DPC-STC. Accordingly, the DPC-DSTC-MSVM reduced the
values of ripples, overshoot, and SSE of Qs by percentages
estimated at 59.66%, 59.79%, and 70.60%, respectively, com-
pared to the DPC-STC. The values of fluctuations, overshoot,
and SSE of Ps were reduced by percentages estimated at
44.88%, 67.34%%, and 70.30%, respectively, compared to
the DPC-STC. These calculated percentages indicate the high
performance of the DPC-DSTC-MSVM despite the change
in system parameters, which is desirable. The DPC-STC
reduced the RT to potentials by percentages estimated at
46.30% and 46.72% for Qs and Ps, respectively, compared to
the DPC-STC. Therefore, the response RT to the capabilities
is considered to be negative of the designed technique in all
tests, as this time can be improved in the future by adding
other strategies to the DPC-DSTC-MSVM.

TABLE 5. Numerical results for the third test.

Ps (W) | Os(VAR)
Ripples 12700 12100
Overshoot 2450 1430
DPC-STC SSE 2290 1395
RT 0.65 ms 0.8 ms
Ripples 7000 4880
DPC-DSTC Overshoot 800 575
SSE 680 410
RT 1.22 ms 1.49 ms
Ripples 44.88% 59.66%
Improvement Overshoot | 67.34% 59.79%
ratios SSE 70.30% | 70.60%
RT -46.72% | -46.30%

In Table 6, the change in the values of THD and funda-
mental (50 Hz) of current for the two commands between
the second and third tests is studied. Through this table,
the value of THD increased in the third test compared
to the second test, as the value of the difference between
the two tests was estimated at 0.06% and 0.08% for both the

TABLE 6. Study of the change in values of fundamental (50 Hz) signal
amplitude and THD of current between the third and second tests.

DPC- DPC-
STC DSTC
Test 2 1.64 0.87
Test 3 1.72 0.93
THD (%) Test 3 — Test 2 0.08 0.06
Ratios 4.65% 6.45%
Amplitnde of Test 2 504.10 808.50
fundaml::ntal GOHz) | Lest3 505 807.80
. Test 3 — Test 2 0.90 -0.70
signal .
Ratios 0.17% -0.08%
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DPC-DSTC-MSVM technique and the DPC-STC, respec-
tively. Therefore, the DPC-DSTC-MSVM technique pro-
vided less difference compared to the DPC-STC. This
difference in the THD value was estimated at 6.45% and
4.65% for both the proposed DPC-DSTC-MSVM approach
and the DPC-STC, respectively.

In the DPC-STC technique, it is noted that the amplitude
of the fundamental signal (50Hz) increased in the third test
by 0.90 A compared to the second test. This increase was
estimated at 0.17%. However, in the DPC-DSTC-MSVM,
this amplitude decreased in the third test by 0.70 A compared
to the second test. This decrease in amplitude was estimated at
a rate of 0.08%. Therefore, the value of THD and the ampli-
tude of the fundamental signal (50 Hz) are greatly affected
by changing system parameters, as the DPC-DSTC-MSVM
approach presented a much lower effect than the DPC-STC
approach, which indicates its high robustness.

In Table 7, the change in the values of each of the fluctua-
tions, SSE, overshoot, and RT for the two controls is studied
during the three tests performed in order to find out which
approach provided the least effect.

TABLE 7. Study of the change in the values of ripple, response time,
overshoot, and SSE in the three tests.

DPC- DPC-
STC DSTC
Test 1 12000 5000
Test 2 12500 6800
Ps Test 3 12700 7000
. Test 2-Test 1 4% 26.47%
Ratios
. Test 3-Test 2 1.57% 2.85%
Ripples
Test 1 12200 3750
Test 2 11900 4850
Os Test 3 12100 4880
Ratios Test 2-Test 1 -2.45% 22.68%
Test 3-Test 2 1.65% 0.61%
Test 1 2175 750
Test 2 2250 600
Ps Test 3 2290 680
. Test 2-Test 1 3.33% -20%
Ratios
SSE Test 3-Test 2 1.74% 11.76%
Test 1 1250 400
Test 2 1325 380
Os Test 3 1395 410
Ratios Test 2-Test 1 5.66% -5
Test 3-Test 2 5.01% 7.50%
Test 1 2350 880
Test 2 2400 700
Ps Test 3 2450 800
. Test 2-Test 1 2.08% -20.45%
Ratios
Overshoot Test 3-Test 2 2.04% 12.50
Test 1 1340 650
Test 2 1400 520
Os Test 3 1430 575
. Test 2-Test 1 4.28% -20%
Ratios I t3 Test 1 | 2.09% | 9.56%
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Table 7 shows that the Ps ripples increased in the second
test compared to the first test for the two controls, where
this increase was estimated at percentages of 4% and 26.47%
for both the DPC-STC and the DPC-DSTC-MSVM, respec-
tively. Also, these fluctuations increased in the third test
compared to the second test as a result of changing the system
parameters, as this increase was estimated at rates of 1.57%
and 2.85% for both the DPC-STC and DPC-DSTC-MSVM
strategies, respectively. Therefore, the DPC-DSTC-MSVM
provided greater rates of change in Ps fluctuations than the
DPC-STC.

Reactive power fluctuations in the case of the DPC-STC
decreased in the second test compared to the first test, and
in the case of the DPC-DSTC-MSVM, these fluctuations
increased in the second test compared to the first test. This
change in the Qs fluctuations was estimated at -2.45% and
22.68% for both the DPC-STC and the DPC-DSTC-MSVM,
respectively. However, these fluctuations increased in the
third test compared to the second test for the two con-
trols, where this increase was estimated at rates of 1.65%
and 0.61% for both the DPC-STC and DPC-DSTC-MSVM
strategies, respectively. Accordingly, the proposed approach
provided a greater percentage of Qs ripples in the event of
a change in the shape of the WS compared to the DPC-STC,
and a smaller percentage in the event of a change in the system
parameters.

The SSE values of DFIG power changed in the three tests,
which indicates that the SSE value is affected by both the
change in the shape of the WS and the values of the system
parameters. The SSE value of Qs in the case of the DPC-STC
increased in the second test compared to the first test and in
the third test compared to the second test, where this increase
was estimated at percentages of 5.66% and 5.01% for both
test 2 - test 1 and test 3 - test 2, respectively. The same
observation was observed for the Ps in the case of the DPC-
STC, where this increase in the SSE value was estimated at
rates estimated at 3.33% and 1.74% for test 2 - test 1 and
test 3 - test 1, respectively. In the case of the DPC-DSTC-
MSVM, the SSE value of DFIG power decreased in the test 2
compared to the test 1, which is a good thing, as this decrease
was estimated at 20% and 5% percentages for Ps and QOs,
respectively. However, it is noted that the SSE value of the
powers increased in test 3 compared to test 2, and this increase
is due to the change in system parameters, as the SSE value
was estimated to increase in test 3 compared to test 2 by
percentages of 11.76% and 7.50% for Ps and Qs, respectively.
It is also noted that the Overshoot value of the powers in the
case of the two controls was affected by changing the shape
of the WS and changing the parameter values, as shown in
Table 7 for the two commands. In the case of the DPC-STC,
the overshoot value increased in the second test compared
to the first test, as this increase was estimated at rates of
2.08% and 4.28% for Ps and Qs, respectively. The overshoot
value increased in the third test compared to the second
test by percentages estimated at 2.04% and 2.09% for Ps
and Qs, respectively. In the case of the DPC-DSTC-MSVM,
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the overshoot value of capabilities decreased in the second
test compared to the first test, as this decrease was esti-

TABLE 9. Comparison in terms of SSE for DFIG energy.

mated at percentages of 20.45% and 20% for Ps and Qs, Ref. SSE ratios
respectively. However, the third test, presented a higher Qs Ps
value for overshoot compared to the second test, where this [51] 36.93% 35%
increase was estimated at 12.50% and 9.56% for Ps and QOs, [52] 35.48% 62%
respectively. [53] 42.14% 47.57%
The designed technique reduced the THD of the supplied
Test 1 78.44% 45.83%
cqrrents compared to otl.ler commands (Table 8). Based on [54] Test 2 52200 56.520%
this table, it can be said that the proposed DPC-DSTC- Test 3 48.75% 87.50%
MSVM can significantly improve the value of THD of current Test 1 46.86% 63.96%
compared to several research works, which makes the quality [55] Test 2 45.48% 78%
of the current high if this proposed approach is used, which Test 3 43.21% 60.03%
is a good thing that approaches one of the most prominent [20] Test 1 76.55% 28.76%
. . . . . Test 2 24.62% 30.48%
solutions in the future. In the field of controlling electrical Test 1 3832% S0%
machines. [27] Test 2 39.68% 40%
Test 1 65.51% 68%
TABLE 8. Comparison in terms of THD with other works. DPC-DSTC-MSVM | Test 2 73.33% 71.32%
Test 3 70.30% 70.60%
References 1;;?;
[40] DPC-STA 1.66 TABLE 10. Comparison in terms of undulation minimization ratios.
Two-level DTC 8.75 -
[41] Three-level DTC 157 Ref. Ratios
[42] SMC 2.56 0s Ps
High-order SMC 1.08 Test 1 425 S6.66
143] ISMC 9.71 DPC- : :
Multi-resonant-based SMC 3.14 [54] PD(1+PI) Test2 | 46.68 4750
DFOC 2.94 Test 3 50.74 50.41
[44] DFOC-TOSMC 1.42 [52] Intelligent command 35% 36%
‘With harmonics suppression 459 [53] BaCkSteppil‘lg command 46.93% 28.57%
[14] DPC-BC strategy ) [51] 36.93% 22.95%
Without harmonics suppression 1851 Test 1 50 44.50
strategy ) [56] DPC-PI(1+PI) Test 2 52.98 63.33
[45] DTC-PI 12 Test 3 50 48.18
DTC-ACO 7.19 57] Test 1 47.05% 69.33%
[46] Predictive torque control 1.73 [ Test 2 47.99% 65.07%
[47] Fuzzy DTC 2.40 Test 1 20.66% | 37.50%
[48] DPC-PSO 1.28 [20] Test2 | 2080% | 16.66%
[49] Neural DTC 3.26 ) Test 1 12.02% 10%
[50] Sliding-bacc;slifgfing mode 1.19 [27] Test 2 10.53% 5.88%
0, 0,
Test | 0% DPCDSTC Teatz as e | 935
DPhgl-SI\)lsl\;IFC- Test 2 0.87 MSVM Test 3 44.88% | 59.66%
Test 3 0.93

The DPC-DSTC-MSVM is compared with some works in
terms of the minimization ratios of undulations, overshoot,
and SSE of Qs and Ps. The comparison results are listed in
Tables 9 to 11, where it is noted that the DPC-DSTC-MSVM
provided high rates of undulations, overshoot, and SSE of Ps
and Qs compared to some existing commands. So, it can be
said that the DPC-DSTC-MSVM has high characteristics and
great robustness in improving the efficiency of the systems,
and therefore it can be relied upon as a solution in the field
of command. Also, the DPC-DSTC-MSVM was compared
in terms of response time to potentials with several existing
strategies. This comparison is listed in Table 12, where it is
noted that the designed approach has good times compared to
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other strategies, which shows the rapid dynamic response that
characterizes it. Accordingly, these completed comparisons
show the extent of high performance and the effectiveness of
the DPC-DSTC-MSVM in improving the values of ripples,
response time, overshoot, and SSE of DFIG power, making it
one of the most promising solutions that can be relied upon
in the future.

VI. HIL TEST OF DSTC STRATEGY

To test the industrial reliability of our DPC-DSTC-MSVM
technique, a computer containing the MATLAB 2021b pro-
gram is used, where the DPC-DSTC-MSVM is implemented
and embedded in the dSPACE DS1104 R&D card, which is
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TABLE 11. Comparison in terms of overshoot minimization ratios.

Ratios

Ref. 0s Ps
201 Test 1 6.44% 25.07%
Test 2 6.05% 9.19%

[24] 16.59 7.23
027 Test 1 44.06% 32.20%
Test 2 22.77% 32.49%

[58] 60.93 67.74

[52] 37.42% 30%
[53] 60.93% 67.74%
[56] Test 1 48.38% 73.87%
Test 2 49.32% 20.10%
Test 1 62.55% 51.49%
DPC-DSTC-MSVM | Test2 70.83% 62.85%
Test 3 67.34% 59.79%

TABLE 12. Comparison in terms of response time of DFIG energy.

ControlDesk &
Matlab/Simulink ™

dSPACE 1104 Controller Board i

Response time
References Ps | 0s | e
S QS Master PPC /O
[59] 15 ms 0ms |0 e e,
Slave DSPL/O
DPC 17 ms 18 ms
[60] Nonlinear DPC 9 5 TMS320F240
method ms ms S
[50] 33.8 ms 45ms | 000 E—EERRsR
[61] Test 1 1.70 ms 1.85 ms
Test 2 1.34 ms 1,183 ms | =  |EEECAENENNIICIRE 00 (Ri.osssssssssridesiasessusistasisssraser
[62] B 28 ms M:::::g g:;:ﬂ‘:" — DS1104 R&D Controller Board
[14] 150ms | 0.80ms o 3 e dSPACE
[63] Vector control with additional 5 ms 4ms s s o]
resonant controller
[64] | LUT-DPC 22ms | 0.90ms Contol algoithn
[10] | Synergetic control 1.78 ms 8.50 ms . = R%Tmi‘mtgp“_
Test 1 0.9 ms 2.10 ms = e
[65] Test 2 2.50 ms 3 ms
Test 3 2.65 ms 3.25 ms FIGURE 9. Implementation structure of the DPC-DSTC.
Test 4 4.80 ms 5.40 ms }
Test 1 12.15 ms 10.08 ms - (v) 957
[66] Test 2 11.25 ms 9.85 ms ;
Test 3 11.85 ms 10.05 ms 9.0 1
[26] Test 1 3.87 ms 2.58 ms
Test 2 1.29 ms 0.46 ms 85
Test 1 1.22 ms 1.49 ms 2
DPC-DSTC-MSVM Test 2 1.23 ms 1.45 ms 0 80
Test 3 0.98 ms 0.89 ms g
g 751
2
7.0 1
developed and made by the German company ‘“Dspace
GmbH”. This embedded system board sends the neces- 65
sary signals to the IGBT inverter in real time, as shown in o
Figs. 8 and 9. In addition, the DS1104 regulator board collects ' R A A A A A A A A
4
from the MRWT system all measurements requested by the Tine (s)

DPC-DSTC-MSVM. Figs. 8 and 9 show how the dSPACE
controller board communicates with an MRWT based on
a DFIG with the use of an IGBT inverter. As part of this
project to realize a robust control system, experimental vali-
dation, and testing were carried out using a real experimental
bench. Experimental tests and validation were carried out
using the dSPACE board, the real-time interface (RTI), and
the real-time workshop (RTW) tool. Thanks to this research

103758

FIGURE 10. Steps WS profile.

work and its experimental realization, it can be said that this
command is easy to realize, to implement, low cost, and does
not require specialists or effort or a complex program. The
DPC-DSTC-MSVM can, therefore, be used more widely in
the future by wind energy industrialists.
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FIGURE 11. Experimental results when using steps WS profile.

The DPC-DTSC-MSVM of DFIG-MRWT was tested
experimentally using two different forms of WS, where vari-
able WS and WS in steps were used to study the behavior of
the DPC-DSTC-MSVM and compare it with the DPC-STC
approach.

VOLUME 12, 2024

Wind Speed (m/s)
P

]
[
=3

7.0 1
6.5
I T T T T T I T T T T 1
0 1 2 3 4 5 6 1 8 9 10 1
Time (s)

FIGURE 12. Variable WS profile.

First case: Steps WS profile.

First, experimental work is carried out using dSPACE
1104 for the DPC-DSTC-MSVM in the case of WS taking the
form of steps. The latter is represented in Fig. 10, where the
experimental results in this case are represented in Fig. 11.
The latter gives a clear picture of the superiority of the DPC-
DSTC-MSVM over the DPC-STC in terms of minimizing
undulations. Also, it is noted that the energies track references
well, which is the same as the results of Section IV in terms of
tracking references and ripples. Ps takes the form of a change
in WS (Fig. 11a), but Qs remain constant and do not change
according to a change in WS (Fig. 11b). In Fig. 11c, itis noted
that the current changes according to the change in WS. These
are the same simulation results with a sinusoidal shape for the
current in the two commands.

The second case: Variable WS profile.

The experimental work in the second case is different
from the first case, as the difference lies in the kind or form
of WS change used to study the behavior of the DPC-DSTC-
MSVM compared to the DPC-STC.

The WS used in this second case of experimental work
is represented in Fig. 12. The experimental results are rep-
resented in Fig. 13, where it is noted at first glance that the
experimental results in this case are the same as the numerical
results. The Ps take the form of a change in WS and follow
the reference well, with fewer undulations in the DPC-DSTC-
MSVM approach compared to the DPC-STC, and this is what
Fig. 13a shows. In Fig. 13b, it is observed experimentally that
the Qs are not affected by the form of a change in WS and
follow reference well. Also, it is noted that the undulations
are lower in the DPC-DSTC-MSVM compared to the DPC-
STC, which is a positive thing that indicates the superiority
of the DPC-DSTC-MSVM. The current for the two strategies
is represented in Fig. 13c, where it is noted that the current
changes according to the change in WS with a sinusoidal
shape, and its value increases according to the increase in WS.
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VIi. CONCLUSION

In this new research study, a robust new command is
suggested to ameliorate the robustness of the DPC for the
DFIG-MRWT systems. The DSTC algorithm is designed
to replace the conventional HCs of the DPC. The novel-
designed DPC-DSTC-MSVM preserves the characteristics of
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the DPC such as less parameter dependence and simplicity.
The effectiveness and robustness of both strategies are studied
under, THD of current and power ripples. By comparing
the characteristics of the suggested control scheme with
DPC-STC, it can concluded that the DPC-DSTC-MSVM has
reduced the current THD. The DPC-DSTC-MSVM has been
very successful in improving the current quality provided
by the DFIG-MRWT system. Also, the experimental results
obtained using the HIL test (ASPACE 1104) show that the
DPC-DSTC-MSVM has a distinctive and effective compe-
tence in ameliorating the cons of the DFIG-MRWT, as it is
noted that the experimental results are almost the same as the
simulated results.

In future work, we will try to add intelligent techniques
such as grey wolf optimization or NNs to determine the
values of the DPC-DSTC-MSVM gains and compare the
results with other strategies. In addition, trying to accomplish
this work experimentally and apply other new strategies to
significantly minimize power undulations.

APPENDIX
Table 13 shows the parameters of the machine used in this
work.

TABLE 13. Machine parameters.

Parameter | Values

R, 12 mQ
P, 1500 kW
L, 13.6 mH
L, 13.5 mH
p 2

J 1 Mg.m’
L 13.7 mH
R, 21 mQ

1 2.4 mN.m/s
Vs 380/696 V
fs 50 Hz
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