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Abstract

As wind energy (WE) technologies become more prevalent, there are significant concerns about the electrical grid’s stability.
Despite their many advantages, a WE system based on a doubly fed induction generator is vulnerable to power grid disruptions.
Due to being built on traditional controllers, the generator systems with standard vector control (VC) cannot resist disturbances.
This paper seeks to provide a novel VC that is resistant to outer perturbations. For this purpose, a finite state space model
predictive control (FS-MPC) is utilized instead of the internal current loop of the standard VC. The objective of the proposed
system is to minimize the error between the measured currents and their reference values and, also, reduces the total harmonic
distortion (THD) of the current. The cost function can optimize this requirement, which reduces the computation time. The
VC-FS-MPC was implemented using the MATLAB, where a 1.5-MW generator operating under different conditions was
used. The necessary graphical and numerical results were extracted to show the efficiency, effectiveness, and ability of the
VC-FS-MPC to improve the characteristics of the studied energy system. The results show the flexibility and distinctive
performance of the VC-FS-MPC in the various tests used, as the THD of stator current was reduced in the second test
compared to the first test by an estimated percentage of 61.79%. Moreover, the THD of rotor current was reduced compared
to the first test by an estimated percentage of 23.56%. These ratios confirm the effectiveness of the VC-FS-MPC in improving
the characteristics of the proposed system.
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1 Introduction

Electrical energy (EE) is now the beating heart of any econ-
omy, as it is considered the main engine for development in
societies. At present, this energy has penetrated daily human
life, and it has become impossible to abandon it, as every day,
the demand for it increases, especially in the summer when
energy consumption reaches its highest peak in all countries.
Using traditional sources such as coal or gas to generate this
energy leads to the emission of toxic gases such as carbon
dioxide. The emission is harmful to the environment and
human health. In addition, in recent years, a terrible rise in
temperature and a decrease in the level of precipitation have
been observed due to the unwanted phenomenon of global
warming. To overcome global warming, protect the environ-
ment, and reduce the severity of toxic gases, the solution lies
in using renewable energies to generate EE. Using renewable
energies as a suitable solution helps significantly increase
EE production and protect the environment. Also, the use of
renewable energies helps significantly reduce the cost of pro-
ducing and consuming EE [1, 2]. Renewable energies are free
natural energies that are always present and endless. They
can be exploited to produce EE easily and at the lowest cost.
These renewable energies are diverse, including wind, sun,
sea waves, sea currents, and geothermal heat. All of these
energies are clean, free, easy to use, and protect the environ-
ment from unwanted risks. The principle of generating EE
from these sources varies from one type to another. For exam-
ple, photovoltaic cells are used in the case of solar energy,
and electrical generators are used in both wind energy (WE)
and sea waves. The use of these sources helps greatly to meet
the increasing demand for EE and to reduce the severity of
the use of undesirable traditional sources.

Traditionally, WE is one of the most prominent renewable
energies that has been relied upon as an alternative solution to
overcome the problems and defects of traditional energy sys-
tems and meet the increasing demand for EE [3]. This energy
is one of the easiest, most effective, and simplest sources used
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in generating EE. WE is considered an inexpensive source,
available throughout the year, and clean, as its use leads to the
absence of the spread of toxic gases and thus preserves the
environment. Also, the use of renewable energies in general,
especially WE, reduces the costs of transmission and distri-
bution of EE, as it greatly helps in the widespread spread of
EE.

To exploit WE to generate EE, turbines are used for this
purpose. The role of these turbines is to convert WE into
mechanical energy, as we find wind turbines with a horizon-
tal axis and wind turbines with a vertical axis. The difference
between these two types lies in the form, cost, energy output,
and yield. In most turbines, blades are used, and one, two, or
three blades can be used. Wind turbines are used in the form
of farms called wind farms to generate EE. Using turbines in
groups creates winds between them, as these winds signif-
icantly reduce the turbines’ yield. Also, wind farms should
not be placed in the path of migrating birds. All of these are
among the most prominent problems and disadvantages of
wind turbines.

In recent years, new turbine technology has emerged that
is used to generate EE and overcomes the disadvantages and
problems of traditional turbines. This technology is called
multi-rotor wind turbines (MRWTSs) [4], where several tur-
bines are used to form a single turbine. The use of this
technology leads to a significant reduction in the area of wind
farms, which leads to reducing the costs of implementing
wind farms [5]. However, the use of this technology con-
tributes to increasing the energy gained from the wind and
overcoming the wind generated between the turbines in wind
farms. This technology has been discussed in detail, with the
negatives and positives mentioned, in several scientific works
[6, 7].

The use of WE to generate EE is completely different from
the use of solar energy in terms of principle, costs, costly
components of generating EE, maintenance, ease of imple-
mentation, and complexity. In WE, machines called electric
generators are used, as their role lies in converting the energy
gained from the wind into EE. These generators are diverse,
including induction generators [8], synchronous generators
[9], direct current generators [10], and doubly fed induction
generators (DFIGs) [11]. The DFIGs are considered one of
the most prominent and most widespread generators in wind
farms on land and at sea because of its advantages compared
to other generators, as itis considered one of the best solutions
in the case of variable wind speeds (WSs). In this applica-
tion, DFIGs are frequently used as electric machines because
they include a stator connected directly to the grid and a
rotor connected to the grid through two static converters [12,
13]. The prototype device used in WE conversion systems
(WECSs) was SCIGs (squirrel cage induction generators),
which were used in nearly all wind generators [14]. Com-
pared to other machines, this machine has various drawbacks,



Arabian Journal for Science and Engineering

including fixed mechanical speed and power compensation.
When this machine is connected directly to the power grid,
it can be inferred that its efficiency will be minimized and its
operating range will be more restricted [13].

A new generator with variable rotor speed capability was
created using power electronics. A DFIG has a favorable
cost—benefit ratio since it can process around 30% of the
rated power and has smaller and less expensive components
than a total electronic power converter of the same power
output rating [13]. In the field of control, several control
strategies have been used to control DFIG, and these strate-
gies differ in principle, simplicity, ease of implementation,
cost, number of gains, robustness, and performance. Vector
control (VC) [15], direct power control (DPC) [16], sliding
mode control (SMC) [17], direct torque control (DTC) [18],
field-oriented control (FOC) [19], intelligent control [20],
synergetic control (SC) [21], predictive control (PC) [22],
super-twisting control (STC) [23], fractional-order control
[24], and backstepping control (BC) [25] are all methods
for the control of active (Ps) and reactive power (Qs). All
control strategies can be classified into four families, where
the first family is represented by linear control strategies
such as DPC and DTC, which rely on the use of two hys-
teresis comparators to control the characteristic quantities
[18]. Simplicity, rapid dynamic response, and ease of imple-
mentation are among the most prominent features of linear
control strategies [16, 18]. The second family is represented
by intelligent strategies such as fuzzy logic (FL) and genetic
algorithms, where ease of implementation, robustness, and
accuracy are among the most prominent features of this fam-
ily [26]. Also, smart strategies rely heavily on experience
and do not require knowledge of the mathematical form of
the system under study, which makes them give good results
in the event of a malfunction in the system. The third family
is represented by nonlinear strategies, which are strategies
different from linear strategies in terms of principle, idea,
ease, durability, cost, and simplicity. Nonlinear strategies are
considered more robust than linear strategies, as they are
characterized by complexity and difficulty of implementa-
tion compared to linear strategies [22, 23]. Moreover, there
are a significant number of gains in these nonlinear strate-
gies such as the BC technique, which makes them difficult
to adjust. Also, nonlinear strategies are related to the mathe-
matical model of the carefully studied system, which makes
them difficult and expensive to apply in the case of com-
plex systems. Relying on the mathematical model of the
system makes nonlinear strategies give unsatisfactory results
in the event of a defect in the system under study, which is
undesirable. Using nonlinear strategies to control the DFIG,
pulse width modulation (PWM) or space vector modulation
(SVM) is used to control the generator inverter, where the
necessary control pulses are generated from reference volt-
age values. The former is calculated based on the power error

using nonlinear strategies. However, hybrid strategies repre-
sent the fourth family, as this family relies on combining
different strategies to control DFIG. This family is char-
acterized by outstanding performance and high durability
compared to other families [27]. Among the most prominent
of these hybrid strategies can be mentioned the BC-SMC
strategy [28], SC-SMC technique [29], fractional-order neu-
ral control [30], fractional-order FL control [31], neural DPC
technique [32], and SC-STC technique [33]. Despite the dis-
tinctive performance of these hybrid strategies, they have
many drawbacks, such as complexity, the presence of a sig-
nificant number of gains, difficulty in achieving, expensive,
and their reliance on estimating capabilities, which makes
them slightly affected in the event of a malfunction in the
machine.

In the field of DFIG control, the traditional VC technique
is one of the most widely used strategies for power control, as
it relies on the use of a proportional-integral (PI) controller
in order to control power [34], where the DC link voltage
is controlled by the GSC, and the P and Qg are controlled
by the RSC. The direct and indirect VC techniques are the
most prominent types of this control [35, 36], as they differ
in terms of the degree of complexity, simplicity, robustness,
and results obtained. In [37], the indirect method of the VC
technique is better than the direct method in reducing the
power ripples and the total harmonic distortion (THD) value
of the current.

In general, the direct VC technique relies on using two PI
controllers to control the DFIG power, and four PI controllers
are used for the indirect VC technique [38]. The PI controller
parameters significantly influence the performance of this
control. The parameters of the PI controller greatly affect the
performance of this control, which makes it provide unsatis-
factory results in terms of power quality and current of the
power system. As is known, using a PI controller gives a fast
dynamic response, but it is greatly affected by changes in sys-
tem parameters, which is undesirable. The use of PI makes
the VC strategy less efficient and less effective in the event
of a malfunction in the system under study. Differential evo-
lution, particle swarm optimization (PSO), barrier function
adaptive SMC technique, and bacterial foraging are some
of the PI controller tuning methods proposed in the litera-
ture [39-42]. These techniques are designed according to the
linearized DFIG model around an operational node. The typ-
ical vector-controlled DFIG system performance is impaired
by significant perturbations, such as three-phase faults, as
the DFIG system is a nonlinear system to a high degree. To
combat the nonlinear behavior of the DFIG system, nonlinear
controllers were proposed [43—49]. In [50], the third-order
SMC (TOSMC) technique was used to improve the charac-
teristics of the direct VC strategy of the 1500 kW DFIG-based
MRWT system, where two TOSMC controllers were used.
In this proposed strategy, TOSMC controllers were used
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instead of using traditional controllers, as the outputs of these
proposed controllers are reference voltage values. These ref-
erence values are used by the PWM strategy to generate the
pulses needed to operate the RSC of DFIG. The advantage
of direct VC-TOSMC control is simplicity, robustness, ease
of operation, and fast dynamic response. Also, the proposed
strategy features a small number of gains which makes it easy
to adjust and the dynamic response can be easily changed.
However, this proposed strategy has a negative side, which is
the reliance on the mathematical model of the machine and
the use of power estimation, which makes it slightly affected
if the machine parameters change. The proposed strategy
was implemented in the MATLAB environment, where the
results obtained were compared with the traditional strategy
and some existing works in terms of response time, power
ripple reduction ratio, and THD value of current. A variable
WS was used to complete the proposed study while propos-
ing different tests to operate the generator. Moreover, the
direct VC-TOSMC strategy gave excellent results in terms
of current quality, THD value of current, and response time
of energies compared to the direct VC technique. Another
strategy is a modified SMC (MSMC) technique used in [51]
to overcome direct VC technique problems. In this new strat-
egy, all conventional controllers are eliminated and replaced
with the MSMC technique. This new controller results in
increased robustness, reduced power ripples, and improved
current quality. Also, improved dynamic response compared
to the direct VC technique. Moreover, the direct VC-MSMC
strategy is inexpensive and simple. It can be easily imple-
mented with the possibility of adjusting the result easily due
to the presence of a small number of parameters. Also, the
PWM technique was used as a suitable solution in this work
to simplify the system and reduce its total cost. The PWM
technique inputs are the reference values for the voltages
generated by the MSMC controllers, and the outputs are the
pulses needed to operate the RSC of DFIG. The MATLAB
environment was used to verify the validity, robustness, per-
formance, and efficiency of the proposed strategy, where the
numerical and graphical results were compared with the tra-
ditional strategy. Simulation results show the superiority of
the proposed strategy over the traditional strategy in terms of
significantly improving system characteristics and increasing
robustness. Also, it is noted that the THD value of the stream
is very low in the case of the proposed strategy compared
to the traditional strategy, which indicates that the quality
of the stream is better in the case of the proposed control.
However, this proposed strategy has a negative side, repre-
sented in its use of the process of estimating capabilities and
its reliance on the mathematical model of the system, which
is undesirable, making the proposed strategy affected if the
system parameters change and this is what the robustness
test shows. In [52], the synergetic-SMC (SSMC) technique
is implemented in the direct VC technique in order to control
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the DFIG energy. In this work, an SSMC technique was used
in place of the PI controller, where this nonlinear controller
is used to calculate the voltage reference values and generate
the pulses necessary to control the inverter using the PWM
strategy. The proposed strategy has been applied to the RSC
of the DFIG-based MRWT system. The proposed strategy is
characterized by robustness, simplicity, ease of implementa-
tion, inexpensive, and outstanding performance compared to
the traditional strategy. Also, there are a few gains that makes
it easy to adjust the dynamic power response. The MATLAB
environment was used to implement the proposed strategy,
using several tests to study the behavior of the proposed strat-
egy compared to traditional control. This new strategy has
the great ability to improve the characteristics of the gener-
ation system compared to the classical control, and this is
proven by the simulation results performed. Despite the out-
standing performance of the proposed strategy, it is noted
that there are ripples at the power and current levels, espe-
cially in the durability test, which proves that the proposed
strategy was affected by the change in the DFIG parameters.
This effect can be attributed to the use of machine power
estimation. Therefore, it is necessary to search for a strategy
that is characterized by high durability and is not affected by
changes in system parameters, as other conditions must be
met such as simplicity, ease of implementation, small num-
ber of gains, inexpensive, and distinguished performance in
reducing energy ripples and increasing the quality of the cur-
rent. In [53], STCs are used as a better solution to improve the
indirect VC control efficiency of DFIG. In addition to using
STCs, a three-level adaptive-network-based FL inference
system-PWM technique was used to generate the neces-
sary pulses to control the generator inverter. This strategy
is characterized by high durability compared to the tradi-
tional control. A variable WS was used to study the behavior
of the proposed strategy compared to the traditional strategy.
Also, the machine parameters were changed and the behavior
change of the proposed strategy compared to the traditional
strategy was studied. The graphical and numerical simula-
tion results obtained from the MATLAB environment show
that the proposed strategy has a distinctive performance com-
pared to the traditional strategy in terms of reducing energy
ripples, reducing the value of THD of current, and being
affected by DFIG parameter changes. In the durability test,
it is noted that the power ripples and the THD of the current
value have increased in the case of the two controls, which
is undesirable. High energy fluctuations negatively affect the
network and make the operation of the energy system unsta-
ble, as it may lead to unwanted malfunctions in the system.
In addition to the high energy ripples, the life span of the
automated system is significantly reduced. In [54], a four-
level PWM-FL technique and a neural algorithm (NA) are
used to improve the characteristics of the direct VC tech-
nique for DFIG control. It is applied to a power generation
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system that uses a double-rotor wind turbine system, where
a four-level inverter is used to generate the necessary pulses
using the smart strategy. In addition, a PI controller based
on an NA technique is used to control the P and Qg of the
DFIG. The proposed strategy is characterized by complexity
compared to the traditional strategy. But it has great robust-
ness compared to the traditional strategy. This strategy was
implemented using simulation with a generator with a capac-
ity of 1.5 megawatts, where the simulation results showed
the high performance of the proposed strategy compared to
the conventional control in terms of steady-state error (SSE),
overshoot, time response, etc. Another solution has shown
its high efficiency in improving direct VC strategies using
a multi-level inverter (MLI) [55-58]. Using an MLI greatly
improves the current quality and reduces the THD value.
Also, the use of an MLI reduces power ripples significantly.
The disadvantage of using an MLI is the complexity, diffi-
culty of control, high cost, and difficult maintenance, which
creates undesirable problems. Also, smart strategies based
on NA techniques and FL techniques were used to gener-
ate the necessary control pulses in the inverter to improve
the VC strategies [59, 60], as the use of these smart strate-
gies confirms the significant increase in the robustness of the
generation system. This is shown in the presented results,
especially in the THD value of current and the power ripple
ratio compared to the conventional control. The disadvantage
of using these smart strategies is that there are no mathemati-
cal rules that control their use but rather depend on the user’s
experience only. The indirect strategy of the VC technique
is discussed in [61] using the combination of the PSO algo-
rithm, PI controller, and STC technique, where the PWM
technique is used to control the DFIG inverter. The PI-STC-
PSO controller was used instead of the PI controller, where
four controllers were used for this purpose. This new control
is characterized by complexity and difficulty in achieving
compared to some other controls, such as the direct and indi-
rect strategy of the VC technique. Also, another negative is
the use of power estimation, which makes it affected in the
event of a malfunction in the system, which is an undesirable
matter that contributes to a significant increase in power rip-
ples and current. However, it provided very acceptable results
of great importance in the field of renewable energies, espe-
cially in the value of THD of current, where the reduction
percentage reached 96% compared to conventional control.
In [60], the author has calculated the indirect strategy param-
eters of a VC technique based on an STC controller using the
PSO algorithm to control the energies of a generation system
based on using the DFIG. The indirect VC-STC-PSO strat-
egy modifies the traditional indirect VC technique, where
the PI controller is removed and replaced with an STC-PSO
controller. Also, the PWM technique was used to control the
DFIG inverter. The resulting control is complex, expensive,
and difficult to achieve compared to conventional control.

The proposed strategy uses capacity estimation, which makes
it affected in the event of a malfunction in the energy system.
This proposed strategy was implemented using the MATLAB
environment, and the results obtained were compared with
the traditional strategy in terms of robustness and reference
tracking. The results obtained prove that the proposed strat-
egy is characterized by high performance, great durability,
and great efficiency in reducing energy ripples and reduc-
ing the value of THD of current compared to the traditional
technique.

The paper’s main focus in [39] is implementing a damp-
ing controller for the DFIG system. The investigation also
focuses on how the tunable damping controller affects the
converter ratings of the DFIG system. As the fundamen-
tal concept in the paper [40], it involves using sensitivity
analysis to find the essential factors first, the unified domi-
nant control parameters (UDCPs), to reduce the difficulty of
the optimization. The PSO technique is then used to deter-
mine the optimal values based on these selected parameters
to achieve the control objective. The simulation analysis
and comparative studies prove the accuracy of the system.
Using a sophisticated differential evolution method to adjust
the parameters, [41] aims to maximize the performances of
vector-controlled DFIGs in a multi-machine electrical sys-
tem under problematic situations. The goal of [22] is to build
a novel VC technique that is resistant to outside perturba-
tions. A multi-machine electrical system reference model is
used to test the proposed barrier function adaptive SMC tech-
nique under various operating scenarios. Simulation results
from previous studies show that the optimized system has
improved stability and overall performance and can traverse
faults.

As a result of the stochastic WS nature [63, 64], vari-
able power production has a significant impact on WES.
Robust control is thus the most efficient method for man-
aging DFIG systems. Predictive control (PC) technique has
been used to regulate the DFIG system since it is a reliable
control approach [65, 66]. Compared to traditional strate-
gies, the PC technique is considered among the strategies
that have a distinctive and effective performance in improv-
ing the characteristics of systems. Also, it is characterized by
great durability against changes in the parameters of the sys-
tem under study, as it gives very satisfactory results in terms
of ripples and the value of THD of current. Nevertheless,
the model PC (MPC) technique minimizes the control rule
to ensure that the output achieves the references by using its
model to forecast future behavior. Generalized PC technique
that uses a transfer function as a system model to derive the
law of control [67] and continuous-time PC technique[ 12] are
some examples of the many PC techniques for DFIGs, such
as MPC technique, that use nonlinear models [65, 68], and
finite he rotor or stator [45, 69]. Given its low processing cost
compared to the nonlinear ones and its capability to directly
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process the coupling and the flux components, the state space
model is the most practical among these PC techniques [66].
For a synchronous reluctance motor system, [43] a model-
based predictive current control is suggested with the same
control in the referenced work [44]. It detailed how a DFIG
functions with THD of voltage in a reference frame with
synchronization. The finite control strategy-based model PC
technique for the wind generator is presented in [45] and is
time efficient. The commutation states of the RSC are used
as direct control in this approach. In this way, the converter
can obtain the improved control action directly. Based on
the fictitious algebraic Riccati equation, the paper cited in
[46] proposes an analytical technique to design the weight-
ing matrix under the same control concept. The proposed
technique ensures system control stability. The paper [47]
presents a robust control of low complexity based on MPC
techniques of the rotor current of a DFIG operating with a
direct matrix converter. This is attractive because the lack of
a heavy and delicate DC linkage capacitor improves reliabil-
ity. Speed control is performed using feedforward control.
For a grid-connected doubly fed induction motor, reference
[48] proposes a speed sensorless control strategy known as
finite control set current PC technique, which uses a modified
fictive resistive quantity based on a model reference adap-
tive system (MRAS). The proposed MPC technique in [49]
considers the converter-based system model to forecast the
prospective performance of the controlled parameters. The
system model serves as the basis for the predictive dead-time
control, which determines the ideal voltage vector to guar-
antee zero SSE. Finally, as a result of these previous studies,
the proposed control in our paper is built based on the finite
control strategy-based MPC technique.

The finite control strategy-based MPC technique is intro-
duced in [43-49]. To obtain effective control of various
disturbances and increased robustness, the conventional VC
technique-controlled DFIG system is changed, and finite con-
trol strategy-based MPC technique is used to build the present
control loop. To obtain a quicker convergence than the outer
control loop, the finite control strategy-based MPC technique
is added to the inner current loop.

The following are the paper’s main contributions:

e A suggested modified vector using a robust model predic-
tive rotor current control (MV-FCS-MPC) technique for
a wind turbine is suggested in this article. The proposed
composite predictive model control combines finite con-
trol strategy-based MPC technique for inner current loop
dynamics with PI control for the outer loop. The internal
current loop control of the GSC and the RSC is created
using finite control strategy-based MPC technique.

e The MV-FCS-MPC technique can perform optimum con-
trol, explicitly handle restrictions, and directly provide
commutation signals for the rotor and grid side converter.
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e The controller can withstand a variety of disturbances,
including parametric changes and shifting WSs.

e Because of the shorter calculation times, the finite control
strategy-based MPC technique may use larger prediction
horizons, which improves control performance.

This paper is structured in the following sections: Sect. 2
describes the mathematical model of the WE system. In
Sect. 3, the proposed strategy is given to control the RSC
and GSC of DFIG, where the necessary equations are given
and figures are used to illustrate the principle of the proposed
strategy. The simulations in Sect. 4 show the controller’s per-
formance on the wind power system and the power quality
improvement under a series of tests. Finally, in Sect. 5, a
conclusion is presented.

2 WE System Model

The system studied in this paper is represented in Fig. 1,
which consists of a conventional three-blade turbine, a DFIG,
and two inverters. In addition to these devices, there is con-
trol, which is no less important in its relationship to the
quality of the energy produced. In addition, simplicity is one
of the most prominent features of this system, which makes
it reduce the production bill and energy consumption, which
is desirable.

To study any system, it was necessary to first model the
system using mathematical equations. Using these equations,
the mechanical and electrical parts of the electrical system
or machine under study are expressed. Also, these equations
are used in simulations to implement the system, where the
simulation gives a picture of the system’s behavior almost as
it is in reality. Therefore, the turbine and generator will be
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given the mathematical form because they are the two main
elements in the studied system.

In this system proposed for the study, a generator with a
capacity of 1.5 MW was used to generate power. This system
aims to generate energy from wind and overcome the prob-
lems found in traditional systems. In this proposed system,
highly efficient control is used with a great ability to reduce
energy ripples in the event of a malfunction in the system,
such as a change in machine parameters.

The turbine is the cornerstone of the generation system. It
comes at the beginning of the generation chain, as it is respon-
sible for converting WE into mechanical energy, a process
succinctly described by Eq. (1) [61].

P.=0.5p 7 R*Cp(r, B) V3 (D

The power generated by the turbine is related to a coeffi-
cient called the coefficient of power, where this coefficient is
related to the pitch of angle (8), and the largest value of this
coefficient is 0.59 in the case of an angle of 0. This coefficient
is expressed by Eq. (2).

Coonpy o J6 (1518 2 g o) e
P Pr=T00\ %~ 1007 T 1000 =)e
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Through Eq. (2), the power factor is affected by another
element called the tip speed of ratio (A). \ has a greater value
if B is close to zero. Accordingly, for the calculation X, Eq. (3)
is used for this purpose [62].
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Using Eq. (1), the torque produced by the turbine can be
written as:

Tuer = pm R°Cp(n, B) V3 Q)

t

Equation (6) represents the mathematical model for the
mechanical transmission of a turbine.

T — Taer
S (6)
S.zm = GQt

The mechanical part of the turbine is represented in
Eq. (7), which relates speed and torque.

Jiot—— = Ty — Tem — f Qm (7

where f is the friction coefficient, J is the moment inertia,
and Te, is the torque delivered by DFIG.

In a DFIG, the rotor is linked across a transformer and
two converters back-to-back, while the stator is directly con-
nected to the three-phase grid. While the GSC regulates the
voltage and power factor of the DC link, the RSC supervises
the P and Qs [70].

By projecting onto the d—q plane, the DFIG equations
associated with the rotating field are given as follows:

The stator and rotor voltages:

d

Vsd = Rslsa + E(ﬁsd — wsPsq
d

Vsq = Rylsq + E‘psq + wshsa

d ®)
Vid = Relyg + Ed’rd — (ws — wr)¢rq
Viq = Relyg + é%¢rq + (w5 — wr)Pra
Stator and rotor magnetic fluxes:
¢sd = Lslsa + Lmlra
(bsq =L [sq + Ly Irq )
¢rd = Lrlra + Ll
¢rq = LrIrq + LmIsq
The P and Qg outputs are given by:
Py = 3(Vsalsa + Visqlsq) (10)
Os = %(Vsqlsd + Vsdlsq)
The torque:
3 L
Tem = _p_m(¢sqlrd - ¢sd1rq) (11)
2L,

where s/r are stator/rotor index; V/I are voltage/current; ¢
is flux; R is resistance; L,, is mutual inductance; L,/Lg are
inductance; w, /wy are rotor/stator pulsation; p is number of
the pairs of poles.

We can conclude by assuming negligible stator resistance
Ry and a constant stator flux (this condition is guaranteed if
the stator of the DFIG is connected to the electrical grid) and
orienting the d axis along the stator flux [71, 72]:

Psq =0 12
{ ¢sd = ¢s ( )
Vaa=0
{ Vsq = Vs = wsos (13
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{¢S = Lslsg + Lnlra (14)

0= Lylyy + Linlyg

From Eq. (14), a relation can be established between the
stator and rotor currents as follows:

Isd:?_ss_LL_TIrd 15
I :—L—ml (15)
sq Lg '1q

By replacing in Eq. (9) the stator currents of Eq. (15), we
obtain:

¢ra = 0 Ll + 52 16)
¢rq = O'Lrqu

2
with:o =1 — (Z;—'g) is the blondel dispersion coefficient.

The rotor current may be rewritten as follows by substi-
tuting Egs. (16) and (15) in Eq. (8):

dt Lro
d[rq

dt

7

d[_rd — 1 (Vrd - errd + ga)ero'Irq)
= ﬁ(vrq — Rilyq — gwsLio g — gLIB_SVS)

By replacing the stator currents with their values from

Eq. (15) in Eq. (10) by adapting Eqgs. (13), we obtain the
equations for the Pg and Qg as follows:

(18)

By taking ¢y = XTi from Eq. (18), the Qg expression
becomes:

3 Lp 3v?2
=—Vi—Iq+ 5 19
Qs ) S L, rd (2L3w5> ( )

By replacing Eq. (12) in Eq. (11), the couple of the DFIG
will have for expression:

3 LV
Tom = —=p———1 20
em 2P Lo, rq (20)

GSC may manage the grid-side displacement factor by
limiting the rotor’s reactive input power [47]. The control
decouples Pg and Qg by aligning the Park reference frame
with the power grid voltage vector as follows:

21

The equations can represent the input filter model in con-
tinuous time as follows [71-73]:

dlg, (1)
a7 = 15 (Vag(®) = Re.lag(t) + 5. 1gg (1) = V)

dIgg(t)
qg LLg(vqg(t) — Ry Ige(t) — ws-ldg(l‘))

(22)

dt

where Ry and Ly are the resistance and inductance of the
line filter, respectively. The following state space model can
express the input side of the filter:

x(t) = Agx(t) + Bgu(t) + C (23)
With:
RnG R0
x() = -qu (t):| ,u(t)= |:ng(0:| , Ag

_ | “Re/Lgos/Ls B
__“’S/Lg —Rg/ Ly ¢

= 1/Ly 0 and C = —Ve
0 1/Lg|’ 0

3 WE System Control

In this section, a new nonlinear control technique is proposed
to control the energy system, and this proposed strategy is
used to obtain satisfactory results compared to the traditional
strategy and some other works. The proposed strategy relies
on the use of both the VC and FS-MPC techniques to cre-
ate a control characterized by high durability and the ability
to reduce energy ripples. This proposed strategy depends on
developing and modifying works [74—77], as these works
differ in terms of principle, simplicity, complexity, perfor-
mance, durability, and the results obtained. In this proposed
strategy, the PWM strategy or SVM technique is not used to
control the inverter. This proposed strategy has been applied
to both RSC and GSC of DFIG-based wind turbine systems.

In articles [78-80] and [45, 48, 81, 82], the FS-MPC
technique is utilized as a comprehensive system control, over-
seeing both P and Qs control. Acknowledging that relying
on currents for control enhances robustness, improves per-
formance, and reduces energy ripples, our research takes a
different approach. The control proposed in our research
paper is centered on using the FS-MPC technique as a
regulator specifically for rotor currents, not as a complete
power controller, and using the PI controller as an exter-
nal power control loop. This approach resulted in a notable
improvement in output power and demonstrated success in
all conducted tests. So the proposed strategy is two strategies
in arow, where the VC strategy is used to obtain the reference
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Fig. 2 Modified RSC control

values of the rotating current based on the reference values of
the powers. The stream reference values are inputs to the FS-
MPC strategy. The FS-MPC strategy is used to generate the
pulses needed to operate the RSC of the DFIG-based wind
turbine system. For the GSC of DFIG, the FS-MPC strategy
is used to generate the necessary pulses necessary to operate
the GSC, where the PI controller is used to control the DC
link voltage. PWM or SVM is not used to control the GSC of
DFIG, which makes the proposed power system more robust

Iy
PS* |_ I 2. L I;q
—E— R, 1 — 2 g
(R 3.V.L,, S;
f L] : S
FS-MPC
———
I S
| rd
= &
T |_ L 3. Vch T
[dr
Fq
Log
Va'" K Iag é
—»?—- Ky, +— s,
VacP
FS-MPC
Ss
Iig
—®—
i
L

and provides high-quality current.

As it is known, the DFIG-WE system is a stochastic non-
linear system that is sensitive to power line failures, WS
fluctuations, and parameter disturbances. The conventional
VC technique-controlled DFIG is not resilient. The FS-MPC
technique improves the resilience of the VC technique. The
control objectives are:

lim (igr — idr_ref) = 0
X—>ItF

lirrtl (igr — iqr_ref) -0
o : (24)
lim (igg — idg_ref) = 0

X—>IF

lim (ige — i@ -0
x—>t1:( qg qgfref)

where 7 is the time required for the simulation. igr_ref, igr_ref,
idg_ref, and igg_se are the d-q frame’s reference currents.

Figure 2 shows a proposed control for a DFIG used in this
work for controlling the P and Q.

where Rq.p and Rq.p are the Pg and Qs regulators. Fq is the
decoupling compensation.

The FS-MPC strategy used to control the GSC of DFIG
is different from the FS-MPC strategy used to control the
RSC of DFIG, as the difference lies in the equations and
the principle used remains the same. Figure 3 illustrates the

Fig. 3 Modified GSC control

current control diagram of the GSC in the reference frame of
Park.

The proposed PC technique uses the ability of a converter
to create only a limited number of commutation states. The
following formula can be used to describe the voltage equa-
tion of the rotor in the synchronous rotation condition [44]:

— R L4 i L ) (25)
Urq = Rylyq + 0 Ly jlrq T 8iWsO rlrd'i'glL_s

{ Urd = Ryirg + ULr%ird — 8iws0 Lyirg
LmVS

The GSC currents are analyzed with the grid voltages Park
reference frame. In this context, the filter (R, L) electrical
equations may be simplified as follows:
. didg .
{ Vdg = Rgldg + LgaﬁT — Cl)nglqg + Vg (26)
. L .

Vgg = Rgiqg + Lg—31- — @5 Lyiag

In FS-MPC technique, the discrete form of Egs. (25) and
(26), taking the basic “Euler” approach, can be represented
as follows:
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Table 1 FS-MPC switching

— — —
states and corresponding output Sa Sp Sc Var j Vi j Vi Vdgr—_j Vig_g_j
voltage (T/) i) Or Or

etV o Vag | Voe i
0 0 0 0 0 Vo Vigr.0 Vige 0
1 0 0 2Vq4c/3 0 Vi Vagr_1 Vige_1
1 1 0 Vac/3 V! V3 V3 Vigr 2 Vdge 2
0 1 0 — Vge/3 Vae/v/3 \E Vagr 3 Vige_3
0 1 1 —2Vy/3 0 \2 Vigr 4 Vige 4
0 0 1 - Vae/3 — Vac/v/3 Vs Vigrs Vige_s
1 0 1 Vac/3 — Vac/v/3 Ve Vagr_6 Vage_6
1 1 1 0 0 V7 qur_7 qug_7
. Ts (Var (k) — Ryige(k)+ GSC with two combinations leading to a no voltage vector:
ldr(k + 1) = oL,
gws0 Lyigr(k)) + igr(k) T.
I (vr q(k) R 'r *) @7 TR
s — R. — . o r
| oL, T e gD = Reigr(h) + gy Liigr))
kD=1 g0 Liia(k) — g =22 +ar (k)
_ L T; (30)
igr(k) ULr(Vqr_j(k)_
iqr_j (k+1) = Rriqr(k) — gwso Lyige(k)
T, PECLLLOSGS
— (Vyg(k) — Rgigg(k - ar
g+ 1) = | T, V) Rela®) Ls
+wsLgiqe(k) — Vg) +igg (k) T,
T, S(Vg q(f;{ " £ o : (28) L—;(vdg_,- (k)=
. . — Ryl + idg i(k+1) = . .
g+ 1) = | L, e e fag K+ D)= | R g (0) + 0y Lgige (k)
s Lgiqg(k)) +iqg(k) —Vy) +igg (k)
. 3D
L_g(ng,j (k)_
where Ty is the sample period, ia(K), ia(K), ig(k), iag(k), | i EFD =1 Ro k) + oy Lyiag ()
and ige(k) are the rotor and filter measured currents, respec- +igg (k)
tively, at kT's. Var(k), Var(k), Vag(k), and V oo (k) are the rotor
and filter voltages derived from the optimum voltage vector With: j =0...0.7.

implemented in the (k) sampling period. They can be found
by applying a rotational process of an angle equal to 644 and
ap of the voltage vector components as given in Eq. (29) and
Table 1.

Var_j (k) cos(faq(k))  sin(Baq(k)) T [ Var_j (k)
Varj (&) | _ | —sin(6uq(k)) cos(bag(k)) || Vpr_j (k)
Vag_j (k) cos(faq(k))  sin(6aq(k)) Vag_j (k)
Ve j (k) — sin(faq(k)) cos(Baq(k)) 1 L Vpg_j k)

(29)

Equations (27) and (28) can be written for the multiple
possible stator voltage components d and g, Var_j(k), Vg j
(k), Vag_j(k), and Voo (k) of voltage vectors T/)dq_,_g_j by
taking the eight commutating state combination of DFIG and

Springer

where igr_j, igr_j, idg_j» and iqg ;j are the predicted d and q
stator and filter current components at the sampling period
(k + 1th when the voltage vector components Vy, j, Vg, j,
Vag_j» and Vg, ; are applied during the kth sample period
(Table 1).

It is, necessary to predict the dq stator and GSC vector
components Aigr_j(k + 1), Aig_j(k + 1), Aigg j(k + 1), and
Aigg j(k + 1). These errors in current measurements were
given as the difference between the reference stator and GSC
current vector at the (k)th sampling period and the sampling
period future (k + 1)th when the voltage of the stator and the
GSC vector quj, ¢_j (k) is applied.

Alg;_j(k + 1), Aige_j(k + 1), Aigg_j(k + 1), and Aige j(k +
1) are detailed in Egs. (24) and (25).

{Aidrj(k+1) = i% (k) — igr j(k+ 1) )

Aigr jk+1) = ig.(k) —igr_j(k+1)
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Fig. 4 Step change response in power references: a and b for DFIG and
¢ for DC bus

Aigg jk+1) = i;‘g(k) —igg j(k+1)

. ) } (33)
Aigg jk+1) = iy (k) —iqg_j(k +1)

The quality function ensures the good efficiency of the
dynamic control. The cost function is calculated for each
feasible switching state of the converter for each sampling
period, choosing the one with the least error for the following
sample period.

Based on Egs. (32) and (33), a function of cost F is used
for the generated stator current and SCG error components
to pick the optimum voltage vector, which reduces the errors
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Fig.5 Response of rotor current for power reference changes: a syn-
chronous reference frame and b stationary reference frame

among the expected currents in Egs. (30), (31), and their
references. Equation (34) defines the function of cost.

. Aige j(k+ 1%+ Aige j(k + 1)+ )
T\ Ndgg jk+ 1)? + Algg j(k+ 1% + i

= , . _ . k+12+. k+12
" 0. otherwise liks1] \/zd( )2 +ig(k+1)

_ { 00, ifliks1] > limas|

i,y represents DFIG and GSC overcurrent protection. The
related voltage vector is disregarded if the current exceeds
the limit value.

The application of an optimization process comes last. The
ideal switching state combination S;))p I? IG(abC)and SgPSIC(abc)
that results in the lowest cost function is chosen min (F;) in
this process.

The model PC algorithm can be resumed as follows:

1. Feeding the GSC sampled reference rotor and current
vector i); o iy 72" and the measured rotor and GSC cur-
rent vector igy ,(k), igq_g(k).

@ Springer
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Fig.7 The output voltage response of a GSC

2. Predict the current vector of the rotor and GSC
idg_r_jk+1), igq ¢ j(k + 1), using Egs. (29) and (30)
for every available commutation state. For a 3-phase 2-
level voltage source converter, the commutation states
(i.e., Sa, Sb, and Sc) can be derived from Eq. (34) and
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Table 1.

_ 2 _

V= §S(x)A.VdC (35)
where  S(x) = (Sa» Sby So), A =

(/) () ).

3. For each predicted current value, evaluate the cost func-
tion by using Eq. (34)

4. The loop will repeat until all voltage vectors have been
validated in the cost function.

5. Select the switching state SonélG(abc)anngpgc(abc)

where the function of cost Eq. (34) is minimized (F; oy,
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Fig.9 Step change response in power references

4 Results

The 1.5 MW DFIG suggested control is examined through
simulation in this part using the MATLAB/SIMULINK soft-
ware. The WES parameters we have worked with in our paper
are given in Appendix. The sampling time is fixed at 10~
s. Several simulation experiments were conducted to con-
trol the Pg and Qg of the DFIG’s stator side and filter them
through its RSC and GSC.

A plan is designed to evaluate the proposed modified VC
technique using robust model predictive rotor current control
using a set of tests that ensure the efficiency of this control.
A d-axis and a g-axis control, respectively, both the Pg and
Qs in this proposed system. Each controller has two loop-
s—an external power loop and an internal current loop. With
finite state space, the outputs of the inner loop controllers are
restricted to [318.2 V; — 318.2 V]. The values Kp = 0.66 x
75.75¢e — 1 and K1 = 0.66 x 5354.55e — 1 were chosen for the
outer loop of the d and g-axis regulators, while the inner loop
for both regulators is based on the proposed control FS-MPC.

6000

I-r‘q-meas
I-rg-ref
I-rd-meas-|
I-rd-ref

4000 |- 1

5000 -

3000 - A

2000 1

AV WYY

1000 b

Rotor currents Ird and Irq (A)

-1000 - b

2000 . . . . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

(a)

TR,

= (VI

Rotor current Ir (A)
o

2000 (WAMANMANA

- U

-6000
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

(®)

Fig. 10 Power reference-induced rotor current response: a 2-phase
frame and b 3-phase frame

As for the GSC controller, the g-axis has two loops. At the
same time, the d-axis has only an inner loop. So, the indoor
unit is controlled by FS-MPC, where k, = 0.2 and k; = 2.5
parameters of the external d-axis controller that contribute
to the continuous bus control. Moreover, since the FS-MPC
technique uses the gate signal of the outer loop switches
directly as control inputs, our paper’s work is derived from
this scheme’s idea.

To examine the efficiency of the modified vector using
robust model predictive rotor current control for various oper-
ating situations, the wind system underwent four distinct
types of testing:

1. References tracking test (Figs. 4, 5, 6, 7, and 8).
Testing the robustness regarding the DFIG parameters
variations (Figs. 9, 10, 11, and 12).

3. Inter-phase short-circuit faults test (reliability test).

4. Low-voltage transition testing (LVRT) (reliability test).
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Fig. 11 Stator current’s reaction to changes in power references: a 2-
phase frame and b 3-phase frame

4.1 Tracking Performance Test

This section evaluated the modified vector using a robust
model predictive rotor current control power tracking per-
formance. DFIG and GSC have six and 4-time steps for
prediction and control, respectively.

The tracking is tested for each power step. Firstly, the rotor
mechanical speed is kept at 2, = 104.7 rad/s to dispense with
some factors that may affect the integrity of this test. Pref is
set to — 0.5 MW for this test, with a power factor fixed to
0.69. Therefore, the Qs setpoint Qyef is — 0.5 MVAR, which
remains constant for 0.45 s. At 0.35 s, Prer changes from —
0.5 to — 1.5 MV, and PF increases to 0.95.

Similarly, QOrer takes a value of 0.5 MVAR at 0.45 s to
show how controllable the Ps and Qg decoupling is. At 0.7 s,
Prer goes from — 1.5 to — 1 MW, and the PF goes to 0.89.
Consequently, Qrr is maintained at its value of 0.5 MVAR.
Toreach 0.7 s, the power factor decreases to the value of 0.36,
refer to the modification of the Ps reference value from 1 to
0.2 MW while keeping the QOsreference at its former value
(Fig. 4a and b).
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Fig. 12 THD value: a rotor current and b stator current

For GSC control, the voltage reference is enforced equal
to 1200 V (Fig. 7) and the reactive power reference equal
to 80 KVAR, 0 KVAR value is enforced till 0.4 s, and this
is due to control target (power factor equal to 1), then its
value changes from 0 VAR to 50 KVAR starting from 0.6 s
to demonstrate the separation between Pg, O, and voltage
value (Fig. 4c).

The THD of the DFIG stator and rotor current is calcu-
lated using FFT technique to prove the effectiveness of the
proposed control to enhance the power quality, as presented
in Fig. 8.

The system responses to these stepped changes are shown
in Figs. 4, 5, 6°, and 7. The response steps of Ps and Qg
are shown in Fig. 4. This figure shows that the MV-FS-MPC
technique produces strong tracking performance with good
P¢/Qs separation. The zoomed-in figure shows that the MV-
FS-MPC technique provides a faster response and reduced
overshoot. The steady-state tracking performances are also
acceptable at this time. It can be seen in the zoomed-in figure
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Table 2 The values of the ripples

in tracking test Py (W) Os (VAR) I rq (A) I (A) 1 sq (A) Isa (A)
Values 84,940 68,646 149.03 125.79 150.70 126.8

Table 3 The values of the ripples

in robustness test PS(W) Qs (VAR) Irq (A) Ird (A) Isq (A) Isd (A)
Tracking test 84,940 68,646 149.03 125.79 150.70 126.8
Robustness test 44,307 45,787.6 107 109 77 78
Ratios 48% 33% 28% 13% 49% 38%

Table 4 Percentage change in the THD value in the first and second
tests

THD value

Stator current Rotor current

First test 1.78 1.74
Second test 0.68 1.33
THDRg;s2 (%) 61.79 23.56

that the power output of the MV-FCS-MPC technique is con-
siderably smoother, with fewer ripples in the P and Q.

The step response of the current in the stator and rotor is
presented in Figs. 5 and 6. The step-wise dynamic responses
of the rotor and stator currents are less than 50 ms. Figures 5a
and 6a show that the rotor and stator currents exhibit excellent
tracking performances compared to the predicted reference
trajectories using the proposed MV-FS-MPC technique. As
can be seen in the zoomed-in figure, the MV-FS-MPC tech-
nique has a significantly lower current ripple but a smaller
overshoot and an acceptable dynamic response. This can
immediately lead to lower torque ripple, reducing unit fatigue
and associated maintenance costs.

Figure 7 clearly shows the extent of the proposed control
ability to impose a constant DC current value at 1200 V
despite the change in reactive power references, as shown in
the zoomed-in figure.

Further experiments showing the THD of the DFIG using
the FFT approach for the MV-FS-MPC technique are given
in Fig. 8. The THD of the stator current is estimated to be
1.78%. The THD of the rotor current is also predicted to be
1.74%.

Table 2 displays the output power and currents ripple val-
ues for the DFIG, serving as a reference for the comparative
analysis of tests. It is noted from this table that the power and
current ripples have significant values, which proves that the
power quality is low and the same is true for current.

Active power (W)
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Fig. 13 Step change response in power references

4.2 Robustness Test

Second, the actual WS in a wind farm is always different due
to the unpredictable nature of the environment. Depending
on the actual WSs, the mechanical speed of the rotor must
be adjusted. Otherwise, due to the slow response time of the
pitch control system, the DFIG frequency output cannot be
synchronized on the grid under different WSs. Therefore,
the tracking performances (response time, overshoot, static
error) for different power steps are examined while varying
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Fig. 14 Response of rotor current with the variation of the power refer-
ences: a d-q frame and b a-b-c frame

the mechanical speed of the rotor. To test the suggested MV-
FS-MPC method, the rotor speed is increased from 104.7 to
209.45 rad/s throughout 0.3 to 0.6 s.

In addition, to assess the resilience of the MV-FS-MPC
technique of the DFIG, we also examined how the paramet-
ric changes of the DFIG affected its performance. For this
test, we heart the rotor windings to 100% of their rated value
by increasing the rotor resistance (Rr), and we reduce the
mutual inductance (Lm) to 30% of the rated value (the case
of inductance saturation). The responses of the Pg(4 differ-
ent steps with a negative sign to ensure delivery of energy
to the electrical grid), Qs(2 different steps to ensure decou-
pling between P and Qy), rotor (to observe the effect of the
speed change on the proposed control), and stator (quality of
energy) current of the DFIG are presented in Figs. 9, 10, and
11, along with the simulation outcomes of this test, where
the wind turbine operates from a — 30 synchronous speed
(104.7 rad/s) to a + 30 synchronous speed (209.45 rad/s)
before reaching 150 rad/s (synchronous speed).

Despite this test, the proposed control should give very
satisfactory results in power quality. To confirm this, the THD
value is measured at the stator (Fig. 12b) and rotor (Fig. 12a)
current of the DFIG.
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Figures 9 through 11 display the test findings. These find-
ings demonstrate that the proposed MV-FS-MPC technique
still offers adequate tracking performance about the spec-
ified reference trajectories for a range of rotor speeds and
parameter variations. The suggested MV-FS-MPC technique
still delivers a quicker reaction and a minor bypass than the
first test. Better static tracking performance and compara-
ble dynamic performance are both shown by MV-FS-MPC
technique.

Figure 12 demonstrates the effectiveness of the suggested
control, where the value of the THD of stator current is
0.68%, and the control gave a value of 1.33% for the THD
value of the rotor current of the DFIG.

The numerical values of ripples at the level of Py and
Qs and rotor and stator current with the d-q frame for the
robustness test are listed in Table 3, where the reduction ratios
were about 48%, 33%, 28%, 13%, 49%, and 38% for Py, Oy,
L1y, 114, Isq, and I g4, respectively, compared to the tracking
test. Soitcan be said that the MV-FS-MPC technique is better
in terms of reducing the value of the ripples in the robustness
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Table 5 The values of the ripples in inter-phase short-circuit faults test

Py(W) Qs (VAR) Iy (A) Iy (A) Isq (A) Isa (A)
Tracking test 84,940 68,646 149.03 125.79 150.70 126.8
Short-circuit faults test Fault No. 1 96,741.5 73,508.9 151 128 154.18 128
Fault No. 2 427,623.8 546,391.2 737.21 948.5 725.55 934.65
Ratios Fault No. 1 14% 7% 1% 2% 2% 1%
Fault No. 2 T7% 87% 80% 87% 79% 86%
FFT analysis FFT analysis
Fundamental (15Hz) = 2660 , THD= 1.58% Fundamental (15Hz) = 2630 , THD= 5.17%
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Fig. 16 THD values of the rotor current: a Fault No. 1 and b Fault No. 2
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Table 6 Values and ratios of the
fundamental signal amplitude
and THD of current in the

THD value

Fundamental signal amplitude
(A)

different faults

Stator current (%)

Rotor current (%) Stator current Rotor current

Fault No. 1 1.42 1.58 2649 2660
Fault No. 2 4.63 5.17 2734 2630
Ratios (%) 69.33 69.43 3.10% - 1.12%
600
— 0 210% ' ' ‘ ' [ Ps-meas Ps-ref |
400 Sl 14510
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Fig. 18 The voltage grid dip (a)
8 =<10° . . . . . I Qs-meas Qs-ref

test; this is due to the control’s reliance on predicting currents
based on the DFIG parameter.

In Table 4, the percentage change in the value of THD of
current between the first and second tests is calculated, where
the percentage change is calculated according to Eq. (36).
From this table, it is noted that the proposed strategy reduced
the THD value of stator and rotor currents in the second test
by an estimated percentage of 61.79% and 23.56%, respec-
tively, compared to the second test, which indicates that the
proposed strategy has a distinctive and effective performance
if the system parameters are changed.

THDRs;52(%) = THDs, — THDs» (36)
THDg;

4.3 Inter-Phase Short-Circuit Faults Test

In this part, the proposed control ability is tested for excellent
power control despite a fault at the level of the three phases
of the RSC (circuit shortening). To prove the control power, a
fault is imposed from 0.2 to 0.3 s in the first phase. Reaching
0.5 s, a fault occurs in the second and third phases at the same
time. Through this proposed test, we obtained the results
shown in Figs. 13, 14, and 15.

Figures 14 and 15 clearly show that a fault occurred at
the level of the three phases in the two-time ranges from 0.2
to 0.3 s and from 0.5 to 0.6 s. In confirmation by Figs. 13,
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Fig. 19 Step changes response in the power references

14a, and 15a, we note that the first fault does not affect the
suggested control. While in the occurrence of the second
fault, it is shown to what extent the control is affected by
tracking the power and current references. In light of this
effect, it cannot be said that the control is out of rule, but rather
the presence of tracking with ripples in power and currents.
From this, the proposed control has succeeded somewhat in
the test. With its success, it is only proof of its efficiency.
Table 5 provides numerical values for ripples in P and
Qs, as well as rotor and stator current with the d-q frame.
In comparison to the tracking test, the increase ratios were
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Fig. 20 The current response of the rotor to variations in power refer-
ences: a 2-phase frame and b 3-phase frame

approximately 14%, 7%, 1%, 2%, 2%, and 1% for Py, O, I q,
I1a, 154, and I, respectively. Despite this modest increase
resulting from the first fault, the control system remained
unaffected, showcasing its efficiency and reliability.

The percentage increase in ripples due to the second fault,
when compared to the ripple values of the first test, is esti-
mated at 77%, 87%, 80%, 87%, 719%, and 86% for P, Qs,
Iiq, I1d, Isq, and Igq, respectively. This substantial escala-
tion underscores the significant impact of the second fault on
the system. Nevertheless, the control system demonstrated
remarkable resilience, maintaining convergence, stability,
and tracking of its references throughout the occurrence of
the fault.

By measuring the THD percentage (Figs. 16 and 17), it
can be seen that the energy quality was not affected by the
first fault (THD;otor = 1.58% and THD = 1.42%). As for
fault No. 2, it can be observed that the energy quality deteri-
orates (THD;oior = 5.17% and THDga0r = 4.63%), but this
value is acceptable compared to the first and second tests.
This indicates the reliability and efficiency of the proposed
control.

THD values for currents at faults No. 1 and No. 2 are
represented in Figs. 16 and 17. The reduction ratios of the
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Fig.21 The current response of the stator to variations in power refer-
ences: a 2-phase frame and b 3-phase frame

THD of currents and signal amplitude value of fundamental
(50 Hz) of currents are listed in Table 6. From this table, it is
observed that the value of THD of stator current is low at fault
No. 1. Compared to fault No. 2, the reduction percentage is
estimated at 69.33%. The same applies to the rotor current,
where the reduction ratio is estimated at 69.43%. In the case
of static current, the value of fundamental amplitude is higher
at fault No. 2 compared to fault No. 1, where the lift ratio is
estimated at 3.10%. In the case of rotor current, the value of
the amplitude of the fundamental signal is higher in the case
of fault No. 1 compared to fault No. 2, where this increase is
estimated at a rate of 1.12%.

4.4 Low-Voltage Ride-Through Testing

We test the LVRT of the MV-FS-MPC system. For this test,
it is assumed that drop. No. 1 occurs at 0.1 s and is filtered
at 0.3 s. The grid voltage during the fault is eliminated by
30% compared to the nominal value. Drop No. 2 occurred
in 0.55 s and was eliminated in 0.75 s. The stator voltage is
eliminated by 50% compared to the nominal value during the
fault. The velocity of the rotor is fixed at wy, = 104.7 rad’s,
and the Ps and QOsreferences of the stator are set at Py =
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Table 7 The values of the ripples in LVRT testing

Py(W) Os (VAR) Iy (A) La (A) Iy (A) Isq (A)
Tracking test 84,940 68,646 149.03 125.79 150.70 126.8
Short-circuit faults test Drop 1 60,000 67,528 163.47 167 157 164
Drop 2 50,292 48,312.1 183 168 180 167
Ratios Drop 1 29% 1% 9% 25% 5% 23%
Drop 2 40% 30% 19% 25% 17% 24%
FFT analysis FFT analysis
Fundamental (15Hz) = 3772, THD= 2.43% Fundamental (15Hz) = 2661, THD=1.77%
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Fig. 23 THD values of the stator current: a Drop No. 1 and b Drop No. 2

@ Springer

400
Frequency (Hz)

(b)

600 800 1000



Arabian Journal for Science and Engineering

Table 8 Ratios and values of the

THD and fundamental signal THD value

Fundamental signal amplitude (A)

amplitude in the different Drops

Stator current

Rotor current Stator current Rotor current

Drop No. 1 1.89 2.43 3793 3772
Drop No. 2 1.11 1.77 5341 2661
Ratios (%) 41.26% 27.16% 28.98 —29.45
Table 9 Comparison of the command proposed in this paper with others in the literature
Tests Performance Power Reliability Robust
Publication paper quality
Stability Precision Rapidity RT (s)  Overshoot THD%
(%) (%)
[28] B_SMC Yes 0.09 0.03 - 0.89 - -
[77] FOC Yes - 0.09 - 5.17 - -
DPC Yes - 0.02 - 5.95 - -
[3] Backstepping Yes - - - 0.31 - -
[79, 81] DTC Yes - 0.12 - 18.8 - -
FCS Yes - 0.16 - 8.26 - -
MPDC Yes - 0.15 - 8.17 - -
[45, 81] FCS-MPC Yes - 0.15 - 6.12 - -
[80] FCS-MPC Yes 04 0.4 - 0.29 - -
[81] FCS-MPC Yes 0.11 0.11 - 0.49 - -
[49] FCS-MPC Yes - - - 8.82 - -
Dead-beat-PC 4.49
[82] FCS-MPC Yes 04 0.02 0.03 0.32 Yes Yes
[83] IBC Yes - 0.0285 0.001 6.04 Yes Yes
Proposed VM-FS-MPC Yes 0.069 0.0497 0.02559 1.7 Yes Yes
technique

— 0.5 MW and then at 0.35 s, Poy = — 1.5 MW until 0.8 s,
Prf = — 0.2 MW and Q,,s = — 0.5 MVAR continues until
0.45 s to become Qs = 0.5 MVAR, respectively (Figs. 18,
19, 20 and 21).

The Danish grid code was the basis for the dip utilized in
our study [76]. The voltage dip characteristics (Fig. 18):

e Symmetrical 3-phase voltage drop.

e 30%, then a 50% drop at the nominal voltage for 0.1 s.

e The linear increase in voltage to the nominal voltage
throughout 0.1 s.

The results obtained in Figs. 18, 19, 20, and 21 show
that drop No. 1 has significantly lower overshooting and
slightly improved tracking performances than drop No. 2.
The excesses given by the proposed controller resulting from
drop No. 2 are almost tolerable compared to the high drop
ratio. However, the ripple of power and currents compared to
the third test results in both cases is almost nonexistent. This

comparison shows that the suggested MV-FS-MPC method
significantly improves LVRT performance by successfully
reducing the excess current caused by grid disturbance.
Table 7 highlights noticeable fluctuations in ripple ratios
for power and currents, ranging from 1 to 40% compared to
the values observed in the first test. Remarkably, these varia-
tions are within acceptable limits, demonstrating the effective
performance of the control system in maintaining stability
even amid sudden drops. Despite the observed drops, Figs. 22
and 23 visually depict that the proposed control remains reli-
able, effectively preserving the quality of extracted energy.
In Table 8, the ratios and values of the THD and funda-
mental signal amplitude in the different Drops are shown.
This table is filled out using Figs. 22 and 23. From this table,
it is noted that the THD value for streams is low at Drop No. 2
compared to Drop No.1, which was reduced by an estimated
percentage of 41.26% and 27.16% for both stator and rotor
current, respectively. As for the amplitude of the fundamen-
tal signal (50 Hz) of the stator current, it is higher in Drop
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No. 2 compared to Drop No. 1, as the percentage increase in
amplitude is estimated at 28.98% compared to Drop No. 1.
But with regard to the rotor current, it is noted that the ampli-
tude of the fundamental signal of the rotor current is lower
in Drop No. 2 compared to Drop No. 1, where the reduction
percentage is estimated at -29.45% compared to Drop No. 1.

Table 9 compares the proposed control with other
research. The proposed method succeeded in testing robust-
ness and reliability. MV-FS-MPC technique increases perfor-
mance compared to [3, 28, 80—82], but its biggest benefit is
the reduction of THD compared to [45, 49, 60, 77, 83], which
did not exceed 1.7%, indicating superior power quality.

5 Conclusions

The power regulation of DFIG systems and GSC is discussed
in this study using a completely new, time-efficient MV-FS-
MPC technique. This technique analytically transforms the
vector-PI robustness issue into a manageable FS problem,
which can be addressed quickly. The proposed technique
leads to good power tracking, robustness performances, and
rapid running times, according to simulation findings. The
comparison of the tests illustrates that the proposed scheme
significantly reduces computation time while achieving good
control performance in settling time, overshoot, error static,
and rejection of perturbations, in addition to high energy
quality. This suggests that the proposed scheme strikes a good
balance between computational time and the performance
of the control. Future work will involve synchronizing the
converter side control of the rotor and the grid, taking into
account additional situations, and improving the DFIG con-
trol performance by modifying the suggested MV-FS-MPC
by replacing the pi controller with a backstepping approach
(i.e., building a predictive-backstepping scheme), our paper
may open the possibility of achieving this.
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Appendix

See Tables 10, 11 and 12.

Table 10 DFIG parameters

P, 1.5 MW

% 12.5 m/s
Vs 398/690 V
I, 1900 A

f 50 Hz

Ly 0.0137H
L, 0.0136 H
M 0.0135H
R; 0.012 Q
R, 0.021

P 2

J 1000 kg m?

Table 11 Wind turbine parameters

Number of blades 3

R 3525 m

G 90

J 1000 kg m?

fy 0.0024 N ms~!
V4 4 m/s

Vm 25 m/s

Table 12 Grid link settings

[oH 2750 rad/s
R, 2 mQ

L, 5 mH

Cpc 4400 nF
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