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This research investigates and compares two nonlinear current-control
strategies, backstepping control (BSC) and finite control set model
predictive control (FCS-MPC) for machine-side and grid-side converters
in grid-connected direct-drive permanent magnet synchronous generator
(DD-PMSG) wind turbines. Addressing the control challenges in wind
energy systems with varying speeds, the study aims to determine which
strategy offers superior performance under identical operating conditions.
The nonlinear BSC regulates stator and grid currents using Lyapunov-based
techniques, while FCS-MPC leverages model predictions to select optimal
switching states based on a cost function. A comprehensive simulation using
MATLAB/Simulink is conducted, analyzing each controller’s transient
behavior, steady-state response, torque ripple, and power quality total
harmonic distortion (THD). Results show that FCS-MPC achieves faster
convergence, lower overshoot, and superior power quality compared to BSC,
though it requires higher computational resources. Statistical validation
supports the robustness of FCS-MPC under parameter uncertainties. This
work contributes a structured comparison of advanced nonlinear strategies
for PMSG-based wind turbines and provides a foundation for future
implementations in real-time embedded control systems. Future directions
include experimental validation and hybrid model predictive controller-
artificial intelligence (MPC-AI) control frameworks.
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1. INTRODUCTION

In recent years, the imperative transition towards sustainable energy practices has fueled integrating
renewable energy sources into electrical systems, marking a paradigm shift in the global energy landscape.
Among these sources, wind energy stands out as a prominent contributor, harnessing the power of the wind
to generate electricity cleanly and efficiently [1]. This paper delves into the domain of wind energy
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conversion, focusing on grid-connected direct-drive permanent magnet synchronous generator (DD-PMSG)
as a key solution in this transformative era. However, the grid-integration of renewable power sources poses
significant challenges, including dynamic stability, parameter variation, and grid synchronization
requirements, which demand sophisticated control strategies.

Morocco, like many nations, has embraced the potential of wind energy to diversify its energy mix
and reduce dependence on conventional fossil fuels [2]. Data recently collected by the Ministry for the
Transition to Energy and Sustainable Development, the nation's wind power capacity has increased at an
astounding rate. The REmap report published in November 2023 states that Morocco's total installed wind
capacity stood at 2.16 GW with an ambitious objective to reach 5.8 GW by 2030 [3]. This significant
contribution, which currently represents approximately 18% of the country's total electricity generation
capacity, underscores Morocco's commitment to achieving its renewable energy targets and aligns with its
plans to further expand its wind power capabilities [4].

Ensuring optimal performance and stability of such generators requires sophisticated control
strategies for both the machine-side converter (MSC) and the grid-side converter (GSC). This research
focuses on advancing the understanding of current control techniques in the context of DD-PMSG systems,
employing filed and voltage-oriented controls [5]. The academic literature reveals a progressive evolution in
control techniques for permanent magnet synchronous generator (PMSG) systems. Early studies
predominantly focused on vector control methods, including field-oriented control (FOC) and direct torque
control (DTC). These approaches provided foundational insights into controlling torque and flux effectively,
which are critical for the efficient operation of PMSGs. For example, FOC and DTC established control
mechanisms that improved the accuracy and efficiency of PMSG systems, though they encountered
challenges such as torque ripples and variable switching frequencies [6]. With the growing integration of
PMSGs into grid-connected renewable energy sources, research priorities shifted toward grid synchronization
and power quality enhancement. This transition emphasized the role of reactive power control in maintaining
grid stability and mitigating disturbances. Proportional-integral (PI) controllers have been widely adopted
due to their simplicity and steady-state performance; however, their limitations under dynamic conditions and
parameter variations are well-documented [7], [8].

Advanced control methodologies, like sliding mode control (SMC) and backstepping control, have
been investigated to overcome the constraints of traditional controllers. SMC is recognized for its robustness
against system uncertainties and external disturbances but suffers from chattering effects, potentially
impacting generator stability [7]-[12]. Backstepping control, while offering stability guarantees, becomes
computationally complex as system orders increase. Similarly, artificial intelligence (AI) based methods such
as fuzzy logic and neural networks have been employed to create adaptive control laws, but their reliance on
extensive training data and computational resources makes them less suited for real-time control applications
[13].

Al-driven control methodologies, including fuzzy logic systems and neural networks (NN), and
deep reinforcement learning (DRL) are gaining increasing attention in wind turbine control due to their
adaptability and data-driven nature. These methods can learn complex nonlinear relationships, adapt to
changing conditions, and enhance control robustness. While they offer promising alternatives to conventional
optimization-based techniques like particle swarm optimization (PSO) and genetic algorithm (GA) [14],
which often suffer from local optima and high computational costs, Al methods also present challenges
related to training data requirements, real-time deployment, and hardware compatibility [15]. To provide a
clearer overview of control strategies, Table 1 presents a comparative analysis based on key criteria such as
accuracy, robustness, computational demand, and real-time feasibility. This comparison highlights the trade-
offs between traditional, optimization-based, and intelligent control methods.

Despite advancements in control strategies for grid-connected PMSG wind turbines, challenges
remain with classical PI controllers, and advanced methods like backstepping and model predictive control
(MPC) face limitations. While backstepping control offers robustness for nonlinear systems, its
computational complexity can hinder implementation in higher-order systems. On the other hand, MPC
provides strong performance in handling multi-variable constraints but struggles with its reliance on accurate
models and high computational demands, limiting real-time applicability. These gaps underscore the need for
a detailed comparison of Backstepping and MPC strategies, focusing on their trade-offs in robustness,
computational efficiency, and adaptability for dynamic grid-connected PMSG systems. This research aims to
address these gaps through a comparative analysis of both control methods.

This research paper is methodically structured to provide a thorough examination of current control
strategies in DD-PMSGs. Section 1 the introduction, underscores the critical need for precise current control
in DD-PMSGs, critiques the limitations of conventional and advanced control methods, while also outlining
the research objectives and contributions. In section 2 the paper delineates the architecture of the wind
turbine system (WTS), including key components and their interactions. This section provides a detailed
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mathematical model of the DD-PMSG, encompassing stator voltage and current equations, and extends to
modeling the GSC-connected grid. Section 3, where it introduces and analyzes the concept, the design
methodology, the system stability, and performance characteristics of the proposed nonlinear Backstepping
controller. The paper then progresses to section 4, which explicates the principles of MPC, the implementation
and the design processes of finite control set model predictive control (FCS-MPC). Besides its computational
complexity and performance efficacy. This is followed by section 5 describes the simulation setup and
presents results for various system conditions, facilitating a comparative performance analysis of the two
control strategies. The paper ends with a conclusion, where it synthesizes the key findings, emphasizes the
contributions of the research, discusses the potential real-world applications of the proposed control strategies,
and proposes future research directions for the advancement of PMSG control techniques.

Table 1. Comparative table of control strategies

Control techniques Accuracy Robustness Computational Real-time Adaptability to
complexity feasibility  parameter changes

PI controller Moderate Low to moderate Low Excellent Low

Backstepping control (BSC) High High Moderate Good Moderate
SMC Very high Very high Moderate to high ~ Moderate High
FCS-MPC Very high High High Requires High

optimization
Al-based control Potentially very high  High (if trained well) Very high Depends on Very high
(e.g., Fuzzy/NN) hardware

2. DD-PMSG WIND TURBINE SYSTEM MODELING

Figure 1 illustrates the design of the proposed WTS. It typically encompasses three primary
components: the wind turbine, a DD-PMSG, and a power electronic interface for grid connection, which in
this case includes a back-to-back converter system (BBCS). This BBCS is essentially composed of two parts:
a rectifier (MSC) and an inverter (GSC), connected by a DC link. In order for the DD-PMSG’s variable-
frequency output to be properly turned into the fixed-frequency energy needed for grid compatibility, this
setup is very important. The machine-side converter is responsible for transforming the alternating current
(AC) power produced by the PMSG into direct current (DC) power. Subsequently, the grid-side converter
takes this DC power and inverts it back into AC power, matching the grid frequency. This process is crucial
for the regulation of both active and reactive power and for ensuring synchronization with the grid, thus
facilitating a stable and efficient integration of wind energy into the electrical grid system [16].

J_ oc /lig R L £
DC T AC
‘ MSC Controller GSC Controller

Figure 1. The suggested WTS’s architecture

2.1. Wind turbine model
The mechanical power extracted by a wind turbine from the wind can be represented using (1) [17]:

Prec = 5pAV3C, (4, B) (1)

Air density is denoted by p, A represents the turbine rotor’s swept area A = mR?, V signifies wind speed,
Cp (4, B) indicates the power coefficient, B refers to the blade pitch angle, and A denotes the tip-speed ratio.
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The power coefficient C, (4, £) is a crucial factor in this equation, representing the efficiency of the
wind turbine in converting wind energy into mechanical energy [18]. That is conditional on the tip-speed-
ratio A, which is defined as:

1= @)
C(A[;):l(ﬁ—o4ﬁ—5)e%+00068,1 €)
p\ 2\ A ' ’
. 1 1 0.035
with: A A+0088 1+8°

Q represents the rotor’s angular velocity, while R is its radius.

2.2. DD-PMSG model

In order to transform wind turbine mechanical energy into electrical energy, the DD-PMSG model is
required. This model includes key electromagnetic equations and dynamics of the generator. The stator
voltage equations in the d-q frame are [19]:

. ap

Vgs = Rsigs + Tds - wslpqs 4
, dw

Ugs = Rslqs + qu — Wty )

where the d-axis and g-axis parts of stator voltage are called v45 and v, respectively. The d-axis and g-axis
parts of the stator current are called iy and i4. The d-axis and g-axis parts of stator flux linkage are called
g5 and g, respectively. The stator resistance is denoted by R,. The stator’s electrical angular velocity is

denoted by wj.
The following are the flux linkage equations:

Yas = Lqlgs + ¢ (6)
l/)qs = Lq iqs @)

where Ly and L, are the inductances of the stator’s d-axis and g-axis. The permanent magnet flux linkage is
denoted by ;.

We can figure out the stator current behavior from these models. By switching the voltage equations
around and adding the flux coupling equations instead, we get:

digs _ 1 , , Yy

F - a (vds - Rslds + wquslqs) - Zws (8)
digs _ 1 . .

ar = E (vqs - Rslqs + wsLdslds) )

A crucial element of energy conversion, the electromagnetic torque can be calculated as:
2 . .
Tem = gp(lpds lgs — ll}qs lgs) (10)

The dynamic behavior of the generator is explained by (11):

dQ
]gen o Tnech — Tem — BgerrQ (1)

The electromagnetic torque is indicated by T,,, and P stands for the generator’s number of pole
pairs, the generator’s moment of inertia is denoted by Jy.,, The damping coefficient, which represents
mechanical losses, is represented by By, whereas the turbine torque is represented by Tipech-
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2.3. DC link modeling
The rectifier and the inverter are connected by the DC link. The DC link voltage is given by [20]:

1 . .
Vac = C_dcf(lrd — ijqg)dt (12)

The DC link's capacitance is represented by C4.. The rectifier current is i,.4. The inverter current on the
d-axis is denoted by i;,.

2.4. Grid-side converter (inverter) model
The inverter converts DC power back to AC for grid interconnection via RL filter. The grid voltage
equations in the dq frame are [21]:

. didg .
Vag = Vig — Rilgg — Li? + Liwgigg (13)
di
— ; ag ;
vdg = Uiq - Rilqg - LLT - Liwgldg (14)

Here, the d-axis and g-axis components of the inverter voltage are denoted by v;4 and v;q, respectively, the
d-axis and g-axis components of the inverter current are denoted by the iy, and igg, R; and L; are the
resistance and inductance of the filter, and wgis the electrical angular velocity of the grid.

3. NONLINEAR BACKSTEPPING CONTROL OF THE DD-PMSG WIND TURBINE

Controlling the MSC and the GSC is a very important part of making sure that a wind energy
conversion system (WECS) system works well and efficiently. For the MSC, its key function is to maximize
wind energy capture. This is achieved by implementing maximum power point tracking (MPPT) based on the
generator's speed, alongside managing torque or power control. Conversely, the GSC is responsible for a
range of critical functions: it regulates the voltage of the DC bus, manages the grid's reactive power, ensures
grid synchronization, and maintains operation during grid faults (fault ride-through (FRT)) [22]. A typical
control scheme using a nonlinear backstepping strategy is given in Figure 2.

Backstepping
controller

Backslepping

controller _rf ;f]g
-y Lis 2 *
+ -
© Qg

Figure 2. Nonlinear backstepping control for MSC and GSC

3.1. MSC control by nonlinear backstepping based on optimal torque control MPPT

The objective of the MSC is to control the PMSG to extract maximum power from the wind. This is
achieved by adjusting the torque of the generator. Optimal torque control (OTC) is implemented for MPPT.
The optimal torque reference (Tyy.) is derived based on the wind speed and the characteristics of the wind
turbine.

Based on the connection between wind speed V and the tip speed ratio 4, and by substituting A with
its optimal value 1°P* and equating the power coefficient C,, to its maximum value C,™** [23], we derive (15):

(15)
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Thus, the reference for electromagnetic torque, denoted as T,,,,"¢’, is formulated in the following manner:
T = KoPLQ? (16)

The reference currents are defined as:
idS* - 0
;eo2.1 . (17
qs

3.2. MSC control using nonlinear backstepping approach
From Figure 2, it can be seen that the stator currents can be controlled by vgs and vgs, hence the
stator currents errors are expressed as [24]:

{'fd = i;;s - ids (18)
S;q = i;s_iqs
where i35 and iz are the current component references. Based on (17) and (18), we can write:
dég _ 1 , .
ks _E(vds — Rgigs + a)ququ)
déq % 1 . . (19)
ar  las T E(qu — Rsigs — wrLglas — wrlpr)
The Lyapunov function is chosen as given in:
Wy = (83 +62)>0
We _ 3 271 iy 4éq (20)
at ~ >4 oat 9 qt
Furthermore, coefficients Y,; and Y,, must be positive to ensure the system stability [25].
aw,
e Vgl - Y,82 <0 @1

The stator currents tracking errors are achieved if only the following d/q voltage references are chosen:

aige (22)
1 at

v;s = LqaY4éq + Rgigs — erqiqs
U;S = quqfq + Rsiqs + wTLdidS + (l)r'(l}r + L

3.3. GSC control using nonlinear backstepping approach
The errors in the direct and quadrature grid currents can be described using the following formulas [26]:

p:%_% (23)
I = igg = igg

using (13) and (14), we obtain:

arg _ digg 1 ) .

at  at L (via = Vg — Rilag + Liwgiqq) o)
dr, 1 . .

d_tq = _L_L.(viq — Rilgg — Liwglay)

the following formula provides the Lyapunov function:
1

Wp=_(If +17)>0
Wy drg g .
at " %ar 4 ae
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Furthermore, to ensure the system's stability, the coefficients Y; and Y, must be positive.

aw , ,
—L =Y -V <0 (26)

The tracking errors of the grid currents can be attained provided that the d/q voltage references are selected:

d

* ! it*ig . .
Vg = LYVl + " + vy + Rilgy — Liwgigg

Ui*q = L,'Y'q’[;Z + Riiqg + Liwgidg

@7

4. MODEL PREDICTIVE CONTROL

The predictive control approach, specifically model predictive control (MPC), has gained significant
importance in power converters and electric drive systems [27], [28]. MPC utilizes a mathematical model for
predicting how a process will behave in the future in relation to a certain control variable. The goal is to
determine the optimal action by minimizing a predefined cost function, based on set optimization criteria.
One variant of MPC, known as predictive deadbeat control, adjusts the control variable rapidly to match the
reference input. However, it is sensitive to changes in system parameters and disturbances. In contrast, MPC
is favored for its ability to effectively handle complex, nonlinear systems with constraints, as it predicts
system behavior using a mathematical model and optimizes control actions accordingly [29].

There are two types of MPC for power converters: continuous control set MPC (CCS-MPC) and
FCS-MPC. A modulator is necessary for CCS-MPC to flip between states, ensuring a consistent switching
frequency. However, it faces challenges due to the complexity of optimization problems arising from model
nonlinearities. The discrete feature of static converters, which have a limited quantity of states that switch, is
exploited by FCS-MPC. This reduces the computational demands for prediction and processing. In FCS-
MPC, these discrete states are the only states that can be predicted; the ideal state or voltage vector for
control is chosen in an optimization stage. The effectiveness of this method depends on an accurate system
model and a well-defined cost function. The implementation of FCS-MPC consists of four key steps [30],
[31]:

a. Reference calculation: depending on the particular application, this phase entails determining the
reference control value x*(k), which may be torque, flux, power, voltage, and current.

b. Prediction: Here, the converter switching state combinations S(K), system characteristics, and the
discrete time (DT) model are used to predict the future values of the control variables x,(k + 1).

c. Extrapolation: In this stage, present and past sample values x*(k), x*(k — 1) are used to predict the future
value of the reference control variable % * (k + 1).

d. Cost function minimization: This function, represented as | = £ (k +1) —x"(k + 1), seeks to
minimize the error between the predicted and extrapolated references.

4.1. MPC using finite control set for MSC

The discrete PMSG model is used by the MPC algorithm. To simplify the analysis, a forward Euler
approximation approach, which takes in consideration the future sample (k + 1) as well as the present sample
(k), is adopted in this study. This approach is given as [32]:

dx(t) . X(kTs+Tg)—x(Ts) § .
{ dt }t=kTs = T ;X € {lsd:lsq} (28)
The (28) may be made simpler as:
~ dx(t)
x(k +1) = x(k) + Ty {20 }t=k (29)

Following the necessary discretization process, the DT model of the PMSG can be given as [23]:

st D) O LG B 0

igs (k + 1)] = ¢k [iqs(k) + 4 [vqs(k)

with:
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_RTs me(OlgsTy

L S L S
d(k) = [+ A(R)T] =~ _we(k)desTs 1 _d@
Lgs qu
T.
= 0
V4, ~ BT, ~ |'* . (31
0o L
Lgs
0
Ay = w(k)Ts » [_ M]

Lgs

Taking into account the DT model of the PMSG as described by (30), the future states of the PMSG
currents are forecasted by determining their subsequent values. Consequently, the forecasted direct and
quadrature (dq) axis currents can be delineated as [33]:

iéixs(k + 1)] [lds(k)] [vr{ils (k)
. = ¢pk)|. +4 + A4,k 32
it + ) = 0770 ] + 20 [0 | + 2000 G2

where the variable’s predicted value is indicated by the superscript a.
The MSC voltage predictions, v, and v, are derived based on switching states and the DC-link
voltage (V) through the model described as:

[Vé’z‘s (k) Sds (k)

v (] = Ve [ G

The voltage across the capacitor is denoted by u.(k), and Sy, (k) signifies the state of switching along the

d/q axis. The formal expression is presented as:

a , 1 _s& k)
S&(k)] _ [ cosb, (k)  sin6, (k)| 2 |05
[szas(k) - [— sin, (k) cos6, (k)] 5[0 ] [§£ 83 (34)

~ |G
Whu -

By incorporating (32) into (33), we derive the model for the predicted stator currents:

g5 (ke +1 a5 (k s& (k
[;:{Ek i 1%] = 9 [;ngkg + 4 (uc(k) [SZ“SEIS ) +45(k) (35)

Conversely, the current references at the (k) sampling instant are projected to the (k + 1) sampling instant
through the application of first-order Lagrange extrapolation [34].

{ffis(k +1) = 2i55(k) — igs(k — 1) (36)

lns(k + 1) = 2i55(k) — ins(k — 1)

In this situation, i}, represents the extrapolated reference currents, and fzq signifies the generator's reference
currents. Under all operational conditions, the direct current iy, is set to zero in order to preserve a unity
power factor. Meanwhile, ig, is determined through MPPT control. Ultimately, to reduce the discrepancy
between the predicted and extrapolated reference currents, the following cost function is implemented [35]:

Pk . 2 2% . 2
]MSC(k) = [lds(k + 1) - lgs(k + 1)] - [lqs(k + 1) - lgs(k + 1)] (37)
4.2. MPC using finite control set for GSC

Using the same method applied to establish the MSC predictive controller, the GSC cost function
can be formulated as [35]:

Jasc () = [TagCk + 1) = i5,(k + )] = [T (k + 1) — i% (ke + D] (38)
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Figure 3 depicts the overall framework of the MPC applied to the PMSG wind energy conversion system.

T 0w b s
—l— AC
[ 5.
MPC-MSC MPC-GSC
{0 ¥ Josl® | i

Om ldg - .4_V1
Figure 3. Overview diagram of MPC implementation in the PMSG wind energy conversion system

5. RESULTS AND DISCUSSION

This study compares two advanced control strategies, BSC and MPC for controlling both MSC and
GSC in a permanent magnet synchronous generator (PMSG)-based WTS connected to the power grid. The
wind turbine operates with variable wind speeds between 8.9 m/s and 12.15 m/s as shown in Figure 4, and
the system's parameters are outlined in Table 2.

Times (s)

Figure 4. Wind profile

Table 2. Performance comparison: backstepping vs FCS-MPC

Metric BSC FCS-MPC
Settling Time (Speed) 042s 031s
Overshoot (Torque) 5.8% 2.3%
Steady-State Error 2.7 rpm 0.9 rpm
THD (Grid Current) 0.47% 0.21%
Std. Dev. (Torque) 1.38 Nm 0.79 Nm
Computation Time/Step <0.4 ms > 1.2 ms

5.1. Key findings

The primary aim of this study was to compare the performance of two advanced control strategies
used in grid-connected wind energy systems: the FCS-MPC and the standard nonlinear BSC. This
comparison was conducted under varying wind conditions and system parameter fluctuations to evaluate the
robustness and effectiveness of each approach in realistic operating environments. The FCS-MPC strategy
leverages predictive modeling and optimization to anticipate system behavior and select optimal control

Nonlinear backstepping and model predictive control for grid-connected ... (Adil El Kassoumi)
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actions in real-time. This enables it to achieve superior performance in both dynamic and steady-state
conditions. In particular, it demonstrated better tracking of set points and more reliable control during
disturbances and parameter variations. In contrast, the BSC approach, while nonlinear and mathematically
rigorous, is less computationally demanding but does not incorporate predictive features. As a result, BSC
showed limitations in maintaining optimal performance under rapidly changing conditions, highlighting the
trade-off between control precision and computational complexity.

5.2. Set point tracking scenario

In the scenario of set point tracking, the wind speed was varied according to the profile shown in
Figure 4, leading to changes in the generator's mechanical speed. As shown in Figure 5(a), the PMSG speed
curves closely follow the wind profile but exhibit smoother dynamics due to the high machine inertia. Both
control strategies successfully ensured the WT extracted maximum power, confirming the effectiveness of
the MPPT method. However, better tracking was demonstrated by the FCS-MPC approach, guaranteeing
more reliable performance in a range of wind situations.

Figure 5(b) shows the PMSG torque, which mirrors the mechanical speed. The torque is smoother
with MPC control, reducing mechanical stress and enhancing the turbine's longevity. The reduction in torque
ripples indicates the effectiveness of both control strategies, but MPC provided a more consistent and
smoother torque profile, leading to better performance in terms of reducing mechanical wear.

x10°

.

ob i -2.01 : ]
Temesc >

0.5 T, mrc -2.015/\ b

23 1 = T
g E em-ref ]
= -
2+ Q 3.135 1 =
£ m-BSC ! £
¢ Q R : : 74
1k m-MPC 313 ]
Qm-ref H
0 3.125 i
1.46 1.462 1.464
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
(a) (b)

Figure 5. PMSG (a) mechanical speed and (b) electromagnetic torque

5.3. Current control performance

Figures 6(a) and 6(b) show the machine-side direct and quadrature currents. While the direct current
oscillates around zero (Figure 6(a), the quadrature current Figure 6(b)) is proportional to the electromagnetic
torque. The MPC strategy follows the reference current profiles more precisely than BSC, highlighting its
superior control accuracy and predictive capabilities. The smooth response of the MPC strategy ensures
optimal operation with minimal deviation from the desired values.

10 T T
of -600

0 Isq-Bsc o

200} | -802
sq-MPC

A0k 1 400 — et ~904

—_—
20+ sd-BSC 4 -
20 -600

;
0
-4 Isd-MPC
l
30 2 scvot ] -800 -
-3
2

(A)

(

Isd (A)

sq

2.896 29

-8 2:81 282
0 . ‘ ] ‘ 1000 £ ‘ ‘ I .
Q 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
(a) (b)

Figure 6. Comparison of stator current tracking performance (a) machine-side direct current and (b) machine-
side quadrature current
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Figures 7(a) and 7(b) depict the grid-side currents. Both direct (izq) and quadrature (igq)
components of the grid current track their references effectively with the FCS-MPC strategy. The minimal
fluctuation in these currents indicates high power quality and efficient grid integration. To guarantee zero
reactive power, the iy, current is kept at zero, while iy, represents the active power injected into the grid.

MPC control ensures that power injection remains within acceptable limits for both voltage and frequency,
confirming its suitability for grid-connected applications.

T I -685 [ - ' - !
of [——1_ “ l mh ] 150 * 4 T T |
o il mulnunu.,u,,l e
-200 -_— 1 |
m Z[ﬁ s o e e

9a-BSC |

loqmpe |

Igd-rel ] |
695 —

—_
25 2502 2504 2506 7 =

3 4 5

o
N
w
L
@
-
N

Time (s) Time (s)

(a) (b)

Figure 7. Comparison of grid current tracking performance (a) grid-side direct current and
(b) grid-side quadrature current

5.4. Power quality

Figures 8(a) and 8(b) present the spectral analysis of the grid-side current, including the total
harmonic distortion (THD). Both control strategies meet the IEEE-519.29 standard, with MPC showing
slightly better performance (THD of 0.21%) compared to BSC (0.47%). The reduction in harmonic distortion
with MPC further demonstrates its enhanced ability to maintain power quality, which is crucial for stable grid
operation.
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Figure 8. Power quality evaluation based on grid current waveforms THD using (a) MPC and (b) BSC

5.5. Discussion and implications

The results from this study underscore the importance of advanced control strategies, particularly
MPC, in improving the performance of grid-connected PMSG-based wind turbine systems. MPC's predictive
control allows it to adapt dynamically to fluctuations in wind speed and system parameters, providing a more
robust solution than the nonlinear BSC approach. While BSC is computationally simpler, it lacks the
flexibility and disturbance rejection capabilities of MPC, making it less suitable for systems where high
performance and stability under variable conditions are essential. Our findings align with previous research,
which suggests that while traditional control strategies like BSC are effective in steady-state conditions, MPC
provides significant advantages in dynamic environments, particularly in terms of tracking accuracy and
robustness to disturbances. The enhanced power quality and smooth torque profiles achieved with MPC
support these conclusions, emphasizing its potential for real-world applications in renewable energy systems.
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One of the key strengths of this study is its comprehensive evaluation of both control strategies
under varying conditions. However, it is worth noting that the implementation of MPC requires more
computational resources compared to BSC, which could pose challenges in systems with limited processing
power. Future research could focus on optimizing the computational efficiency of MPC or investigating
hybrid control strategies that combine the strengths of both approaches.

5.6. Performance metrics and statistical validation

To comprehensively evaluate the performance of the two nonlinear control strategies BSC and FCS-
MPC, we analyze key transient and steady-state indicators, including rise time, settling time, overshoot,
THD, and statistical deviation under variable wind profiles and parameter deviations. Table 3 summarizes the
comparative performance across these criteria, where the FCS-MPC controller demonstrates superior
performance in most categories.

Table 3. PMSG-WTS parameters

Parameters Values Parameters Values
Radius R=24m Flux P =06.53 wb
Total inertia J=60 kg.m? Pair poles P=26
Maximum power coefficient CPmax =0.4745115 DC bus voltage Va=1500 V
Optimal tip-speed ratio Aoptimal = 8.101 DC bus capacitor C=2800010°F
Nominal power P,=750 Kw Filter resistance Ri=02Q
Stator resistance Rs=6.52.107° Q Filter inductance L;=2.10°H
Stator inductance L~Ls~L,~=3.85.10H Grid nominal voltage V., =400V

The results indicate that the FCS-MPC approach not only achieves faster convergence and lower
overshoot but also ensures superior power quality through reduced THD. The statistical standard deviation of
torque further confirms the smoother dynamic behavior of FCS-MPC. However, it is worth noting that these
performance gains come at the cost of increased computational complexity. To ensure fairness, all
simulations were conducted under identical wind profiles and parameter conditions. While BSC remains
computationally efficient and suitable for resource-constrained platforms, FCS-MPC is more effective in
highly dynamic environments requiring fine-grained control.

6. CONCLUSION AND FUTURE WORK

In this paper, we have studied and compared two nonlinear control strategies, with the aim of
developing and adopting the best nonlinear control for a PMSG-based variable-speed WPCS. Using the
MATLAB/Simulink environment, a simulation test was conducted at various wind speeds to validate the
effectiveness of the suggested solutions. Two case studies are used to assess the effectiveness and
performance of the suggested FCS-MPC in comparison to the backstepping controller: tracking test and
frequency analysis. The final results of the simulation demonstrate that the FCS-MPC controller offers high
performance during transient operations, particularly during MPPT operations. The both case studies confirm
that the FCS-MPC can reach the MPPT quickly with minimum overshoot in case of wind speed variation.
However, the THD of the stator currents indicates that the deformation of the stator currents under
Backstepping is slightly higher than that of the FCS-MPC controller. Based on these findings, we conclude
that FCS-MPC is an effective control strategy for PMSG-based wind energy systems. However, the higher
computational cost of FCS-MPC remains a consideration.

For future work, real-time experimental validation on platforms such as dSPACE or FPGA is
recommended to confirm simulation results. Furthermore, hybrid strategies that combine MPC with adaptive
or Al-based algorithms, such as reinforcement learning, offer promising avenues for enhanced control and
adaptability in multi-turbine wind farms and smart grid environments.
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