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This paper proposes a cascaded Takagi-Sugeno Model Predictive
Controller (TS-MPC) for a Doubly-fed Induction Generator (DFIG) based
Wind Power Conversion System (WPCS) to maximize power extraction,
maintain zero stator reactive power, and enhance power quality. For this
purpose, the Takagi-Sugeno Fuzzy Logic Control (TS-FLC) is arranged in
a sequential configuration with the Finite Control-Set Model Predictive
Control (FCS-MPC) strategy to enhance the overall performance of the
wind power system. The introduced control technique, which is applied to
govern the Rotor Side Converter (RSC) of the DFIG, consists of two
cascaded control loops for achieving Maximum Power Point Tracking
(MPPT). The innermost control loop is implemented to regulate the d-q
axis rotor currents using FCS-MPC strategy. Meanwhile the outermost
control loop is employed to regulate the DFIG’s rotational speed pursuant
to the Tip Speed Ratio MPPT (TSR-MPPT) control framework using the
TS-FLC, thus improving the predictive accuracy and control effectiveness.
To validate the performance of the devised control scheme, a numerical
simulation of a 1.5MW DFIG based WPCS was conducted using
MATLAB/Simulink software. The simulation results demonstrate that the
proposed cascaded TS-MPC not only outperforms the cascaded PI-MPC in
terms of superior adaptability to nonlinearities and varying wind
conditions—thanks to the inherent flexibility of TS-FLC—but also in
various performance metrics, including response time, steady-state error,
and total harmonic distortion (THD).Furthermore, while FCS-MPC
approaches are often criticized for computational complexity, the TS-FLC
structure enhances real-time feasibility by reducing computational
overhead compared to conventional FLC methods. These findings
reinforce the practical viability of TS-MPC for large-scale wind energy
applications and indicate the effectiveness of the proposed control scheme.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Nowadays, the world energy industry is witnessing a significant transition to renewable energy
sources, driven by the crucial need to meet global energy demand, reduce reliance on fossil fuels,
mitigate climate change and secure a sustainable energy future. Among the various renewable energy
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options, wind power conversion systems (WPCS) stand out as one of the most competitive and rapidly
growing alternatives [1], [2].

Wind turbines equipped with doubly-fed induction generators (DFIG) are a promising
technology in modern WPCS owing to their unique features and capabilities. DFIG allows for
variable-speed operation, which enables the wind turbine to operate efficiently across a wide range of
wind speeds, thus maximizing energy capture. The partial-scale power converter used in DFIG is also
more cost-effective compared to full-scale converters required in other turbine technologies [3]-[5].
Moreover, DFIG can deliver stable and continuous power to the grid, reducing the stress on electrical
infrastructure and improving the reliability of the energy supply [6]-[10].

Since the optimal performance of a DFIG based wind turbine system relies heavily on precise
and appropriate control mechanisms, numerous control strategies have been discussed in literature.
One of the most popular control techniques in this context is the decoupled vector control based on Pl
regulators [11]. Despite its simplicity, perfect ability to decouple active and reactive powers, and
straightforward design, it may struggle with dynamic changes and non-linearities inherent in DFIG
system, especially under real-world conditions such as sudden wind gusts, turbulence, and grid voltage
fluctuations. These challenges can result in slower response times, reduced power tracking accuracy,
and potential instability, limiting the effectiveness of conventional PI controllers in practical wind
energy applications [12], [13]. To overcome these drawbacks, several advanced algorithms have been
discussed and developed. The sliding mode control (SMC) theory has been widely utilized in the
control of wind turbine systems due to its remarkable robustness regardless the presence of system
uncertainties and external disturbances [2], [14]. However, one significant drawback of SMC is the
chattering phenomenon, which can damage the quality of the energy injected into the power grid [15].
In practical wind energy systems, chattering-induced high-frequency oscillations can accelerate
mechanical wear, shorten the lifespan of turbine components, and reduce overall energy conversion
efficiency, making SMC less suitable for long-term reliable operation [4], [16]. To address this issue,
several papers have proposed enhancements to the traditional SMC strategy, including the
development of second-order, third-order and integral SMC schemes [17]-[19]. Although the
aforementioned strategies have improved the current waveforms delivered to the power grid, other
methods, such as backstepping control, can achieve even better THD performance [20]. Backstepping
control is a robust control technique recognized for managing the DFIG’s issues. It also allows for
precise control of both active and reactive power adjusting to changes in the turbine's maximum power
output, which improves the overall power quality and efficiency of the wind turbine [21], [22].
Nevertheless, the design and implementation of backstepping controllers are complex and
computationally demanding, requiring precise system modeling and extensive computational
resources. In real-world wind energy applications, uncertainties in system parameters, unmodeled
dynamics, and external disturbances can further complicate implementation, making backstepping
control less practical for large-scale or real-time operations [23]. For that reason, fuzzy logic control
(FLC) has been adopted by researchers thanks to its robustness to disturbances, adaptability to
changing conditions, and ability to provide effective control without requiring an accurate
mathematical model of the system [11], [24]. Generally, FLCs are primarily classified according to
the structure of their rule base and the type of output they generate into two main types: Mamdani and
Takagi-Sugeno (TS-FLC) [25]. In the context of the current study, TS-FLCS are often preferred over
Mamdani FLCs, mainly for their high computational efficiency, which is critical for real-time control
applications in wind turbine systems [26].

Recently, the Takagi-Sugeno fuzzy logic controller (TS-FLC) has gained significant research
interest for improving DFIG control, enhancing the reliability and efficiency of WPCS. Studies have
demonstrated its effectiveness in tracking performance, optimizing power extraction under varying
conditions, and improving pitch angle control for power stability and mechanical stress reduction [26]-
[29]. Additionally, adaptive neuro-fuzzy inference system-based MPPT controllers have been
explored for DFIG-based wind turbines [30].

Amira Aggoune (Hierarchical Cascaded Takagi-Sugeno Model Predictive Control for Performance Enhancement of
Doubly-fed Induction Generator-Based Wind Turbine Systems)



International Journal of Robotics and Control Systems
Vol. 5, No. 2, 2025, pp. 1065-1082

ISSN 2775-2658 1067

Simultaneously, Finite Control Set Model Predictive Control (FCS-MPC) has emerged as a
promising approach, leveraging predictive models to optimize control actions. Research has focused
on time-optimal binary linear programming for rotor-side converter (RSC) control [31], predictive
rotor current and voltage control for MPPT and robustness [32]-[34], and sensorless predictive control
to minimize computation time and switching losses [35]. Furthermore, integrating FCS-MPC in both
RSC and grid-side converter (GSC) control loops has shown improvements in dynamic performance
and power quality [36].

Previous research on TS-FLC and FCS-MPC has laid a robust foundation for their application in
the control of WPCS based on DFIG, each bringing unique strengths to the table. However, there
remains a gap in integrating them within a cascaded framework that leverages the strengths of both
approaches while mitigating their limitations, thus enhancing overall system performance. Building
on these insights, the current study explores a novel hybrid control scheme in which the TS-FLC and
FCS-MPC are arranged in series configuration, thereby enhancing the efficiency and applicability in
real-world scenarios. The so-called cascaded Takagi-Sugeno Model Predictive Controller (TS-MPC)
is adopted to improve the overall efficiency and responsiveness by ensuring that the control decisions
are processed step-by-step, with each stage refining the outcome based on the preceding stage results.
Accordingly, the TS-FLC is employed to regulate the rotational speed of the DFIG in alignment with
the Tip Speed Ratio Maximum Power Point Tracking (TSR-MPPT) control framework. This choice
leverages the reliability and robustness of fuzzy logic to ensure precise and adaptive speed control
under varying operational conditions. Simultaneously, the FCS-MPC is utilized to manage the output
active and reactive powers of the DFIG. By integrating these two sophisticated control techniques, the
system achieves optimal performance, maintaining stability and efficiency in power generation and
distribution. The TS-FLC effectively handles the nonlinearities and uncertainties in the speed control,
while the FCS-MPC provides accurate and dynamic control of power outputs, ensuring that the DFIG
operates at its best performance across different operating modes. While the hybrid approach enhances
robustness and predictive accuracy, concerns about computational complexity and real-time
implementation remain. However, the TS-FLC’s use of linear consequents reduces computational
overhead, while the structured integration of FCS-MPC ensures predictive benefits without excessive
demands. This balanced design makes the proposed TS-MPC both practical and effective for large-
scale wind energy applications.

The remainder of this paper is organized as follows: Mathematical description of the major parts
of the WPCS is presented in Section 2. Proposed cascaded TS-MPC design is the subject of Section
3. A detailed description of the FCS-MPC control technique is provided in Section 4. Section 5
provides numerical simulations to assess the effectiveness of the proposed control strategy. Finally,
the conclusions of the study are drawn in Section 6.

2. DFIG-Based Wind Power Conversion System Principles

The standard structure of a WPCS consists of three-blade wind turbines that capture the kinetic
energy of the wind and convert it into electrical power using DFIG. The DFIG is a three-phase
induction machine adapted to operate as a generator, with both its stator and rotor electrically
connected. The stator winding is directly connected to the grid, while the rotor winding is fed through
bidirectional back-to-back power converters linked via a DC bus capacitor. These converters are
typically designated as the grid side converter (GSC) and the rotor side converter (RSC) due to their
positions relative to the grid and rotor (see Fig. 1) [3], [37].

2.1. Aerodynamic Modelling of the Wind Turbine
The aerodynamic power extracted by the wind turbine system is expressed as follows [20]:

1
Paero = ECp(/L B)pnR*v® (1)
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Where p is the air density, R is the rotor turbine’s radius, and v is the wind speed. C,, is the power
coefficient of the wind turbine which can be expressed in terms of the blade tip ratio (TSR) A and the
pitch angle g as follows:

116 _21
C,(A,B) = 0.5176( T~ 045 — 5) e % +0.00681
i
11 0.035 @)
A, A1+0.0088 pB3+1
The TSR is the ratio between the linear tip speed of the blades and the real wind velocity:
1= Weyr R (3)

v

Where wq,,, represents the turbine rotational speed. The relationship between w¢,,- and the DFIG
rotational speed w,, in a wind turbine system is defined by the gearbox ratio G and is expressed as

follows [11]:

w.
Weyr = Tm (4)

Accordingly, the TSR can be derived from (3) and (4):

0w, R
A= 5
o (5)
—
turbine Gear box RSC GSC Filter I1

N O =R R =

Fig. 1. The standard configuration of a WPCS fitted with DFIG

Transformer

2.2. TSR-MPPT Control Algorithm

It is well known that the wind power has an intrinsic fluctuating and unexpected nature [3]. Thus,
implementing the MPPT control algorithm is essential for more efficient and reliable wind power
conversion. The TSR-MPPT algorithm is one of several MPPT control methods used in WPCS to
optimize power output. It is an intuitive technique derived from the fundamental characteristics of the
wind system [38]. From the power coefficient curve as a function of TSR for various pitch angles
(Fig. 2), the maximum value is C,max = 0. This indicates that optimal operating conditions for peak
WECS efficiency occur at B = 0° and A, = 8.1. Consequently, according to (3), maintaining the
optimal TSR for maximum power extraction is achieved by regulating the rotational speed of the
DFIG to track its reference trajectory given by:

Gv
wfnpt = ?lopt (6)
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Fig. 3 depicts the schematic representation of the turbine with the TSR-MPPT technique based
on PI controllers, that is implemented to regulate the DFIG’s rotational speed. Generally, PI controller
gains are tuned by linearizing the system model around a single operating point. While this technique
simplifies the tuning process, it fails to account for the various operating conditions under which
WPCS may operate, causing significant fluctuations in the power coefficient C,,. This can result in
suboptimal performance, highlighting the need for more advanced control strategy that can adapt to
varying operating conditions. Thus, this work focuses on developing a Takagi-Sugeno fuzzy logic
controller (TS-FLC) based TSR-MPPT algorithm for a DFIG-equipped wind turbine system. The
proposed approach aims to enhance MPPT performance while improving output power quality,
providing a cleaner reference signal for the electrical regulation loop and ensuring a more stable power

supply.
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Fig. 2. Curve plot of the turbine’s power coefficient as a function of the TSR and 8
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Fig. 3. The turbine schematic representation with the Pl-based TSR-MPPT technique

2.3. DFIG Modelling

In the synchronous (d-q) reference frame, the dynamic model of the DFIG can be derived from
its voltage and flux linkage equations as follows [30]:
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( ., d@sq
Vsa = Rsisq + d—: — WsPsq
. do
Vsq = Rslsq + d_;q + WsPsqa
< , d(prd (7)
Via = Ryplpg + dt — JWsPrq
. de
Vrq = Rylrg + d_:q + JwsPra
(‘psd = Lglsq + Linlrg
8

Orag = Lyirg + Liplsq
Orq = Lrqu + Lmlsq

Where the subscripts sd /rd and sq/rq indicate the d-axis and g-axis components of the stator/ rotor
voltage V, current i, and flux linkage ¢, respectively. R, R, are the stator and rotor resistances, while
L, L, L, refer to stator, rotor and mutual inductances respectively. Additionally, wg, g are the stator
angular speed and generator slip respectively.

i‘psq = Lsisq + Lmirq

The mechanical dynamic of the DFIG is described by the equation of motion which relates the
electromagnetic torque T, and the mechanical torque T, to the DFIG rotational speed, the WPCS

total inertia /, and the viscous friction f,,, in accordance with Newton's second law, as expressed below

[3]:

dw
]—dtm + fywm =Ty — Tom (9)
The expression of the electromagnetic torque can be provided by the following formula [36]:
3pLm . .
Tem = EL_m (lquDSd - lsdgosq) (10)
S

The stator active and reactive powers of the DFIG are defined as [11]:

3 . .
P = E(Vsdlsd + Vsqlsq)
(11)

3 . .
Qs = E (Vsq lsa — Vsdlsq)
Under ideal grid voltage conditions, the amplitude and velocity of the stator flux can be
considered constant. Moreover, for medium and large wind power generators, the stator resistance can

be neglected. by aligning the d-axis of the reference frame to the stator flux, the stator voltage
expressions can be derived from (5) as follows:

Vsa = Psq = 0, Vsq = Vs = ws@s (12)

Consequently, the stator currents could be obtained from (2) as follows:

[P Lml.
sd — 7 — 7 lra
Ly Lg
Ly, (13)
lsq = L qu

Finally, substituting equations (7) and (6) into (5), the stator active and reactive power are
expressed by:
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L 14
O3Vl V2 (14)
s =7\, T L

From (14), it is evident that the active power is regulated through the g-axis rotor current, whereas
the reactive power is controlled via the d-axis rotor current.

2.4. Rotor Side Converter (RSC) Modeling

The rotor side converter (RSC), typically implemented as a 2-level power converter in a DFIG
based wind turbine system, is responsible for controlling the rotor currents to regulate both active and
reactive power. The output voltage generated by a 2-level RSC is expressed as:

Van 2 -1 -1][%

Vdc
Ven =3 -1 2 =1(|5 (15)
Ven -1 -1 21ls.

Here, Van, Ven, Ven represent the phase voltages, V. denotes the DC-link voltage, and S,, Sy, S,
are the switching states of the RSC. Note that for a two-level RSC, there are a total of eight possible
switching states, resulting in eight distinct voltage vectors as shown in Fig. 4.

Im
*

V5(010) : V,(110)
V4(011) VlflfO)Re
V7(111) V,(000)

V5(001) Ve(101)

Fig. 4. Possible voltage vectors for the RSC

3. Formulation of the Control Problem for DFIG-Based WPCS

An effective control strategy for a DFIG-based wind turbine system must account for several
critical challenges, including the inherent nonlinearity of the DFIG, the intermittent and unpredictable
nature of wind power, system uncertainties, and the quality of the generated electrical power. The
nonlinear characteristics of the DFIG arise from its complex dynamic interactions, making
conventional control techniques less effective under varying operating conditions. Additionally, wind
speed fluctuations introduce continuous variations in power generation, requiring a robust control
approach to ensure stability and optimal energy extraction. System uncertainties, such as parameter
variations and external disturbances, further complicate control design and can impact performance if
not properly addressed. Moreover, maintaining high power quality by minimizing total harmonic
distortion (THD) and reactive power fluctuations is essential for seamless grid integration. To tackle
these challenges, the proposed cascaded TS-MPC leverages the adaptability of Takagi-Sugeno fuzzy
logic combined with predictive control, ensuring improved dynamic response, enhanced robustness,
and better power quality under real-world operating conditions. While the hybrid approach improves
robustness and predictive accuracy, challenges related to computational complexity and real-time
implementation persist. However, the TS-FLC’s linear consequents help minimize computational
overhead, while the structured integration of FCS-MPC retains predictive advantages without
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imposing excessive computational demands. This well-balanced design ensures that the proposed TS-
MPC remains both practical and efficient for large-scale wind energy applications.

4. Proposed TSR-MPPT Based TS-FLC Technique
4.1. TS-FLC Theory Basics

The Takagi-Sugeno fuzzy logic controller (TS-FLC) theory was initially introduced by Takagi
and Sugeno in 1985. It is a type of fuzzy inference system that uses a combination of fuzzy rules and
polynomial equations, in the antecedent and consequent part respectively, to map inputs to outputs
[39]. Compared with the Mamdani FLC, the TS-FLC offers a variety of features including suitability
for applications requiring high precision, computational efficiency, and ease of integration with
adaptive and learning algorithms [40]. The rule formula for a of a TS-FLC model rule is typically
given as follows [25], [26]:

Rl If x4 is'Aﬁ aTld X is' AL and ... qnd Xj is AJ‘: 16
Then yl = Cixl + CéxZ + -+ C}xj ( )

With R! denotes the it" fuzzy rule, A} are the fuzzy sets, i € {0,1,2, ..., N},andj € {0,1,2, ..., M}
where N and M denote the number of fuzzy rules and antecedents, respectively. c} are constants
parameters for inputs variables x; and ytis the it" output rule.

In the TS-FLC, the defuzzification step is inherently achieved by the parametric nature of the
output polynomial functions. Thus, the outputs of the N fuzzy rules are aggregated based on their
firing fitness using the weighted average technique to derive the overall output y:

N i
i—1 W
y =2ty an
Y= W
Where w' is the firing fitness of the it" rule given in function of the membership degree of x; as
follows:

N
wi) = | Jug@ (18)
i=1

4.2. TS-FLC Design for the DFIG’s Speed Control

This part is dedicated to designing a mechanical regulation loop based on a TS-FLC strategy.
The TS-FLC adapts to varying wind conditions through its rule-based structure, allowing real-time
adjustments to the control strategy without requiring an explicit mathematical model of the system’s
nonlinearities. Unlike PI controllers, which often require gain scheduling to adapt to changing wind
speeds, the TS-FLC inherently accommodates system variations without complex tuning, thereby
enhancing both efficiency and reliability in wind power applications. The proposed regulator aims to
control the DFIG's rotational speed to track its optimal reference trajectory, as defined by (6), in order
to ensure maximum power extraction for the WPCS. The proposed TS-FLC regulates the DFIG speed
through the control of the electromagnetic torque. Therefore, the DFIG’s rotational speed tracking
error e, (t) as well as its error change Ae,, (t) are selected as fuzzy input variables, with the output
being the DFIG’s electromagnetic torque (see Fig. 5). Consequently, the input control variables could

be defined by:
{ € () = w0l (6) = W (t) 19)

Aey,, (t) = ey, (1) — €y, (E—1)
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The fuzzy inference system has been developed to effectively manage the DFIG's high
nonlinearity and wind power intermittent nature, ensuring optimal performance and stability for the
WPCS. The fuzzy parameters selection phase and the tuning process have been carried out manually
based on empirical observations and expert knowledge, prioritizing simplicity and high precision.
Thus, the universe of discourse for each control variable is split into three fuzzy subsets using three
Gaussian membership functions (MFs), as depicted in Fig. 6. Each fuzzy input variable is associated
with three MFs, labelled as Negative “NE”, Zero “ZE” and Positive “PO”, reflecting the controller's
flexibility and adaptability to different operation ranges. Moreover, the rule base is composed of 3 x 3
rules. These rules govern the decision-making mechanism, providing a systematic framework for
interpreting the DFIG’s speed tracking error dynamics and producing corresponding electromagnetic
torque output actions. Each rule represents a distinct condition or scenario based on the wind turbine
system’s behavior and operational requirements (see Table 1). For instance:

e Ifbothe, andAe, areNE,theruledefinesT.,, adjustment that acts to counteract the negative
error, driving the speed closer to the reference value.

e |Ife, isNEand Ae, isZE, T, should be increased proportionally to e,, ~ to correct the
error while maintaining a steady response.

e Ife, isZEandAe, isPO, the cell defines T,,, adjustment that smooths the system response,
preventing overshooting.

Turbine Gear box Shaft
A R Wtyr /{] Wy
3 < Wiur| &
- <
*CP T m T, 1 Win
»|Cy(\,8)pm R?v = = J5_|_fv ”
2wtur

)\opt v
R em

Fig. 5. The turbine schematic representation with the TS-FLC based TSR-MPPT technique

As a result, the total output value is given by the following:

9 ii
T = i=1WTem
em —

(20)

9 i
i=1W

Table 1. Fuzzy Rules

€w,
NE ZE PO
NE Tim = ey, +Bile, +vi Tén=aie,, +Pile, +vi Ton = aze,, +Prle, +V,
Ae,, ZE Tan=ase,, +Pile, +vi Ton = aze, +Ple, +v, Ton=aze,, +BAe, +7V,
PO Te7m = e, t+ .BZAecum +72 Tesm = aze,  + .BBAewm +73 Tegm =€, t+ .B4Aewm +7Va

Tem

Note that a,, a,, a3, @, represent the scaling factors of e, ., while B, B, B3, B4 correspond to
the scaling factors of Ae,, .. ¥1,V2, Y3, Y4 represent bias terms added to the outputs of the respective
rules.
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Fig. 6. MFs distribution for the TS-FLC inputs
5. Finite Control Set Model Predictive Control Approach Applied to DFIG-Based

WPCS
Finite control-set model predictive control (FCS-MPC) has become an efficient and reliable

approach, gaining recognition as a promising alternative for managing nonlinear systems in recent
years. By leveraging the dynamic model of the process, FCS-MPC predicts future behavior and
optimizes control inputs over a short time horizon, aiming to minimize an objective function that
determines the suitable voltage vector to apply during each switching period [32], [36]. Fig. 7
illustrates the typical scheme of FCS-MPC, which consists of four main blocks [41]:

References estimation: This step consists in defining the reference control values x™¢/ (k) to be imposed
to the system. In this study the reference control variables are the rotor currents that can be derived from
(14) as follows:

(21)
rd 3Vl 5 wsly

Extrapolation: The future values of the reference-controlled variables x"¢/ (k + 1) are calculated using
the current and previous sample values x™/ (k), x™¢/ (k — 1), x™/ (k — 2)..., through the application of
second-order Lagrange extrapolation:

x" (k +1) = 3x" (k) — 3x™ (k — 1) + x™¢ (k — 2) (22)

Predictive model: This technique leverages the dynamic model of the system to explicitly forecast the
future states, denoted as x(k + 1). The predictive model is discretized employing the forward difference
Euler method, transforming the continuous-time model into a discrete-time approximation, as detailed in
(23):

dx x(k+1)—x(k)
dat T,
Objective function minimization: In this step of the FCS-MPC process, the error between the predicted

control variables and the extrapolated reference values is evaluated using the error function, as shown in
(24):

(23)

2
g(k) = (x™ (k + 1) = x(k + 1)) (24)
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This function quantifies the discrepancy between the desired reference state x™/ (k + 1) and the
predicted state x(k + 1). The control algorithm then assesses all possible switching states of the static
converter, identifying the state that minimizes this error. The switching state that produces the least
error is selected and applied to the static converter during the next sampling period, ensuring that the
system operates as closely as possible to the desired reference trajectory.

ref
Pref . 2L (%)
g BT

Qref _; Extrapolation

— |- 2 |3

i O N
Ly + | + S,
) ref k—|— 1 — >
?rdgkg_’ Predictive ( ) > Cost SIZ
@rq k > mod el T’Gf(k: »| function i
+ 1) | Se

RSC
Fig. 7. Typical structure of the FCS-MPC

5.1. Current Predictive Control for the RSC

In the synchronous (d-q) reference frame, the continuous-time state-space representation of
DFIG’s rotor currents is given by [42]:

dird Lm 1 . WsKs | 1 . . 1 1
W‘?(TSL bsa ==~ lsq ~ o tra  Wskglrg = 7 Vea ) 25
g (0, Ly Ly Ly, %)
dt o \ L, et tsaT Oskgtra Ty g Ty Ysa Ty g

With: (ks = (1 — g)

By discretizing the d-q axis rotor current expressions using (23), the predictive model is then
described as follows:

‘ (i-:2) 1
1- irq (k) + wgkgiyg (k) + ——isq(k) — —— iz (k)
LT rd shgtrq sd Sq
R 1 o
= Vea() + Ve ()
3 1 sor « 1 (26)
o, (1= a0 = g (0) + 52 1500 + 15 ()
fq(k+1) = 7= T 1
L - L L sq(k) + rq(k)
S
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5.1. Objective Function Definition

In an optimization problem, the performance quality of the controlled system is evaluated by
minimizing an objective function. In this case, the objective function is used to determine the optimal
switching state for the next sampling period and select the voltage vector that minimizes the error.
Typically, the objective function is formulated based on the system’s requirements and decision
variables. The rotor currents in the d-q axis are responsible for controlling the stator’s reactive and
active powers, respectively. Therefore, the objective function for the RSC is given by:

gy = ({7 (e + 1) — iyq (ke + 1))2 + (i e+ 1) — iy (k + 1))2 (27)

6. Results and Discussion

This section validates the performance of the proposed cascaded TS-MPC controller for speed
and power control of grid-connected variable-speed wind turbines equipped with DFIG through
numerical simulations conducted in the MATLAB/Simulink environment. The parameters defining
the simulated 1.5 MW wind system and the introduced controllers’ parameters are indexed in Table 2
and Table 3 respectively. The performance of the proposed cascaded TS-MPC, illustrated in Fig. 8, is
evaluated by comparing it to the standard cascaded PI-MPC controller. Since the primary goal of this
paper is to design a controller that can handle sudden unexpected fluctuations in wind velocity, an
intermittent wind speed profile is applied to the WPCS during this test, as depicted in Fig. 9. To assess
the robustness of the designed TS-FLC, the controller was tested under parameter variations,
specifically by altering the system's inertia and viscous friction by 150% between Os and 2s. This
evaluation aimed to examine the controller’s ability to maintain stability and performance under
dynamic system changes. Furthermore, the following running scenario is applied to the DFIG wind
turbine system: The stator active power is set to match the maximum power produced by the wind
turbine, while the stator reactive power reference is adjusted to zero to ensure the power factor remains
at unity.

A
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Fig. 8. Cascaded TS-MPC overall structure
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Fig. 9. The applied wind speed profile

Fig. 10 illustrates the obtained simulation results of the DFIG based WPCS for both presented
strategies. Both control strategies clearly ensure the reference tracking of the DFIG rotational speed
to its optimal trajectory. However, the cascaded TS-MPC still provides superior level of performance
in comparison to the cascaded PI-MPC. In terms of rapidity, the cascaded TS-MPC outperforms the
cascaded PI-MPC significantly. Moreover, the cascaded TS-MPC outperforms the cascaded PI-MPC
in terms of accuracy and maximum power extraction as proven by keeping the power coefficient
stabilized to its optimal value without fluctuations. Concerning the DFIG controlled variables, it can
be clearly seen that they are quicky stabilized using the cascaded TS-MPC. The stator active power
accurately tracks its reference value, corresponding to the maximum power generated by the wind
turbine system. At the same time, the stator reactive power is maintained at zero throughout the
simulation. From the rotor current evolution, it is evident that the d-q axis rotor currents correspond
directly to the stator reactive and active powers, respectively, and effectively track their specified
reference values. Table 4 presents a comparative analysis of the Cascaded TS-MPC and Cascaded PI-
MPC control strategies across various key performance metrics. The results highlight the superior
performance of the Cascaded TS-MPC, which exhibits noticeably faster response and settling times,
achieving improvements of 62.4% and 95.5%, respectively, over the PI-MPC approach. Additionally,
the steady-state error and mean squared error (MSE) are notably lower for TS-MPC, showcasing
improvements of 67.3% and 64.2%, respectively, indicating higher accuracy and precision.
Furthermore, the total harmonic distortion (THD) is slightly reduced for TS-MPC compared to PI-
MPC, highlighting its better ability to minimize distortions. Overall, the simulation outcomes clearly
demonstrate that cascaded TS-MPC consistently outperforms the cascaded PI-MPC across all
performance metrics and ensure a more effective and robust control to the WPCS based on DFIG.

Table 2. System parameters

Parameter Value/Unit Parameter Value/Unit
Nominal Power 1.5 MW Rotor resistance 0.021 Q
Stator inductance 0.0137 H System inertia 1000 kg.m?
Rotor inductance 0.0135H Viscous friction  0.024 N.m.s/rad
Mutual inductance 0.0135H Blade radius 35.25m
Stator resistance 0.012Q Gear box gain 70

Table 3. Cascaded TS-MPC parameters

Scaling factorsofe,,,, ;=185 @, =130 a3=370 qa,=7
Scaling factors of Ae,,,, B, =110 B, =125 f3=250 B, =0
Bias terms y; =450 y, =290 Y3 =3 Vs =5
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Table 4. Comparative analysis between the proposed cascaded TS-MPC and the cascaded PI-MPC

Cascaded Cascaded Improvement

04f————-F-——= F—

Cascaded TS-MPC |

TS-MPC _ PI-MPC (%)
Response time (ms) 0.08 5.2 62.4
Settling time (ms) 15 34 955
Steady state error (%) 1.0062 3.082 67.3
MSE 1.2835 3.5898 64.2
THD (%) 0.61 0.71 14.7
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Fig. 10. The obtained results of the DFIG based WPCS
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7. Conclusion

The present paper examines the control of a WPCS fitted with a DFIG utilizing a cascaded TS-
MPC. The proposed control scheme integrates the TS-FLC and the FCS-MPC to enhance the
performance of DFIG-based wind turbine systems. This combination results in a highly responsive
and adaptive control strategy that improves the efficiency and reliability of the wind turbine system.
The synergy between the fuzzy logic controller’s adaptability and the predictive, optimal control of
FCS-MPC ensures superior performance, especially under fluctuating wind conditions, ultimately
leading to increased energy capture and reduced mechanical stress on the turbine components. The
performance evaluation demonstrates the superiority of the cascaded TS-MPC over the cascaded Pl-
MPC, as evidenced by significant improvements in key performance metrics. The TS-MPC achieves
a 62.4% improvement in response time, a 95.5% improvement in settling time, a 67.3% reduction in
steady-state error, a 64.2% reduction in MSE, and a 14.7% reduction in THD. These results clearly
underscore the effectiveness of the proposed control strategy in achieving superior dynamic response,
increased energy capture, and enhanced overall reliability of the wind power conversion system.
Although the proposed hybrid approach improves robustness and predictive accuracy, challenges
related to computational complexity and real-time implementation remain. However, the use of linear
consequents in TS-FLC reduces computational overhead, while the structured integration of FCS-
MPC maintains predictive advantages without excessive processing demands. This balanced
framework enhances the feasibility and effectiveness of the proposed TS-MPC for large-scale wind
energy applications. As a future direction, integrating optimization techniques into the TS-FLC design
could further enhance parameter tuning, adaptability, and overall system performance.
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