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Abstract

This paper investigates the effectiveness of integrating a matrix converter (MC) into a
wind turbine system based on a Doubly Fed Induction Generator (DFIG), focusing on the
indirect control of active and reactive power using fractional regulators. To evaluate the
performance of this architecture, three distinct configurations are studied and compared:
(i) a conventional system using an AC-DC-AC converter combined with a conventional
PI regulator, (ii) a structure integrating a matrix converter with a PI regulator, and (iii) an
advanced combination of MC with a fractional regulator. Simulation results demonstrate
that this latter solution offers significant improvements in dynamic performance, more
precise regulation of active and reactive power, and higher energy efficiency than the other
two methods.

Keywords: double-fed induction generator (DFIG); fractional regulator (PIα); matrix
converter (MC); renewable energy integration; wind energy system

1. Introduction
In recent years, wind energy conversion systems (WECS) based on Doubly Fed Induc-

tion Generators (DFIGs) have attracted considerable interest due to their ability to operate
over a wide range of speeds and independently manage active and reactive power. The
classic DFIG configuration uses a series converter topology with a DC coupling capacitor
to control rotor and grid currents. Despite its widespread use, this structure has disadvan-
tages, including significant switching losses, limited performance, and reduced reliability
under wind fluctuations or grid outages [1–4].

Traditional proportional-integrator (PI) controllers and vector control methods remain
dominant in DFIG management, thanks to their simplicity and well-established tuning
procedures [5–7]. However, they generally do not provide optimal efficiency in the presence
of variable parameters, grid failures, or random wind conditions [8,9]. To address these
difficulties, several advanced control methods have been proposed, including sliding-mode,
adaptive, backstepping, and super-twisting algorithms. These provide enhanced resilience
but involve greater design complexity [10,11].

Fractal Fract. 2026, 10, 167 https://doi.org/10.3390/fractalfract10030167

https://crossmark.crossref.org/dialog?doi=10.3390/fractalfract10030167&domain=pdf&date_stamp=2026-03-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fractalfract
https://www.mdpi.com
https://orcid.org/0000-0003-0328-8452
https://orcid.org/0000-0003-4706-686X
https://orcid.org/0000-0001-9785-3920
https://orcid.org/0000-0002-1929-5668
https://doi.org/10.3390/fractalfract10030167


Fractal Fract. 2026, 10, 167 2 of 24

The recent adoption of fractional-order (FO) control methods has generated consid-
erable research interest. By extending the principles of differentiation and integration to
fractional orders, FOPI and FOPID controllers offer greater flexibility in tuning dynamic
behaviour. This manifests as greater robustness, faster transient response, and improved
disturbance rejection [12–14]. Research has shown that fractional-order-based approaches
can outperform traditional controllers in Doubly Fed Induction Generators (DFIGs), espe-
cially under nonlinear or unstable operating conditions [13,14].

Despite these advances, the combined use of matrix converters and fractional-order
controllers in DFIG-based wind energy conversion systems (WECS) remains largely unex-
plored. Combining these two emerging technologies could significantly optimise conver-
sion rates, power quality, and dynamic stability. The objective of this study is to examine
this combination and propose an improved control framework that leverages the advan-
tages of both methods to achieve superior system performance under realistic wind and
grid conditions.

Figure 1 illustrates the schematic of a conventional WPC based on a DFIG. The turbine,
driven by the wind, transmits its mechanical energy to the generator via a speed gearbox.
The stator is directly connected to the electrical grid, and the rotor is interfaced via three-
phase static power converters, thus ensuring optimal control of power flows and the
stability of the entire system. Traditionally, this machine is combined with an AC-DC-
AC converter that manages energy flow between the wind turbine and the electricity
grid. However, this solution has limitations, particularly related to the complexity of the
two-stage conversion, additional losses, and the volume of intermediate components.

 
Figure 1. Architecture of a DFIG-based wind system with rotor-side AC/DC/AC converter.

To overcome these constraints, the use of the matrix converter (MC) has been proposed
as an interesting alternative. The latter enables direct AC-AC conversion without a DC
link, improving the system’s compactness, reliability, and overall efficiency while allowing
bidirectional power exchange.

In wind energy systems, integrating a direct current (DC) link between the two-stage
AC/DC/AC converters significantly increases the overall weight and physical dimensions
of the conversion system [15]. This DC bus plays a critical role in ensuring continuous
power flow and facilitating the connection between the wind energy conversion chain
and the electrical grid. However, such architecture presents several notable drawbacks,
including increased power losses, reduced reliability, greater structural complexity, higher
costs, and a detrimental impact on the wind system’s overall lifespan [16]. Conversely,
adopting a multilevel matrix converter (MC) offers a promising alternative, enabling
optimisation of key performance factors such as system compactness (in terms of both
weight and volume), energy and thermal efficiency, architectural simplicity, and mitigation
of electromagnetic interference.
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The matrix converter (MC) is an advanced power-conversion architecture that enables
direct AC-to-AC conversion, using nine bidirectional switches instead of the twelve typi-
cally required in conventional two-level AC/DC/AC converters. This topology is based on
a matrix of bidirectional current and voltage-switches that connect the input and output
phases, enabling bidirectional power flow between the grid and the load while precisely
controlling the output voltage and frequency.

Figure 2 depicts the system under consideration, in which the generator stator is
directly connected to the grid, while the rotor is interfaced via a matrix converter (AC-AC).
This converter facilitates the synchronisation of rotor power with the grid at constant
voltage and frequency, and enables independent control of active and reactive power flows
between the generator stator and the grid.

Figure 2. Architecture of a DFIG-based wind system with MC.

Given the nonlinear behaviour of the wind energy system and its susceptibility to
parameter variations and external disturbances, adopting a robust control strategy is essen-
tial. In this regard, fractional-order controllers exhibit superior robustness and adaptability
compared to conventional PI regulators, offering improved response tracking and reduced
sensitivity to nonlinearities and uncertainties.

Accordingly, this study implements a control strategy to manage the injection of
active and reactive power into the grid via a three-phase matrix converter connected to
the rotor. The control algorithm is based on minimising total harmonic distortion (THD).
Furthermore, the stator-side control is ensured using a fractional-order PIα controller, which
enables effective decoupling of active and reactive powers.

The motivation for this work arises from the growing penetration of wind energy
systems into modern power grids and the increasing performance requirements imposed
on grid-connected converters. Doubly Fed Induction Generators (DFIGs) remain one of the
most widely adopted technologies in variable-speed wind turbines due to their flexibility
and efficiency; however, conventional AC–DC–AC converter structures combined with
classical PI controllers often face limitations in terms of harmonic distortion, dynamic
response, power oscillations, and overall power quality. In addition, the demand for more
compact, reliable, and energy-efficient conversion systems has encouraged the exploration
of alternative topologies such as matrix converters. In this context, the present study aims
to enhance the decoupled control of active and reactive power while improving dynamic
performance and reducing total harmonic distortion. By integrating a matrix converter
with fractional-order controllers, this work aims to address the shortcomings of traditional
approaches and contribute to the development of high-performance, next-generation DFIG-
based wind energy conversion systems.
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The remainder of this paper is arranged as follows: Section 2 is devoted to the
mathematical modelling of the main components of the wind turbine. The power
control strategy applied to the DFIG is presented in Section 3. Section 4 introduces
the structure and control algorithm of the matrix converter (MC) used to power the
DFIG. Section 5 reports the simulation results generated in the MATLAB/Simulink
(https://www.mathworks.com/products/matlab.html, accessed on 11 January 2026)
framework for a DFIG governed by an MC in conjunction with fractional PIα controllers.
These results are compared with those from the same system powered by an MC with
conventional PI regulators, as well as with those obtained with a two-level AC/DC/AC
inverter also using conventional PI regulators. Finally, Section 6 presents the conclusions
and perspectives.

2. Mathematical Modelling of Wind Turbine Components
This section presents the mathematical models used to describe the dynamic behaviour

of the wind turbine system and its main components. Accurate modelling is essential for
analysing performance, designing control strategies, and evaluating system stability under
varying wind and operating conditions. The section first introduces the overall mathemati-
cal representation of the wind turbine, including aerodynamic and mechanical dynamics.
It then details the mathematical modelling of the Doubly Fed Induction Generator (DFIG),
which plays a central role in variable-speed wind energy conversion systems.

2.1. Mathematical Modelling of Wind Turbine

During turbine conversion of wind kinetic energy, the aerodynamic torque applied
to the DFIG rotor converts mechanical power into electrical power. [16,17]. We assume
that the sum of all mechanical properties defines the mechanical system; the outcome is a
mechanical model with two masses. When the wind acts on the blades of a wind turbine,
the blades rotate and generate mechanical power Pt, which is transmitted to the turbine
shaft and can be expressed as

Pt =
1
2

Cp(λ, β)·ρ·π·r2·Vv
3 (1)

where β is the blade pitch angle (degrees), ρ is the air density (Kg/m3), r is the rotor radius,
Vv is the wind speed (m/s), and λ is the tip-speed ratio, there is a crucial dimensionless
parameter that compares the speed of the blade tips to the wind speed:

λ =
r · Ωt

Vv
(2)

Ωt: is the rotational angular speed of the rotor (rad/s) of the wind turbine;
Cp: Coefficient of performance that describes aerodynamic efficiency, based on wind

turbine characteristics. Its expression is as follows [18]:

ca = 0.511; cb = 116; cc = 0.4; cd = 5; ce = 21; c f = 0.0068.

Cp (λ, β) = Ca

[
cb

(
1

λ + 0.08β
− 0.035

β3 + 1

)
− ccβ − cd

]
·exp

[
−ce

(
1

λ + 0.08β
− 0.035

β3 + 1

)]
+ c f λ (3)

The expression of the mechanical torque on the turbine shaft is

Tt =
Pt

Ωt
(4)
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Tt =
1

2·λ Cp(λ, β)·ρ·π·r3·Vv
2 (5)

The turbine’s rotating shaft supports three movable blades. To provide the necessary
wind energy to the DFIG, a multiplier controls the mechanical wind speed, Ωt, which is
generated by the aerodynamic shape of the blades [19].

Jt: Turbine moment of inertia of the 3 blades (Kg · m2);
Jm: Inertia Moment of the DFIG (Kg · m2);
f : The coefficient of viscous friction of DFIG;
Tem: The electromagnetic DFIG torque and G is the gear ratio;
Tt: The aerodynamic torque applied to the low-speed shaft;
Tg: The torque transmitted to the high-speed shaft of the gearbox.
Equations (6) and (7) reflect the torque and speed conversion between the low-speed

shaft (turbine side) and the high-speed shaft (generator side), where (G) is the gearbox ratio.

Tg =
Tt

G
(6)

Ωmec = G·Ωt (7)

The dynamics of the mechanical system on the DFIG shaft are(
Jt

G2 + Jm

)
dΩmec

dt
+ f ·Ωmec = Tg − Tem (8)

J =
Jt

G2 + Jm (9)

2.2. Mathematical Modelling of the DFIG Model

The DFIG is one of the most reliable generators used in wind farms, especially when
wind speeds (WS) vary. This generator offers several advantages over other generators.
Most notable are its simplicity of control, low cost, minimal maintenance, and high dura-
bility [20,21]. The Park transform can be used to model the DFIG. The modulation of the
DFIG is based on the following assumptions: the air-gap thickness and its uniformity; the
slots are negligible; magnetic-circuit saturation is negligible; the winding resistances are
constant; and the magneto-motive force is sinusoidal. According to the work [21], the stator
and rotor voltage equations for DFIG are listed in Equation (10).

vsd = Rsisd +
dϕsd

dt − ωsϕsq

vsq = Rsisq +
dϕsq

dt + ωsϕsd

vrd = Rrird +
dϕrd

dt − ωrϕrq

vrq = Rrirq +
dϕrq
dt + ωrϕrd

(10)

In this notation, vsd, vsq, vrd, and vrq denote the stator and rotor voltages in the d–q
frame, while isd, isq, ird, and irq represent the corresponding currents. Rs and Rr are the stator
and rotor resistances, and ωs and ωr r are respectively the electrical stator and rotor angular
speed (rad/s). The electromagnetic torque Tem is given by the following Equation (11),
where p is the number of pole pairs, and LM is the mutual inductance.

Tem = p
LM
Ls

(
irdϕsq − irqϕsd

)
(11)

To achieve this goal, equations are derived that relate the stator active and reactive
powers to the rotor quantities used to control the machine. This process consists of orienting
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the d-axis of the rotating reference frame along the stator flux vector, thereby ensuring
decoupling between stator and rotor quantities [2]. That is,{

ϕsd = ϕs

ϕsq = 0
(12)

Using Equation (12), the generator torque can be expressed by Equation (13).

Tem = −p
LM
Ls

irqϕsd (13)

Taking into account (12), the flux Equations become{
ϕsd = Lsisd + Lmird

0 = Lsisq + Lmirq
(14)

It is assumed that the electrical network is stable and that the individual voltage vs. and
stator flux ϕs are constant. Equation (10) for the machine can be written as Equation (15).{

vsd = dϕs
dt

vsq = ωsϕs
(15)

where ωs is the electrical pulsation of the stator quantities, from which we deduce that{
vsd = 0
vsq = ωsϕs = Vs

(16)

Therefore, Equation (17) can be derived from Equation (14).{
isd = − Lm

Ls
ird +

ϕs
Ls

isq = − Lm
Ls

irq
(17)

It is known that Ps and Qs are written as{
Ps = vsdisd + vsqisq

Qs = vsqisd − vsdisq
(18)

Considering Equation (18), the expressions for the powers reduce to{
Ps = Vsisq

Qs = Vsisd
(19)

So, by substituting the currents into the previous equation with their expressions (17),
Equation (20) can be written. {

Ps = −Vs
Lm
Ls

irq

Qs = −Vs
Lm
Ls

ird + Vs
ϕs
Ls

(20)

From Equation (16), Equation (21) can be written.

ϕs =
Vs

ωs
(21)

https://doi.org/10.3390/fractalfract10030167
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The expression for the powers in Equation (20) can be rewritten in the form below: Ps = −Vs
Lm
Ls

irq

Qs = −Vs
Lm
Ls

ird +
Vs

2

Lsωs

(22)

These expressions show that these stator power components can be controlled independently. ϕrd = (L r −
Lm

2

Ls

)
ird +

LmVs
Lsωs

ϕrq = (L r −
Lm

2

Ls

)
irq

(23)

 vrd = Rrird + σ·Lr
dird
dt − Sωsσ·Lrirq

vrq = Rrirq + σ·Lr
dirq
dt + Sωsσ·Lrird + S LmVs

Ls

(24)

with

σ = 1 − (Lm)
2

LS·Lr
(25)

where S is the slip ratio, defined as S = (ωs − ωr)/ωs, and corresponds to the slip angular
frequency. Based on the previous equations, a model of the generator can be drawn.
Figure 3 shows the mathematical model of the DFIG used in this work, where s = d/dt and
S is the slip, illustrating the relationship between the voltage applied to the machine’s rotor
and the stator powers. To implement the DFIG model in this paper, MATLAB is used.

−𝑴𝑽𝒔𝑳𝒔𝟏𝑹𝒓 + 𝒔𝞼𝑳𝒓 

𝑰𝒓𝒒 

𝑰𝒓𝒅 

−𝑴𝑽𝒔𝑳𝒔
S𝒘𝒔𝞼𝑳𝒓 

  𝑺𝑳𝒎𝑽𝒔𝑳𝒔
𝟏𝑹𝒓 + 𝒔𝞼𝑳𝒓 

S𝒘𝒔𝞼𝑳𝒓 
−𝑴𝑽𝒔𝟐𝒘𝒔𝑳𝒔

+ 

+ 

𝑷𝒔 

𝑸𝒔 

𝑽𝒓𝒒 

𝑽𝒓𝒅 

− 

− 

+ 

+ + 

Figure 3. Block diagram of the DFIG model.

3. Power Control Strategy Applied to the DFIG
3.1. Indirect Power Control with Classical PI Regulators

It can be observed that the powers and voltages are related through a first-order
transfer function. Moreover, given the low slip values, vector control can be implemented
without difficulty, since coupling effects remain weak and the d- and q-axes can be regulated
independently. The rotor currents irq and ird correspond respectively to the stator active
power Ps and the stator reactive power Qs and must therefore track their reference values.
Figure 4 shows the block diagram of the indirect control without the power loop used in
this study. [22]. The figure shows the vector control scheme of a doubly fed asynchronous
generator (DFIG), commonly used in wind power generation systems. This control system
allows independent control of the active power (P) and reactive power (Q) injected into the
electrical network from the rotor currents irq and ird, respectively. From the Pref and Qref set

https://doi.org/10.3390/fractalfract10030167
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points, the reference currents are calculated using relationships dependent on the machine
parameters. Figure 4 shows a Block diagram of indirect control without a power loop.

Figure 4. Block diagram of indirect control without a power loop.

These reference currents are compared with the measured currents to generate an
error signal, which PI regulators then process. The regulator outputs generate the reference
voltages vrq-ref and vrd-re, which are necessary to control the static converter connected to
the rotor. Compensation terms for the dynamic couplings between the d- and q-axes are
added to linearise the system. Finally, these reference voltages are applied to the rotor via a
converter, allowing dynamic regulation of the active and reactive powers exchanged with
the network. This type of control ensures better dynamic performance, flexibility in energy
management, and efficient integration into modern electrical systems.

Classic PI controllers are designed to compensate for the process time constant [23].
The transfer functions related to the open-loop mapping control system are as follows:

FBO =
s + Ki

KP
s

KP

·
1

Lrσ
Rr
Lrσ + P

(26)

By applying the pole compensation method to the transfer function, Equation (26) can
be written.

Ki
Kp

=
Rr

Lrσ
(27)

The system has a set response time of about 12 ms. The machine characteristics and
response time are used in this case to express the PI controller gains as follows, with the
control system

τ =
Lrσ

Kp
(28)

{
Kp = Lrσ

τ

Ki =
Rr
τ

(29)

3.2. Indirect Power Control with Classical PI Fractional

Despite the many advantages of the conventional PID controller, its widespread use is
limited by notable disadvantages, including its high sensitivity to variations in machine
parameters. This sensitivity often leads to increased current ripples and higher total

https://doi.org/10.3390/fractalfract10030167
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harmonic distortion (THD). Several methods have been proposed to address this issue,
most of which rely on intelligent algorithms to tune the PID gains adaptively [24]. Its
performance is significantly affected by changes in machine parameters, which constitute
its most critical limitation.

To address these challenges, this paper proposes using a fractional-order PID controller
in combination with an MC-type converter to enhance DFIG performance. The fractional-
order control strategy is chosen for its excellent dynamic response, high robustness, ease
of implementation, and minimal dependence on the system’s mathematical model [25].
This makes it a highly suitable and efficient solution for advanced control of DFIG-based
systems. Fractional calculus is an extension of classical differential and integral calculus,
where derivatives and integrals can be of fractional order, that is, non-integer.

A fractional controller uses these fractional derivatives/integrals to control a system.
The most common is the PIαDλ controller.

H(s) = Kp + Kis−α + Kds+λ (30)

where α and λ are the fractional-order control gain and Kp, Ki, and Kd are the values of the
proposed controller gains, where the dynamic response can be adjusted and modified.

From Equation (30), it is noted that the PID controller based on fractional-order control
is simple, inexpensive, and has few gains, making it easy to adjust. Also, this controller does
not require precise knowledge of the machine’s mathematical model, which gives better
results when the machine’s parameters change. According to the work done in [24–26], the
fundamental fractional-order operator is defined in Equation (31).

Dα
t =


dα

dtα , i f α > 0

1, i f α = 0∫ t
n(dτ)α, i f α < 0

(31)

where n and t are the limits, α is the operation’s order. The definitions for integral and
derivative of fractional order that are largely used are Riemann–Liouville (R-L) [27]. The
initial definition is as follows.

Iα
t f (t) =

1
Γ(α)

∫ t

t0

(t − τ)α−1 f (τ)dτ (32)

The fractional order derivative is expressed by

Dα
t f (t) =

1
Γ(1 − α)

d
dt

∫ t

t0

(t − τ)−α f (τ)dτ (33)

Γ(x) =
∫ t

t0

yx−1e−ydy (34)

where Γ(x) is the Euler’s Gamma function; t0 and t are the operation bounds; α is the
number identifying the fractional order and 0 < α < 1; and h is the sampling period. For
the derivative and the fractional integral of the definitions of Riemann–Liouville (R-L), the
Laplace transform is used [28].

L
(

D∓α
t f (t)

)
= s∓αF(s) (35)

Fractional-order models can be implemented using the “Singularity function method”
presented by Charef et al. [29–31] for its simple implementation. The following continuous
transfer function defines a fractional-order control system.

https://doi.org/10.3390/fractalfract10030167
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G1(s) =
bmsβm + bm−1sβm−1 + · · ·+ b0sβ0

ansαn + an−1sαn−1 + · · ·+ a0sα0
(36)

where G(z) is the discrete transfer function, it can be found as follows:

G2(z) =
bm

(
w
(
z−1))βm + bm−1

(
w
(
z−1))βm−1 + · · ·+ b0

(
w
(
z−1))β0

an(w(z−1))
αn + an−1(w(z−1)

αn−1 + · · ·+ a0
(
w(z−1)

α0
(37)

where w(z−1) is the discrete equivalent of the Laplace operator s. Consequently, the
subsequent approximation [29,30] is

sα = kd
∏N

i=0(1 + s/ zi)

∏N
i=0(1 + s/ pi)

(38)

kd = ωα
c (39)

where ωc is the frequency calculated on the interval ω ∈ [ωl, ωh].

ωc = ωl

√
10(

ε
10·α −1) (40)

At this stage, it is paramount to calculate the coefficients for the purpose of ob-
taining the maximum deviation of ε (dB) from the initial amplitude response in the
frequency domain. {

a = 10ε/(10·(1−α))

b = 10ε/10·α (41)

The poles and zeros of the approximate rational function have been obtained by
applying the equations below:{

zi0 = ωc·
√

b
zi = zi0·(a·b)i pi = a·zi0·(a·b)i (42)

This expression formulates the error criterion:

N =
log(ωh/pi0)

log(a·b) + 1 (43)

For the control system, α is set to 0.67, where the frequency band [wb, wh] = [0.1 rad/sec,
10 rad/sec], with y = 1 dB, ε = 10 − 5, and α = 0.67.

The fractional order was selected as 0.67 based on a combination of theoretical fea-
sibility and empirical tuning. A series of preliminary simulations was conducted within
the controller’s stable operating range, and different fractional orders were evaluated for
overshoot, settling time, steady-state error, and robustness. The results indicated that an
order of 0.67 achieved the best overall performance compromise. Moreover, this value
falls within the commonly used range reported in fractional-order control studies, further
validating its rationality. The approximation by the Charef method of 1

s0.67 is given by the
following equation:

G(s) =
4.642·10−17s7 + 3.706·10−12s6 + 3.788·10−8s5 + 5.577·10−5s4 + 0.01202s3 + 0.3788s2 + 1.72s + 1

4.642·10−20s8 + 1.172·10−14s7 + 3.788·10−10s6 + 1.764·10−6s5 + 0.001202s4 + 0.1202s3 + 1.758s2 + 3.70s + 1
(44)

4. Modelling the Matrix Converter
In the two-stage topology, the input AC voltage is first rectified to DC by a rectifier

stage, then stored temporarily in a DC-link capacitor, and finally inverted back to AC by a
voltage-source inverter. This structure provides natural energy buffering and simplified
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modulation but requires bulky DC-link capacitors, which increase system size and reduce
lifetime due to capacitor ageing.

In contrast, the matrix converter performs direct AC–AC conversion without an in-
termediate DC-link energy storage element. It uses an array of bidirectional switches
to connect input phases to output phases via direct controlled modulation. This elim-
inates the DC-link capacitor, resulting in a more compact structure, improved power
density, and potentially longer system lifetime. However, it introduces more complex
commutation strategies and stricter control requirements to prevent short-circuit or open-
circuit conditions.

The MC is a brand-new topology for direct frequency converters. It allows the devel-
opment of a system of fixed electrical network parameters, with variable voltages in terms
of amplitude and frequency [32]. This is accomplished by connecting each input phase to
each output phase using a matrix of bidirectional voltage- and current-switching elements.
We note that no intermediate circuit is used as a direct frequency converter (DC continuous
bus). It therefore offers many advantages over similar devices, including its compact
size, lightweight design, low volume, high power density, and reliability [33–35]. It is a
straight converter with nine switches, each with four distinct segments, used to connect the
three-phase input to the three-phase output. This converter can provide the three-phase
network with adjustable parameters, which are frequency and amplitude. Numerous
control strategies can be considered appropriate for the case under study. However, in the
present work, the Mean Squared Error (MSE) method [36] was adopted to identify the most
suitable control strategy based on the discrepancy between the measured values and the
predicted outputs. This method is particularly advantageous when compared to alternative
control techniques, as it results in a lower harmonic distortion, thereby enhancing system
performance. Figure 5 shows the structure of an MC, with the phase voltages Vea, Veb,
and Vec at the input, and the desired phase voltages Vsa, Vsb, and Vsc at the output. The
MC inverter is quite different from a conventional inverter. This difference stems from
complexity, operating principle, cost, ease of implementation, and operational performance.

Figure 5. Block diagram of the three-phase MC.

The MC inverter has many transistors compared to a conventional two-level inverter,
making it difficult to control and expensive. Nine forced switches, each with four segments,
connect the input and output phases. ka1, ka2, and ka3 are bidirectional switches that block
voltages in either direction. The voltages at the matrix converter’s input and output are
determined by 

Vea(t) = Vmaxsin(wet)
Veb(t) = Vmaxsin

(
wet − 2π

3
)

Vec(t) = Vmaxsin
(
wet + 2π

3
) (45)
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where Vmax is the maximum amplitude of the input voltage, and we is the pulsation of the
input voltage.

The formulation of the converter’s electrical values is essentially dependent on matrix
writing (connection matrix designated. [F]) [36,37] as well as the use of the functions of
connection (fij) described by the following equation:

[F] =

SAa SAb SAc

SBa SBb SBc

SCa SCb SCc

 (46)

The following table, which describes the connection logic functions, lists the states of
the switches that make up this converter. A switch is closed when the connection function
is equal to one (fij = 1), and it is open when fij = 0. Thus, the relationships shown below
serve to define the matrix formulation of the converter’s immediate electrical behaviour:VSan

VSbn

VScn

 = [F]

Vean

Vebn

Vecn

 (47)

ISa

ISb

ISc

 = [F]T

Iea

Ieb

Iec

 (48)

The nine switches form an MC that yields 512 distinct switching-state combinations.
To proceed cautiously, converter control requires avoiding configurations that short-circuit
the power supply or open the load. The 512 possible combinations are reduced to precisely
27 states for this assignment.

According to the work done in [38], different modes of MC operation have been used.
Table 1 shows these different modes of MC operation.

Table 1. Possible switching states.

MODE-i KSwit-a KSwit-b KSwit-c Vea,mode-i Veb,mode-i Vc,mode-i

Mode-1 SAa SBb SCc Vea Veb Vec

Mode-2 SAb SBc SCa Vec Vea Veb

Mode-3 SAc SBa SCb Veb Ve3 Vea

Mode-4 SAc SBb SCa Vec Veb Vea

Mode-5 SAa SBc SCb Vea Vec Veb

Mode-6 SAb SBa SCc Veb Vea Vec

Mode-7 SAa SBb SCc Vea Veb Veb

Mode-8 SBa SCb SCc Veb Vec Vec

Mode-9 SBb SAc SCa Vec Vea Vea

Mode-10 SAb SAc SBa Veb Vea Vea

Mode-11 SBb SBc SCa Vec Veb Veb

Mode-12 SAa SCb SCc Vea Vec Vec

Mode-13 SAb SBa SBc Veb Vea Veb

Mode-14 SBb SCa SCc Vec Veb Vec

Mode-15 SAa SAc SCb Vea Vec Vea

Mode-16 SAa SAc SBb Vea Veb Vea
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Table 1. Cont.

MODE-i KSwit-a KSwit-b KSwit-c Vea,mode-i Veb,mode-i Vc,mode-i

Mode-17 SBa SBc SCb Veb Vec Veb

Mode-18 SAb SCa SCc Vec Ve1 Vec

Mode-19 SAa SBa SBb Veb Veb Vea

Mode-20 SBa SCa SCb Vec Vec Veb

Mode-21 SAa SAb SCc Vea Vea Vec

Mode-22 SAa SAb SBc Vea Vea Veb

Mode-23 SBa SBb SCc Veb Veb Vec

Mode-24 SAc SCa SCb Vec Vec Vea

Mode-25 SAa SAb SAc Vea Vea Vea

Mode-26 SBa SBb SBc Veb Veb Veb

Mode-27 SCa SCb SCc Vec Vec Vec

The operating mode of MC can be determined from the difference between the mea-
sured and intended values using the least mean square error (LMSE) technique [39].

If SAa, SBb, and SCc are closed, then (mode-1) and Ve = Ve1;
If SAa, SBc, and SCa are closed, then (mode-2) and Ve = Ve2;
............................................................................................................
............................................................................................................
If SCa, SCb, and SCc are closed, then (mode-27) and Ve = Ve27.
The control approach is based on the LMSE disparity, which minimises the sum of

squared errors. The equations Ve1, Ve2,. . ., and Ve27 present the sum of squares of the
differences between the expected and the observed values, as shown below:

Ve1(t) = [Vsa,des(t)− Vea(t)]
2 + [Vsb,des(t)− Veb(t)]

2 + [Vsc,des(t)− Vec(t)]
2;

Ve2(t) = [Vsa,des(t)− Vec(t)]
2 + [Usb,des(t)− Vea(t)]

2 + [Vsc,des(t)− Veb(t)]
2;

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Ve27(t) = [Vsa,des(t)− Vec(t)]

2 + [Vsb,des(t)− Vec(t)]
2 + [Vsc,des(t)− Vec(t)]

2.

(49)

If min(Ve1, Ve2, Ve3, Ve4, . . . . . . Ve27) = Ve1, then SAa; SBb; SCc are closed;
If min(Ve1, Ve2, Ve3, Ve4, . . . Ve27) = Ve2, then SAb; SBc; SCa are closed;
If min(Ve1, Ve2, Ve3, Ve4, . . . Ve27) = Ve3, then SAc; SBa; SCb are closed;
................................................................................................................................
................................................................................................................................
If min(Ve1, Ve2, Ve3, Ve4, . . . Ve27) = Ve27, then SCa, SCb, and SCc are closed.
The complexity and implementation difficulty are the main drawbacks of MC com-

pared to two-level inverters. Experimentally, MC is more expensive and difficult to imple-
ment than two-level inverters. However, research has demonstrated the effectiveness and
efficiency of MC compared to two-level inverters. The proposed approach is implemented
in the next section using MATLAB, and the results are compared with those of the PI
controller with the two-level inverter.

5. Results and Analysis
Figure 6 illustrates the power and control diagram of the electromechanical energy

conversion system based on a DFIG. This system is directly connected to the grid and
powered by an MC via the rotor. Independent control of the active and reactive stator
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power generated by the DFIG rotor is provided by fractional regulators. The simulation
was performed in the MATLAB/Simulink environment. Figure 7 shows the wind speed.
This graph represents a staircase evolution of wind speed. It models a step-by-step wind
profile for performance testing. Each step lasts approximately 0.3 s and increases by 2 m/s.

Figure 6. Synoptic diagram of indirect control without a power loop.

Figure 7. Steps WS profile.

Table 2 presents the main electrical and mechanical parameters of the Doubly Fed
Induction Generator (DFIG) used in the simulation studies. Table 3 summarises the control
gain values associated with the different controller configurations evaluated. Three types
of controllers are considered: a two-level inverter with a conventional PI controller; an MC
inverter with a PI controller; and a fractional-order PI controller combined with MC. For
each controller, the proportional (Kp) and integral (Ki) gains are provided for both the active
power (Ps) and reactive power (Qs) control loops. In the fractional-order PI controller case,
an additional parameter, α, representing the controller’s fractional order, is included to
increase flexibility and improve overall control performance.

Figures 8 and 9 illustrate the performance tests of the DFIG’s active and reactive
power responses under three different power-electronics and control configurations. In
the first test, the DFIG is supplied by a two-level PWM inverter, and active and reactive
power control is achieved using conventional PI regulators. In the second test, the DFIG
is powered by a current-modulated (CM) inverter, which traditional PI regulators still
control. In the third test, the power supply is provided by the MC inverter, but this time
the control strategy is based on fractional-order PI regulators. When progressive variations
in the reference powers (P-ref and Q-ref) are applied, the results show that, for the first
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two configurations using conventional PI regulators, changes in active power at t = 0.3 s
and t = 0.6 s cause noticeable disturbances before the signals return to their reference values.
A similar behaviour is observed when the reactive power is modified at t = 0.9 s, indicating
a limited decoupling between active and reactive power. In contrast, for the configuration
using the MC inverter combined with fractional-order PI regulators, the active and reactive
power measurements track their reference values much more accurately. The changes in
active power at t = 0.3 s and t = 0.6 s have no noticeable influence on the reactive power,
and the change in reactive power at t = 0.9 s does not affect the active power. This clearly
demonstrates both the efficiency of the fractional-order control strategy and the robustness
of the active/reactive power decoupling.

Table 2. DFIG parameters.

Parameters Values

Nominal powers 7.5 kW
Rated frequency 50 Hz
Number of poles 4

Rated speed 1440 r/min
Coefficient of friction 6.73·10−3 N·m·s−1

Torque of inertia of the rotor 0.3125 Kg·m2

Rs 0.455 Ω
Rr 0.62 Ω
Ls 0.084 H
Lr 0.081 H

Mutual inductance 0.078 H

Table 3. Control gain values.

Controllers Values

Two-level inverter with PI
controller

Ps Kp = 0.855·103; Ki = 28.5

Qs Kp = 0.855·103; Ki = 28.5

MC inverter with PI controller
Ps Kp = 3.3945·103; Ki = 1.1315

Qs Kp = 3.3945·103; Ki = 1.1315·103

Fractional-order PI controller
with MC

Ps Kp = 3.3945·103; Ki = 1.1315·103; α = 0.67

Qs Kp = 3.3945·103; Ki = 1.1315·103; α = 0.67

Figure 8. Active power control for: a two-level inverter with a conventional PI controller; an MC
inverter with a PI controller, and a fractional-order PI controller combined with MC.

https://doi.org/10.3390/fractalfract10030167

https://doi.org/10.3390/fractalfract10030167


Fractal Fract. 2026, 10, 167 16 of 24

Figure 9. Reactive power control for: a two-level inverter with a conventional PI controller; an MC
inverter with a PI controller, and a fractional-order PI controller combined with MC.

Figure 10 shows the variations in stator currents and voltage. For the first case (a),
where the DFIG is powered by a conventional two-level inverter controlled by PI regulators,
the current waveform shows noticeable distortions. The frequency analysis confirms the
presence of significant harmonic components, resulting in a relatively high THD. In the sec-
ond case (b), using a matrix converter (MC) combined with conventional PI regulators, the
stator current becomes more sinusoidal. The harmonic spectrum indicates a considerable
reduction in parasitic components, resulting in lower THD than with the two-level inverter.
The third case (c) corresponds to a DFIG supplied by a matrix converter and controlled
with fractional-order regulators. This configuration yields the best performance: the stator
current is nearly sinusoidal, and the harmonic spectrum shows a significant attenuation of
higher-order harmonics. Overall, these results clearly demonstrate that integrating a matrix
converter with fractional-order controllers yields superior current quality compared with
conventional methods. This improvement enhances the system’s dynamic response, improves
power quality, and helps ensure compliance with grid code requirements.
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Figure 10. The stator current delivered by the DFIG for the three tests and their THD for the period
0:0.3 s (Ps-ref = −1000 W and Qs-ref = 0 VAR).
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Figure 11 represents the rotor voltage at the output of the matrix converter in the DFIG-
based wind system. The smooth voltage waveform indicates that the matrix converter
ensures effective synchronisation of the rotor with the grid. The absence of significant
fluctuations or spikes demonstrates the converter’s ability to maintain stable operation
without requiring an intermediate DC link. This result confirms that the matrix converter
enhances system reliability and efficiency, providing better voltage regulation compared to
traditional AC-DC-AC converters, which often introduce additional losses and complexity.

Figure 11. Rotor voltage at the output of matrix converter.

Figure 12 compares the stator current and voltage profiles under matrix converter
control. The matrix converter’s ability to smooth the current and voltage waveforms results
in significantly reduced total harmonic distortion (THD) compared to conventional control
systems. This reduction in THD improves the overall power quality delivered to the grid,
ensuring better system performance and compliance with grid standards. By minimising
harmonic distortion, the matrix converter-based control system also helps reduce mechani-
cal stress on system components, contributing to the longevity and efficiency of the wind
energy conversion system.

Figure 13 shows the electromagnetic torque (Te) response of the DFIG under three
different control configurations: (green) two-level inverter with conventional PI controller,
(blue) matrix converter (MCT) with conventional PI controller, and (red) matrix converter
(MCT) with fractional PI controller. The fractional-order controller (red) offers the smoothest
and most stable torque output, with minimal fluctuations. This indicates a significant
improvement in dynamic performance over the conventional control strategies. In contrast,
the two-level inverter and matrix converter with conventional PI control (green and blue)
show more significant torque fluctuations, highlighting the superior stability and response
of the fractional control strategy.

Table 4 presents a compa control strategies applied to DFIG systems: (a) a two-level
inverter with a conventional PI controller, (b) a current modulation (CM) inverter with
a conventional PI controller, and (c) a CM inverter associated with a fractional-order PI
controller. The comparison focuses on active and reactive power oscillations, response time,
stator current amplitude, and total harmonic distortion (THD%). During the various power
set point transitions (from 0 to 0.3 s, from 0.3 to 0.6 s, from 0.6 to 0.9 s, and from 0.9 to 1.2 s),
the two-level inverter with a conventional PI controller exhibits the largest active power
oscillations, reaching 52 to 72 W depending on the transition, and the slowest response (0.64:
1.32 s), accompanied by the largest reactive power deviation during the reference stage
and the highest THD values (THD% = 2.07: 0.66%), indicating lower dynamic performance
and inferior power quality. The CM inverter with a conventional PI controller improves

https://doi.org/10.3390/fractalfract10030167

https://doi.org/10.3390/fractalfract10030167


Fractal Fract. 2026, 10, 167 19 of 24

active and reactive power tracking, reducing oscillations to 18:25 W, with moderately faster
settling times (0.63:0.38 s) and improved harmonic distortion (THD% = 0.46:0.20%), but
still exhibits moderate transient deviations. In contrast, the CM inverter combined with a
fractional-order PI controller achieves the best overall performance, with minimal active
and reactive power oscillations reduced to 7.3:5 W, the fastest settling times (0.46:0.2 s),
and the lowest THD levels (THD% = 0.32:0.16%). This demonstrates that fractional-order
control offers superior dynamic behaviour and improved power quality.

Figure 12. Stator current and voltage comparison.

 

ZOOM 

Figure 13. Electromagnetic torque (Te) response.

https://doi.org/10.3390/fractalfract10030167

https://doi.org/10.3390/fractalfract10030167


Fractal Fract. 2026, 10, 167 20 of 24

Table 4. The performance of three different control strategies for DFIG systems.

0:0.3 s 0.3:0.6 s 0.6:0.9 s 0.9:1.2 s

P-ref (W) −1000 −2000 −3000 −3000

Q-ref (Var) 0 0 0 −1000

-a
DFIG

(2-level inverter conventional
PI regulator)

P
∆P (Oscillation Rate (W)) 52.3 63 77 72

Response time (ms) 1.32 0.68 0.64 -

Q
∆Q (Oscillation Rate Var)) - - - 47.2

Response time (ms) - - - 0.4

Amplitude of current (A) 4.57 9.106 13.64 14.39

THD% Currant 2.07 1.05 0.70 0.66

-b
DFIG

(CM inverter conventional
PI regulator)

P
∆P (Taux oscillation) (W) 18 22 22 25

Response time (s) 0.63 0.39 0.38 -

Q
∆Q (Oscillation Rate Var) - - - 40

Response time (ms) - - - 0.32

Amplitude of current (A) 4.546 9.091 13.64 14.37

THD% Currant 0.48 0.28 0.22 0.20

-c
DFIG

(CM inverter conventional fractional
order regulator)

P
∆P (Oscillation Rate W) 7.3 15 13 15

Response time (s) 0.46 0.25 0.2 -

Q
∆Q (Oscillation Rate Var) - - - 11

Response time (ms) - - - 0.23

Amplitude of current (A) 4.546 9.09 13.64 14.37

THD% Currant 0.32 0.22 0.17 0.16

Table 5 shows the results of a robustness test performed under different control
strategies (two-level inverter with classical PI controllers, matrix converter (MC) with PI
controllers, and matrix converter with fractional PI controllers) for varying time periods.
The test involves a rotor resistance increase of 100% and a 20% decrease in rotor coil
resistance. The table highlights the key performance indicators for each strategy, including
reference and measured active power (P-ref and Pmes), reactive power (Q-ref and Qmes),
oscillation rates in active and reactive power (∆P and ∆Q), and the total harmonic distortion
(THD) in the stator current.

From the table, we can see that the matrix converter with fractional PI controllers
consistently offers the lowest THD across all periods (ranging from 0.58% to 0.24%), in-
dicating superior power quality and reduced harmonic distortion. In comparison, the
two-level inverter with classical PI controllers results in significantly higher THD (ranging
from 20.07% to 6.24%), demonstrating that traditional controllers generate more harmonics,
which can reduce system efficiency and increase mechanical stress on the system. The
matrix converter with classical PI controllers performs better than the two-level inverter
but still shows higher THD compared to the fractional PI controllers.

Despite the promising simulation results, several practical implementation challenges
should be considered. Matrix converters require more bidirectional switches and complex
commutation strategies to avoid short-circuit and open-circuit conditions, thereby increas-
ing hardware complexity and control requirements. In addition, the implementation of
fractional-order regulators relies on numerical approximation techniques, which increase
computational burden and memory usage in real-time applications.
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Therefore, the proposed approach is particularly suitable for high-performance
wind energy systems equipped with advanced digital control platforms. Future work
will focus on experimental validation and on enhancing robustness under realistic
operating conditions.

Table 5. Robustness test-rotor resistance increased by 100% and rotor coil resistance decreased by 20%.

0–0.2 s 0.2–0.4 s 0.4–0.6 s 0.6–0.8 s

Two-Level Inverter with
Classical PI Controllers

P-ref (W) −1000 −2000 −3000 −3000

Q-ref (Var) 0 0 0 −1000

Pmes −878.9 −1862 −2875 −2879

P ∆P (Oscillation Rate (W)) 678.4 714 694 698

Qmes (VAR) - - - −957.9

Q ∆Q (Oscillation Rate (Var)) - - - 744.2

THD% Currant 20.07 10.01 6.50 6.24

Matrix Converter with
Classical PI Controllers

P
Pmes (W) −993.83 −1983 −2991 −2990

∆P (Oscillation Rate (W)) 72.3 80 82 94

Qmes (VAR) - - - 984

Q ∆Q (Oscillation Rate (Var)) - - - 98

THD% Currant 2.14 1.05 0.37 0.32

Matrix Converter with
Fractional PI Controllers

Pmes (W) −996.7 −1998 −2997 −2991

∆P (Oscillation Rate (W)) 26 30 34 38

Qmes (VAR) - - - −999.8

∆Q (Oscillation Rate (Var)) - - - 24

THD% Currant 0.58 0.33 0.28 0.24

6. Conclusions
This paper presented an indirect power control strategy for DFIG-based wind energy

systems using a matrix converter associated with a fractional-order PI controller. The
proposed scheme was modelled and evaluated in Matlab/Simulink and compared with
three conventional configurations: a two-level PWM inverter with classical PI control; a
CM inverter with classical PI control, and a CM inverter with a fractional PI. The three com-
parison configurations were selected to ensure a representative and systematic evaluation.
Specifically, Configuration, a two-level PWM inverter with classical PI control, represents a
widely adopted conventional control scheme in practical applications. Configuration, a
CM inverter with classical PI control, reflects an advanced strategy reported in the recent
literature and corresponds to the proposed method.

Simulation results demonstrate a clear enhancement in dynamic performance and
power quality. Compared with the conventional two-level inverter, the proposed approach
reduces active power oscillations from 52–72 W to 5–7.3 W (≈85–90% reduction) and
shortens the settling time from 0.64–1.32 s to 0.2–0.46 s (up to 70% faster response). In
addition, THD is reduced from 2.07% to 0.16%, representing nearly a 90% improvement in
harmonic performance. Even compared to the CM inverter with classical PI control, the
fractional-order strategy achieves about 60% lower power oscillations, up to 50% faster
settling time, and around 30% lower THD. These results confirm that the matrix converter–
fractional PI scheme significantly improves both transient response and power quality,
making it a promising and energy-efficient solution for next-generation DFIG wind energy
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conversion systems. Future work will focus on experimental validation and large-scale
implementation [40,41].
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