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Abstract: In this paper, a Takagi–Sugeno fuzzy parallel distributed compensation control (TS-PDCC)
is proposed for low-frequency oscillation (LFO) suppression in wind energy-penetrated power
systems. Firstly, the fuzzy C-mean algorithm (FCMA) is applied to cluster the daily average wind
speed of the wind farm, and the obtained wind speed clustering center is used as the premise
variable of TS-PDCC, which increases the freedom of parameter setting of the TS fuzzy model and is
closer to the actual working environment. Secondly, based on the TS fuzzy model, the TS-PDCC is
designed to adjust the active power output of the wind turbine for LFO suppression. To facilitate the
computation of controller parameters, the stability conditions are transformed into a set of Linear
Matrix Inequalities (LMIs) via the Schur complement. Subsequently, a Lyapunov function is designed
to verify the stability of the wind energy-penetrated power system and obtain the parameter ranges.
Simulation cases are conducted to verify the validity and superior performance of the proposed
TS-PDCC under different operating conditions.

Keywords: low-frequency oscillation; wind energy penetration; TS fuzzy model; fuzzy C-mean
algorithm; parallel distributed compensation

1. Introduction

The development of renewable energy and low carbon transformation of modern
power systems has great strategic importance for resolving the energy crisis and releasing
the issue of pollution [1–3]. Renewable energy is more economical and environmentally
friendly than traditional energy sources, resulting in an increasing share of renewable
energy in power systems worldwide [4,5]. Among all the renewable energy sources (RESs),
wind energy has taken a dominant role in modern power systems. Different wind turbine
structures are being utilized in both the commercial and academic arena, i.e., squirrel-cage
induction generator, permanent magnetic synchronous generator, and doubly fed induction
generator (DFIG), to name a few [6]. Among these wind turbines, the DFIG has gained
more attention due to its structural simplicity, higher efficiency, and economic superiority.

However, the structure of a DFIG is different from a synchronous generator (SG).
The difference is mainly reflected in the weak coupling between the rotor and stator
of the DFIG [7,8], making the DFIG show weak damping characteristics. In addition,
to maintain the stability of the grid-side voltage of the DFIG, the implementation of
phase-locked loops exacerbates the weak damping characteristic and further deteriorates
system damping levels [9–11]. Consequently, the integration of a significant number of
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DFIGs into the power system to replace SGs may lead to varying degrees of weakening
in the system’s inertia, operating characteristics, and damping characteristics. Moreover,
considering the remoteness of the wind resources required for DFIG generation, long-
distance transmission lines are typically employed between wind farms and the grid, which
reduces the damping ratio of interregional low-frequency oscillation (LFO) and increases
the interregional instability risk factor in wind energy-penetrated power systems [12–15].
As the need for global-level energy transmission escalates and the installation of DFIGs
skyrockets across the globe, LFO issues become increasingly prevalent. Hence, the study of
strategies to suppress LFO in wind energy-penetrated power systems holds paramount
practical significance.

Existing studies on LFO for wind energy-penetrated power systems mainly focus
on oscillation mechanisms and suppression measures. With regard to LFO mechanism
research, a new electromechanical oscillation-based theory is proposed in [16], which
suggests that some of the oscillations are generated by the interaction of the new energy
device with the slower-reacting parts of the power system. Furthermore, a damping torque
analysis method is proposed in [17], which analyzes the load flow variations induced by
the DFIG grid connection and the dynamic interaction between a DFIG and an SG. In [18],
the damping control mechanism for a DFIG is investigated through an analysis of the
influence of inertia control on LFO characteristics in a four-machine, two-area system. Apart
from that, the influence of control on multiple-mode LFO is evaluated through eigenvalue
sensitivity analysis in [19,20]. In order to eliminate the influence of non-dominant oscillation
modes on the localization of the oscillatory source and to realize the precise positioning of
the oscillatory source, an energy function-based LFO oscillatory source tracking approach
is proposed in [21]. Other than that, the mechanism of wind turbine droop control on
system stability under small disturbances is analyzed in [22,23]. However, the research on
LFO mechanisms mentioned above is primarily based on mathematical modeling, which
becomes challenging for numerical computation due to the expansion of the grid scale
and the increase in nonlinear energy devices. In addition, due to the complexity of the
grid model and power electronic devices, mathematical modeling is mainly applied in
offline analysis after an LFO incident occurs, making it difficult to adopt for real-time
LFO suppression.

With respect to the aspect of LFO suppression, various damping controls have been
proposed to suppress LFO in conventional power systems, where power system stabilizers
(PSSs) are most widely applied [24,25]. However, since traditional SG-PSS is primarily
designed based on local area parameters, the unique geographical distribution of wind re-
sources necessitates long-distance transmission from wind farms, which negatively impacts
the effectiveness of existing PSS control strategies in suppressing inter-area oscillations. Ad-
ditionally, a traditional PSS relies on local input signals, limiting its ability to fully observe
the oscillation modes of the entire system, while communication delays further undermine
the overall effectiveness of LFO suppression [26,27]. In order to overcome the problem of
ineffective suppression of PSSs between areas, a wide-area data measurement scheme is
presented in [28]. Although deploying multiple Wide Area Measurement Systems-based
PSSs can, to some extent, alleviate the interregional LFO in DFIG-based power systems, it
requires the grid to contain a large number of SGs for PSS installation and needs the alloca-
tion of a high amount of investment. As the number of PSSs declines due to the replacement
of SGs with RESs, the utilization of DFIGs to achieve LFO suppression has been widely
studied. In order to realize LFO damping by DFIGs, power oscillation dampers (PODs)
are installed on DFIGs in [16]. A two-stage damping control scheme is adopted in [29]
to enhance the damping characteristics of the wind turbine by controlling the torsional
oscillation damping. Considering the relationship between the control parameters and
the oscillation modes, an LFO suppression method that takes into account the frequency
regulation by modeling the energy curvature has been proposed in [30]. A curvature-based
control method is proposed to enhance the dynamic performance of low-inertia power
systems in [31]. Furthermore, a taxonomy of power converter control schemes based on the



Electronics 2024, 13, 3795 3 of 26

concept of complex frequency is proposed in [32]. The disturbance rejection capability of
DFIG-based systems suffering from oscillations is enhanced by the introduction of virtual
inertia control technology in [33]. Regarding the issue of distributed control, the Artstein
transformation is utilized to convert a power system with communication delays into a
delay-free model in [34]. Simultaneously, a saturation compensation system is employed
to design external inputs, thereby enhancing the transient stability of the power system.
In [35], a robust distributed timing fault-tolerant controller based on power sharing is
proposed, and the convergence speed is further improved by observing the average voltage
of the generator through a distributed fixed-time observer. A fixed-time fractional-order
sliding mode controller is utilized for wind turbine control to improve power quality in [36].
Additionally, communication delays are mitigated through state transformation, and a
saturation timing controller based on the hyperbolic tangent function is used to alleviate
the effects of saturation in [37].

Nevertheless, there are several key issues in the above studies [24–33]. First of all,
if the scheme of increasing the number of PSS and POD installations is used to suppress
LFO, it will increase the construction cost, and the maintenance of related equipment in
long-term operation will also reduce the economic benefits of wind farms. In addition, as
the proportion of renewable energy equipment gradually increases, the effectiveness of the
installed PSS and POD devices in suppressing LFO will be weakened. As a result, it will be
difficult for the original devices to effectively suppress LFO when PSS and POD devices
cannot be continuously invested. Secondly, it is difficult for the existing modeling scheme
to cope with the increasing number of renewable energy devices in the power system,
which is caused by the nonlinearity of renewable energy devices and the complexity of
large-scale power systems. Therefore, the system model is changed when new devices
are connected, making the original control strategy unable to suppress the LFO when the
change in the system model exceeds a critical value.

In order to overcome the above issues, a novel LFO suppression strategy for DFIG-
based power systems is investigated using a fuzzy C-mean algorithm (FCMA), TS fuzzy
model, and TS parallel distributed compensation control (TS-PDCC) in this paper. In
addition, Lyapunov functions are used in this paper to determine the stability of the control
strategy. The main contributions of this paper are as follows:

(i). The TS fuzzy approach is used to model the wind energy-penetrated power system
with DFIGs, and the ability of the TS fuzzy model to approximate the nonlinear model
is exploited to avoid the problem of computational difficulties that occur in large-scale
RES-based power systems.

(ii). A novel premise variable processing method of the TS fuzzy model is proposed
to form TS fuzzy sets by clustering the daily average wind speeds by adopting an
FCMA, which solves the problems of the loss of information of the TS fuzzy model.
Additionally, the problem of unsolvable Linear Matrix Inequalities (LMIs) in controller
parameter design is improved.

(iii). Based on the FCMA premise of variable processing, a novel TS-PDCC strategy is pro-
posed. Compared with the traditional control methods, the proposed control strategy
improves the accuracy of the control effect through a high-fit TS fuzzy model, which
presents a superior performance in reducing the amplitude of system oscillations and
shortening the duration of oscillations.

Based on the aforementioned theoretical contributions, the TS-PDCC proposed in
this paper offers the following practical contributions to real power systems. Firstly, the
excellent performance of TS-PDCC in LFO suppression effectively enhances the stability of
wind-integrated power systems, ensuring the security and reliability of renewable energy
grids. Secondly, TS-PDCC does not require additional suppression devices, making its
construction cost lower than that of existing PSS and POD schemes, thereby reducing
wind farm construction costs and promoting wind farm development and grid integration.
Finally, the capacity of TS-PDCC to handle complex nonlinearities effectively addresses the
challenges of system nonlinearity and power system complexity arising from the increasing
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number of renewable energy devices, improving the feasibility of applying renewable
energy sources, such as wind power, in power systems.

The remainder of this paper will be organized as follows: Section 2 will introduce the
theoretical background of wind energy-penetration systems, low-frequency oscillations,
and parallel distributed compensation control; in Section 3, the TS fuzzy-based power
system model with wind farms will be constructed; Section 4 will present the design
and stability proof of the TS-PDCC controller; simulation analyses will be conducted in
Section 5; and finally, the paper will be concluded in Section 6.

2. Theoretical Background
2.1. Energy Systems with Wind Penetration

As wind power takes up an increasingly larger proportion of the power system, a
characteristic of high wind energy penetration in the power grid has gradually emerged,
significantly altering the operational dynamics of the grid. Traditional power systems rely
on synchronous generators to provide system inertia and damping. However, in high wind
energy-penetration systems where wind turbines, such as DFIGs, dominate, their weak
coupling characteristics make it difficult to provide effective damping and inertia support.
Consequently, in power systems with high wind energy penetration, the overall system
inertia decreases, leading to increased sensitivity to disturbances, especially during faults
or load shedding, making the system more prone to low-frequency oscillations.

The active power output expression of the DFIG is as follows:

Pw =
1
2

ρν3YCp (1)

where ρ denotes the air density; ν indicates the wind speed; Y represents the area of the
swept plane of the rotor; and Cp is the power coefficient of wind energy utilization.

From Equation (1), it can be deduced that the active power output of the wind turbine
depends on Cp when the wind speed is constant. Cp has a nonlinear relationship with
wind speed, rotor speed, rotor radius, and pitch angle, and can be calculated using the
following equation: Cp = 0.5176

(
116
ηi

− 0.4β − 5
)

e−
21
ηi + 0.0068 ωmR

ν

ηi = ( 1
ωm R

ν +0.08β
− 0.035

β3+1 )
−1 (2)

where β represents the pitch angle; ωm denotes the rotor speed of the wind turbine; and R
indicates the radius of the wind turbine rotor.

From Equations (1) and (2), it can be deduced that under a fixed pitch angle beta,
adjusting the rotor speed ωm of the wind turbine according to the wind speed can maximize
the power coefficient Cp, thereby achieving optimal wind energy utilization, known as
the maximum power point tracking control mode. However, although the wind turbine
maximizes its power capture under the maximum power point tracking mode, it cannot
reserve active power to participate in the suppression of LFO. Therefore, to improve the
stability of wind energy-penetration systems, power regulation of the wind turbine is
necessary during LFO events to provide virtual inertia and damping, thereby suppressing
oscillations through the active power changes of the DFIG.

2.2. Low-Frequency Oscillation

Low-frequency oscillation refers to the oscillation phenomenon in power systems
caused by weak coupling or power exchange between generator rotors, typically occurring
in the range of 0.1 to 2.5 Hz. In traditional power systems dominated by synchronous
generators, inertia and damping characteristics effectively suppress LFO through excitation
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system adjustments. The dynamics of low-frequency oscillations can be described by the
following equations: { dδ

dt = w
dw
dt = Pm−Pe

2M
(3)

where δ represents the rotor angle of the generator, ω is the rotor angular velocity, Pm is
the mechanical input power, Pe is the electrical output power, and M is the inertia time
constant. From Equation (3), the system’s inertia constant M determines the system’s
response speed to frequency changes. A larger inertia constant M can effectively mitigate
frequency fluctuations and help maintain system stability.

The equivalent inertia Me f f of a high wind energy-penetration system can be expressed
by the following equation:

Me f f =

n
∑

i=1
MiSi

n
∑

i=1
Si

(4)

where Mi and Si represent the inertia constant and capacity of the i-th generation unit,
respectively. Therefore, as low-inertia wind turbines gradually replace traditional syn-
chronous generators, the equivalent inertia of the high wind energy-penetration system
will decrease according to Equation (4), leading to insufficient damping for suppressing
LFO in the system.

In addition, wind farms are usually located in remote areas far from load centers
and are connected to load centers through long-distance transmission lines. This long-
distance transmission further reduces the damping effect of the system, making power
exchange between regions more unstable, which is likely to trigger more significant low-
frequency oscillations. The impedance of long-distance transmission lines increases the
phase angle difference in the system, further exacerbating oscillations. Power exchange in
AC transmission systems can be described as follows:

P =
V1V2

X
sin δ (5)

where V1 and V2 represent the voltages at the two ends of the bus, X is the line reactance,
and δ is the phase angle difference between the two voltages. The large reactance X of
long-distance transmission lines results in more significant changes in the phase angle
difference delta, thereby further exacerbating the risk of low-frequency oscillations in high
wind energy-penetration systems.

2.3. Parallel Distributed Compensation Control

Parallel distributed compensation control is a strategy commonly used for controlling
nonlinear systems and is widely applied in fuzzy control systems. The main idea of PDC is
to divide a nonlinear system into several locally linearized subsystems and then design
independent controllers for each subsystem. These local controllers are weighted through
fuzzy inference to form a global controller, thereby achieving effective control over the
entire nonlinear system.

Nonlinear systems are usually difficult to control accurately using traditional linear
control methods. Therefore, PDC proposes a distributed compensation control method
based on fuzzy rules. Consider a nonlinear system whose state equation is as follows:

.
x(t) = f (x(t), u(t)) (6)

where x(t) is the system state, u(t) is the control input, and f (x(t), u(t)) is the nonlinear
function describing the system dynamics. For nonlinear systems, it is very difficult to
directly design a global controller. Therefore, PDC divides the system into multiple locally
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linearized subsystems, each of which can be approximately described by the following
linear model:

if rule i is active
.
x(t) = Aix(t) + Biu(t)

(7)

where Ai and Bi are the system matrices of the local linear model, representing the system’s
dynamic behavior under fuzzy rule i. When the fuzzy system is represented by multiple
“IF-THEN” rules, the fuzzy controller uses the membership function µi(x) to weight and
sum the different local models, forming the following global controller:

.
x(t) =

N

∑
i=1

µi(x)(Aix(t) + Biu(t)) (8)

where N is the total number of fuzzy rules. Control over the entire nonlinear system is
achieved through Equation (8).

3. Fuzzy System Modeling
3.1. Methodological Approach

The proposed study aims to suppress LFO in high wind energy-penetration power
systems using the TS fuzzy model and parallel distributed compensation control strategy.
The specific research methodology is divided into the following steps:

(1) Wind Speed Data Collection
First, historical daily average wind speed data are obtained from wind farms. The

daily average wind speed data reflects the wind speed variations over different periods
and represents the typical wind speed characteristics of the wind farm throughout the year.
Therefore, by analyzing the wind speed data, the long-term operational conditions of the
wind farm and wind speed fluctuations can be captured, providing a data foundation for
subsequent analysis.

(2) Wind Speed Data Clustering
Next, establishing corresponding fuzzy sets for too many wind speed ranges would

result in an excessive number of fuzzy rules in the TS fuzzy model, making it difficult to
solve the controller parameters. Therefore, the FCM algorithm is used to cluster the wind
speed data into four categories (i.e., low wind speed, medium wind speed, high wind
speed, and very high wind speed). These four characteristic wind speeds serve as the
antecedent variables in the subsequent TS fuzzy model, representing the typical operating
conditions of the wind farm.

(3) Subsystem Modeling
For each characteristic wind speed, a power system state equation that includes the

wind farm is established. The state equation of each subsystem describes the dynamic
behavior of the power system under that specific wind speed condition. Through these
state equations, the proposed control strategy can capture the dynamic characteristics and
responses of the power system under different wind speeds, including changes in voltage,
frequency, active power, and reactive power. Therefore, the nonlinear behavior of the
system is decomposed into multiple controllable linear subsystems.

(4) Fuzzy Rule Construction
Based on the characteristic wind speeds and the corresponding subsystem state equa-

tions, a set of fuzzy rules is constructed. The characteristic wind speeds are used as the
antecedents of the fuzzy rules, while the subsystem state equations serve as the conse-
quents. Each fuzzy rule describes the dynamic response of the system under different wind
speed conditions.

(5) Global TS Fuzzy Model Construction
All subsystems are connected through Gaussian membership functions to form a

global TS fuzzy model. The Gaussian membership functions define smooth transitions
between different wind speed ranges, allowing the system to dynamically adjust its re-
sponse under various wind speed conditions. In this way, a global fuzzy model that can
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dynamically adapt to wind speed changes is constructed, accurately capturing the complex
dynamic characteristics of a high wind energy-penetration system.

(6) Parallel Distributed Compensation Controller Design
For each subsystem, an independent feedback controller is designed, with the control

input being the active power output of the DFIG. Using the same fuzzy rules and mem-
bership functions as the TS fuzzy model, a global controller is designed to ensure effective
suppression of LFO under different wind speed conditions, and the parameters are solved
through LMIs. The design of the feedback controllers is primarily aimed at the dynamic
characteristics of each subsystem, providing appropriate control signals to stabilize the
system’s dynamic response.

(7) Low-Frequency Oscillation Suppression
The global controller is integrated into the active power control loop of the DFIG.

When LFO occurs in the system, the active power output of the DFIG is adjusted to provide
virtual inertia and damping, thereby suppressing low-frequency oscillations. By controlling
the active power output of the DFIG, the wind turbine can effectively participate in LFO
suppression in high wind energy-penetration power systems, enhancing the overall stability
of the system.

The flowchart of the research methodology is shown in Figure 1.
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Figure 1. The flowchart of the research methodology.

3.2. System Description

The simplified power system model with DFIGs is presented in Figure 2, which
consists of several SGs in area A and area B and a DFIG wind farm. The dynamic equations
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between the equivalent centers of inertia of the SGs of area A and area B within the system
can be expressed as [38]

dωAB
dt

=
1

MA
(PA − PAt + Pw)−

1
MB

(PB − PBt) (9)

dδAB
dt

= ωAB (10)

where δAB denotes the difference in swing angle between areas A and B; ωAB indicates
the difference in angle speeds between the centers of inertia of the two areas; PAt is the
active power transferred from bus A to bus B; PBt is the active power transferred from
bus B to area B; PA denotes total power generation in area A; PB denotes the total power
consumption of area B; and MA and MB represent the equivalent inertial time constant for
each of the two areas.

PAt = PBt =
UAUB sin δAB

[XAt + XBt + XL] + [XAtXBt + XAtXL]/XD
(11)

where UA denotes the phase voltage of buses A; UB denotes the phase voltage of buses B;
XAt and XBt represent the equivalent reactance; XL is the equivalent line reactance; and
XD is the dynamic reactance of the reactive power of the wind farm, and its magnitude can
be evaluated by

XD = −
U2

A
QD

(12)
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When the system can maintain stability or operates with small vibrations, sin δAB
becomes small enough to be approximated as δAB. Combining Equations (11) and (12), the
active power PAt and PBt can be expressed as follows:

PAt = PBt =
UAUB sin δAB

[XAt + XBt + XL]− [XAtXBt + XAtXL)]U2
A/XDQD

≈ kδAB (13)

where k represents the coefficient relationship between δAB and PA/ PB.
Equations (9), (10), and (13) can be transformed into the system state space equations as{ .

x = Ax + Bu + C
y = x

(14)

where

x =

[
x1
x2

]
=

[
ωAB
δAB

]
,

.
x =

[ .
x1.
x2

]
=

[ .
ωAB.
δAB

]
, u = Pw

A =

[
k

1

]
=

 UAUB

[XAt+XBt+XL ]−
[XAtXBt+XAtXL)]U

2
A

XD QD
1


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B =

[
1

MA
0

]
, C =

[
PA
MA

− PB
MB

0

]

3.3. Structural Identification Based on Fuzzy C-Mean Arithmetic

FCMA is a fusion of clustering algorithms and fuzzy theory, serving as an extension
of traditional hard clustering techniques. The core concept of FCMA is to calculate the
degree of affiliation between the sample points and each cluster center and classify the
sample points under the cluster center with the highest degree of affiliation. In traditional
modeling, the TS model normally selects the upper and lower boundaries of the nonlinear
system as the fuzzy sets, i.e., the determined principle based on the sector linearization is
applied. However, the operational state of the DFIG varies with wind speed, and adopting
the boundaries of the system as a fuzzy set leads to excessive data loss, which leads to
degradation of the model fit and affects the LFO damping effect. To solve this problem, a
fuzzy set-determined principle based on FCMA is proposed in this paper, which clusters
the daily average wind speed data from wind farms by using the obtained wind speed
clustering centers as fuzzy sets for the TS model. Compared with sector linearization,
the proposed method is able to improve the fit of the TS model by retaining the data of
the actual working conditions of the wind farm without increasing the number of fuzzy
sets significantly. Therefore, the corresponding system states under each fuzzy set of the
proposed TS model are closer to the actual operating state, which further improves the
fitting ability of the proposed TS model for DFIG-based power systems.

Set the wind speed sample dataset of the wind farm as V = {v1, v2, . . ., vn}, the affilia-
tion matrix as U =

[
uij

]
k×n, and the wind speed clustering center as VC = [VC1, VC2, . . . , VCk]

T.
The objective function of the FCMA is given as follows:

min

{
J(A, Vc1, Vc2, . . . , Vck) =

k
∑

i=1

n
∑

j=1
um

ij d2
ij

}
s.t.

k
∑

i=1
uij = 1, uij ∈ [0, 1], ∀j = 1, 2, . . . , n

(15)

where k denotes the number of wind speed clustering centers; n is the number of samples of
the daily average wind speed at the wind farm; m represents the weight index affecting the
affiliation matrix; uij represents the degree of affiliation of the jth daily mean wind speed to
the i-th wind speed clustering centers; and dij =

∥∥Vci − vj
∥∥ is the distance between the j-th

daily mean wind speed and the i-th wind speed clustering center.
The function is constructed by adding Lagrange multipliers λ = [λ1, . . . , λn] to the n

constraints in Equation (15) as

J =
k

∑
i=1

n

∑
j=1

um
ij dij +

n

∑
j=1

λj(
k

∑
i=1

uij − 1) (16)

The partial derivatives of Vci and uij in Equation (16) can be obtained as follows:

∂J
∂Vci

=
k
∑

i=1

n
∑

j=1

∂um
ij dij

∂Vci
+

∂
n
∑

j=1
λj(

k
∑

i=1
uij − 1)

∂Vci

=
k
∑

i=1

n
∑

j=1

∂um
ij dij

∂Vci
= um

ij

n
∑

j=1

∂dij

∂Vci
=

n
∑

j=1
um

ij Vci−
n
∑

j=1
um

ij vj

(17)

∂J
∂uij

=
n
∑

j=1

k
∑

i=1
mum−1

ij dij +
n
∑

j=1
kλj

=
n
∑

j=1
(

k
∑

i=1
mum−1

ij dij + kλj) =
n
∑

j=1

k
∑

i=1
(mum−1

ij dij + λj)

(18)
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Let Equations (17) and (18) equal to zero, then the wind speed cluster centers Vci and
membership degrees uij can be calculated as

Vci =

n
∑

j=1
um

ij vj

n
∑

j=1
um

ij

(19)

uij =
1

k
∑

p=1
(

dij

dpj
)

1
m − 1

(20)

Assuming a random generation of a set of wind speed cluster centers and membership
matrices, the wind speed cluster centers are obtained by iterating Equations (19) and (20)
until the algorithm converges. The detailed steps to obtain wind speed clustering centers
by adopting the FCMA are presented in Figure 2.

The Weibull two-parameter distribution function is taken to generate the daily mean
wind speed sample data,

f (v) =
w
c

(v
c

)w−1
exp

(
−
(v

c

)w)
(21)

where v is the wind speed; w denotes shape parameter (dimensionless); and c represents
the scale parameter.

The probabilistic model Equation (21) is used to randomly generate 365 daily average
wind speeds for simulating the working conditions of DFIG in a real world. The FCMA
shown in Figure 3 is performed by setting the number of wind speed clustering centers
as k = 4, the weighting factor as m = 2, the maximum number of iterations as n = 106

and the stop-iteration threshold as ε = 10−6. Equations (19) and (20) are used to calculate
the objective function J, which consists of the daily average wind speed, the affiliation
matrix, and the wind speed clustering centers. The iteration is stopped when the stopping
condition is satisfied, and the wind speed clustering center will be obtained. As shown
in Figure 4, the clustering centers obtained by FCMA for the randomly generated wind
speeds are

Vc =
[
Vc1 Vc2 Vc3 Vc4

]
=

[
3.8674 6.7776 9.2881 12.3493

]
(22)
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Figure 3. Flowchart of FCMA clustering algorithm. Figure 3. Flowchart of FCMA clustering algorithm.
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3.4. TS Fuzzy Model

The equivalent reactance XD of the DFIG from Equation (12) is related to the bus
voltage UA and the reactive power QD of the DFIG. Therefore, as the UA and QD shows
oscillation during LFO, the state matrix in the system undergoes a nonlinear change. In
addition, the system state equation is altered due to the change in the operating state of
the DFIG at different wind speeds. Based on the above two situations, the state equations
of the DFIG-based power systems are constantly changing during LFO, which makes
the traditional control strategies ineffective in suppressing LFO. To solve this problem, a
control strategy adopting TS fuzzy modeling is proposed, which addresses the nonlinear
changes in the system under LFO by utilizing the superior approximation ability of the
TS fuzzy model in the nonlinear system. Additionally, the wind speed clustering centers
obtained through FCMA are used as the fuzzy sets of the TS fuzzy model to deal with the
variation of the system at different wind speeds. Moreover, since the TS fuzzy system is
represented by the input–output relationships of the system, this enables the model to be
rapidly updated by the state matrix when the renewable energy equipment is increased
in the system. This feature improves the issue of model misalignment in conventional
modeling when the system changes. Further, since the issue of accurate modeling inside
the system is not involved, the TS fuzzy model can still show well-fitting capability in
the face of ultra-large-scale power systems, which cannot be achieved by the traditional
modeling methods. An overview of the overall modeling concept and control strategy is
shown in Figure 5.

The DFIG-based power system can be described by fuzzy rules for system input–
output relationships.

Model Rule i:

IF zi1(t) is Mi1 and , . . . , zip(t) is Mip

Then
{ .

x(t) = Aix(t) + Biu(t) + Ci,
y(t) =

.
x(t),

i = 1, 2, . . . , k
(23)

where zip is the premise variable; Mip is the fuzzy set; x(t) denotes the state vector; u(t)
represents the input vector; y(t) represents the output vector; p denotes the number of fuzzy
sets; and k denotes the number of model rules.

Gaussian membership function is utilized as the membership function in the TS fuzzy
model, as given by

µij(vj) = e
(vj−Vci)

2

2σ2 , i, j = 1, 2, . . . , k (24)

where µij
(
vj
)

denotes the membership of parameter vj to the fuzzy set Vci; Vci is the
distributional expectation as well as the wind speed clustering center; and σ represents
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the width of the Gaussian affiliation function. The fuzzy membership degree is shown in
Figure 6.
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Then, the whole model of the TS fuzzy model of a DFIG-based power system is
given as

.
x(t) = Asx(t) + Bsu(t) + Cs (25)

where

As =
k

∑
i=1

hi(ρ(t))Ai, Bs =
k

∑
i=1

hi(ρ(t))Bi (26)
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hi(z(t)) =
wi(ρ(t))

k
∑

i=1
wi(ρ(t))

, wi(ρ(t)) =
p

∏
j=1

µij(ρ(t)) (27)

hi(ρ(t)) ≥ 0, i = 1, 2, . . . , k,
k

∑
i=1

h(ρ(t)) = 1 (28)

Adopting the wind speed clustering center obtained from Equation (22) as the premise
variable of Equation (25), we have

Ri: IF v is Vci, THEN{ .
x(t) = Aix(t) + Biu(t) + Ci
y(t) =

.
x(t),

i = 1, 2, 3, 4
(29)

Therefore, one obtains

A1 =

[
0 −47.3781
1 0

]
, A2 =

[
0 −47.8317
1 0

]
A3 =

[
0 −48.5612
1 0

]
, A4 =

[
0 −50.1239
1 0

]
Bi =

[
0.1538
0

]
, i = 1, 2, 3, 4

C1 =

[
0.0405
0

]
, C2 =

[
0.0405
0

]
C3 =

[
0.0405
0

]
, C4 =

[
0.0406
0

]
(30)

By applying single-point fuzzification and weighted average defuzzification to Equation
(29), the following whole model is obtained:

.
x(t) =

4
∑

i=1
h(v)Aix(t)+

4
∑

i=1
h(v)Biu(t) +

4
∑

i=1
h(v)Ci

y(t) =
.
x(t)

(31)

4. TS Parallel Distributed Compensation Controller Design and Stability Proof

Due to the integration of a large number of DFIGs in wind farms, the power system
exhibits significant nonlinear characteristics. This nonlinearity undermines the effective-
ness of classical PID controllers and adaptive control strategies in suppressing LFO to
varying degrees. Classical PID control is primarily designed for linear systems with fixed
parameters, and although certain improved versions of PID control allow for parameter
adjustment, their performance in controlling highly nonlinear systems remains inadequate,
failing to meet the demands of complex power systems. On the other hand, while adap-
tive control strategies can dynamically adjust control parameters in response to system
changes, this adjustment usually relies on complex parameter adjustment rules. In highly
coupled, complex systems such as power systems with wind farm integration, adaptive
control requires sophisticated control algorithms to achieve real-time parameter adjustment,
rendering the design, implementation, and tuning of adaptive controllers highly intricate.

The distributed parallel compensation control based on the TS fuzzy model offers
a more efficient solution. It designs local controllers for each subsystem under different
fuzzy sets, and these local controllers are combined into a global controller using consistent
fuzzy rules and membership functions. Each subsystem operates as a linear system under
its corresponding fuzzy rule, which simplifies the design of the local controllers. During
operation, the PDC controller uses membership functions to activate different local con-
trollers according to the fuzzy rules, thus avoiding the need for the complex parameter
adjustment rules required by adaptive control while delivering superior LFO suppression
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performance at the local level. As a result, the TS-PDCC controller effectively addresses the
requirements for LFO suppression in power systems with wind farm integration.

Linear subsystems under multiple fuzzy sets are smoothly connected by an affiliation
function, which constitutes the whole system. The design principle of TS-PDCC is to design
the local controllers for the subsystems under each fuzzy set separately and form a global
controller with those local controllers using the same fuzzy rules and affiliation functions.

The proposed TS fuzzy model is shown in Equation (25), and since the coefficient
matrix Cs remains constant, the stability of the TS fuzzy model is equivalent to the stability
of the following system:

.
x(t) = Asx(t) + Bsu(t) (32)

Based on the TS-PDCC design principles, the following control principles are intro-
duced, where each rule i is

R1: IF v is Vci, THEN

u(t) =
k
∑

i=1
Kix(t)

(33)

The global fuzzy controller is obtained as

u(t) =
k

∑
i=1

hi(v)Kix(t) (34)

The closed-loop system is obtained by taking the global fuzzy controller (34) into
system (32):

.
x(t) =

k

∑
i=1

k

∑
j=1

hi(v)hj(v)(Ai + BiKj)x(t) (35)

The closed-loop system (35) can be transformed as

.
x(t) =

k
∑

i=1
hi(v)hi(v)Ziix(t)

+2
k
∑

i=1
∑
i<j

hi(v)hj(v)
{

Zij + Zji

2

}
x(t)

(36)

Zij = Ai − BiKj, i < j s.t. hi ∩ hj ̸= ∅ (37)

Theorem 1. If the equilibrium point of the continuous fuzzy control system described by system
(28) is globally asymptotically stable, then there exists a common positive definite matrix P such
that the following condition holds:{

ZT
ii P + PZii < 0{Zij+Zji

2

}T
P + P

{Zij+Zji
2

}
≤ 0

(38)

Proof. Constructing the candidate Lyapunov function as follows:

V(x, v) = xTPix (39)

The derivative of the V(x) can be achieved as

.
V(x, v) =

.
xTPx + xTP

.
x (40)
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Based on Equations (36) and (37), Equation (41) can be obtained as

.
V(x, v) =

k
∑

i=1
hi(v)hi(v)xT(t)Zii

TPx(t)+
k
∑

i=1
hi(v)hi(v)xT(t)PZiix(t)

+2
k
∑

i=1
∑
i<j

hi(v)hj(v)xT(t)
{Zij + Zji

2

}T
Px(t)

+2
k
∑

i=1
∑
i<j

hi(v)hj(v)xT(t)P
{Zij + Zji

2

}T
x(t)

=
k
∑

i=1
hi(v)hi(v)xT(t)

{
Zii

TP + PZii
}

x(t)

+2
k
∑

i=1
∑
i<j

hi(v)hj(v)xT(t)

{{Zij + Zji

2

}T
P + P

{Zij + Zji

2

}T
}

x(t)

(41)

When the condition in (38) of Theorem 1 is satisfied, (42) can be obtained as

.
V(x, v) < 0 (42)

Therefore, the controller satisfying Theorem 1 can stabilize the system asymptotically.
However, obtaining suitable controller parameters is difficult when solving the con-

dition in (30). To overcome this problem, the condition in (38) is transformed into LMIs,
which enables the parameters of the controllers to be obtained by solving LMIs. Therefore,
when a large number of renewable energy devices are connected to cause variations in
the TS fuzzy model, the ability to update the parameters of the TS-PDCC in real time by
solving the LMIs greatly improves the generalizability of the proposed LFO suppression
strategy. □

Based on Theorem 1, Theorem 2, which satisfies the form of LMIs, is given as follows:

Theorem 2. If the equilibrium point of the continuous fuzzy control system described by system
(28) is globally asymptotically stable, then there exists a common positive definite matrix P such
that the following LMIs hold:

[
Q ΞT

1i
Ξ1i Q

]
> 0[

Q ΞT
2i

Ξ2i Q

]
> 0

, (i = 1, 2, . . . , k) (43)

where

Ξ1i = AiQ − BiMi, Ξ2i =
(Ai + Aj)Q − BiMj − BjMi

2
(44)

Q = P−1, Mi = KiQ (45)

Proof. Based on Equation (37) and Equation (38), Equation (46) can be obtained as (Ai − BiKi)
TP(Ai − BiKi) < P(Ai−BiKj+Aj−BjKi

2

)T
P
(Ai−BiKj+Aj−BjKi

2

)
< P

(46)

Multiplying the left and right sides of Equation (46) by P−1, it can be described as
(AiP−1 − BiKiP−1)

TP
(
AiP−1 − BiKiP−1) < P−1

P−1
(

AiP−1−BiKjP−1+AjP−1−BjKiP−1

2

)T
P(

AiP−1−BiKjP−1+AjP−1−BjKiP−1

2

)
P−1 < P−1

(47)
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Based on Equation (45) and Equation (47), Equation (48) can be achieved as
Q − (AiQ − BiMi)

TQ−1(AiQ − BiMi) > 0

Q −
(
(Ai+Aj)Q−BiMj−BjMi

2

)T
Q−1(

(Ai+Aj)Q−BiMj−BjMi
2

)
> 0

(48)

According to Schur’s complementarity theorem, Equation (48) can be transformed
into the following LMIs:

[
Q (AiQ − BiMi)

T

(AiQ − BiMi) Q

]
> 0 Q(

(Ai+Aj)Q−BiMj−BjMi
2

)
(
(Ai+Aj)Q−BiMj−BjMi

2

)T

Q

 > 0

(49)

Hence, the LMIs (49) are equivalent to condition (38), i.e., the TS-PDCC parameters Ki
that satisfy the LMIs (43) can make the system (31) asymptotically stable. After establishing
the TS model, the TS-PDCC parameter Ki can be obtained by directly solving the LMIs,
which reduces the difficulty of controller design.

Compared to suppression schemes employing PSS and POD devices, the proposed
control strategy suppresses LFO by controlling the active power output of the DFIG through
TS-PDCC, significantly reducing financial investment. Additionally, when the DFIG is
connected to the grid or when the grid topology changes, TS-PDCC can update the state
matrix according to the system changes, form new LMIs, and quickly solve for the updated
control parameters. This ensures the suppression of LFO in continuously expanding power
systems, which is difficult to achieve with traditional damping control. □

5. Simulation Verification

In order to verify the effectiveness of the TS fuzzy model based on FCMA in LFO sup-
pression, a typical two-area, four-machine power system from the IEEE database (Figure 7)
is utilized to analyze the LFO suppression in a power system with DFIG penetration.

Electronics 2024, 13, x FOR PEER REVIEW 18 of 28 
 

 

According to Schur’s complementarity theorem, Equation (48) can be transformed 
into the following LMIs: 

( )
0

( )

( )
2

( )
02

T
i i i

i i i

i j i j j i

T

i j i j j i

 −
> − 

  + − −    
 

  + − −     >  
 

Q A Q B M
A Q B M Q

Q
A A Q B M B M

A A Q B M B M

Q

  (47)

Hence, the LMIs (49) are equivalent to condition (38), i.e., the TS-PDCC parameters 𝑲௜ that satisfy the LMIs (43) can make the system (31) asymptotically stable. After estab-
lishing the TS model, the TS-PDCC parameter 𝑲௜ can be obtained by directly solving the 
LMIs, which reduces the difficulty of controller design. 

Compared to suppression schemes employing PSS and POD devices, the proposed 
control strategy suppresses LFO by controlling the active power output of the DFIG 
through TS-PDCC, significantly reducing financial investment. Additionally, when the 
DFIG is connected to the grid or when the grid topology changes, TS-PDCC can update 
the state matrix according to the system changes, form new LMIs, and quickly solve for 
the updated control parameters. This ensures the suppression of LFO in continuously ex-
panding power systems, which is difficult to achieve with traditional damping control. 

5. Simulation Verification 
In order to verify the effectiveness of the TS fuzzy model based on FCMA in LFO 

suppression, a typical two-area, four-machine power system from the IEEE database (Fig-
ure 7) is utilized to analyze the LFO suppression in a power system with DFIG penetra-
tion. 

G1

G2
G3

G4

900MW

200

25km
10km

110km

10km

Bus1 Bus2Bus3

L1

967MW
−287MVAR

1767MW
−437MVAR

L2

900MW
110km 25km

900MW

900MW

Area A Area B1.5MW×
 

Figure 7. IEEE two-area system with DFIG. 

Two SGs with a capacity of 900 MW and 200 × 1.5 MW DFIGs are located in area A, 
and two synchronous generators with a capacity of 900 MW are located in area B in the 
system. It is assumed that all turbines have the same operating condition and are regarded 
as a clustered DFIG turbine with a capacity of 200 × 1.5 MW. 

The control scheme of TS-PDCC in the DFIG control system is shown in Figure 8, 
where Pref denotes the output of the TS-PDCC, serving as an additional control of the q-
axis rotor-side voltage of the DFIG. The simulations in the proposed study were all based 
on MATLAB 2022b/Simulink. 

Figure 7. IEEE two-area system with DFIG.

Two SGs with a capacity of 900 MW and 200 × 1.5 MW DFIGs are located in area A,
and two synchronous generators with a capacity of 900 MW are located in area B in the
system. It is assumed that all turbines have the same operating condition and are regarded
as a clustered DFIG turbine with a capacity of 200 × 1.5 MW.

The control scheme of TS-PDCC in the DFIG control system is shown in Figure 8,
where Pre f denotes the output of the TS-PDCC, serving as an additional control of the q-axis
rotor-side voltage of the DFIG. The simulations in the proposed study were all based on
MATLAB 2022b/Simulink.
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By solving the LMIs (Equation (35)), the following feedback matrix is obtained:

K1 =
[
13 −294.9577

]
K2 =

[
13 −297.9061

]
K3 =

[
13 −302.6480

]
K4 =

[
13 −312.8051

] (50)

5.1. Three-Phase Short-Circuit Fault Analysis

The effectiveness of the proposed TS fuzzy control strategy based on a wind speed
reception model in mitigating the oscillations caused by a three-phase short-circuit fault
is evaluated in this section. In this case, the oscillation suppression performance of the
proposed TS-PDCC strategy is compared with the existing four approaches, including the
fuzzy control method [38], the DFIG-POD suppression strategy [39], the SG-PSS suppres-
sion strategy [11], and the Fuzzy-PID suppression strategy [40]. For the purpose of this
analysis, the three-phase short-circuit fault with a duration of 0.1 s occurs at bus 3 at t = 10 s.
The transient response of the system is shown in Figures 9–11.
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fuzzy control method [38], the DFIG-POD suppression strategy [39], the SG-PSS suppres-
sion strategy [11], and the Fuzzy-PID suppression strategy [40]. For the purpose of this 
analysis, the three-phase short-circuit fault with a duration of 0.1 s occurs at bus 3 at t = 10 
s. The transient response of the system is shown in Figures 9–11. 
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5.1. Three-Phase Short-Circuit Fault Analysis 
The effectiveness of the proposed TS fuzzy control strategy based on a wind speed 

reception model in mitigating the oscillations caused by a three-phase short-circuit fault 
is evaluated in this section. In this case, the oscillation suppression performance of the 
proposed TS-PDCC strategy is compared with the existing four approaches, including the 
fuzzy control method [38], the DFIG-POD suppression strategy [39], the SG-PSS suppres-
sion strategy [11], and the Fuzzy-PID suppression strategy [40]. For the purpose of this 
analysis, the three-phase short-circuit fault with a duration of 0.1 s occurs at bus 3 at t = 10 
s. The transient response of the system is shown in Figures 9–11. 
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The active power oscillation curves of the transmission line between areas A and
B during the occurrence of the three-phase short-circuit fault are illustrated in Figure 9.
Referring to the performance indicators shown in Table 1, it can be seen that compared
with the use of PSS, POD, fuzzy control, and Fuzzy-PID, the proposed control strategy
significantly reduces the amplitude and duration of oscillations, shortening the settling
time by 58.29%, 60.30%, 45.39%, and 38.78%, respectively.

Table 1. Performance indicator of active power oscillation suppression of transmission line.

Control Strategy PSS Fuzzy TS POD Fuzzy-PID

Case A

Oscillation
time (s) 24.414 23.624 10.183 18.648 16.633

Overshot
(%) 26.91 19.26 18.15 22.91 23.08

Case B

Oscillation
time (s) 35.552 32.369 16.541 26.545 24.332

Overshot
(%) 16.60 8.88 9.66 7.84 10.44

Case C

Oscillation
time (s) 26.367 19.802 12.740 20.104 22.566

Overshot
(%) 9.05 4.94 2.97 3.34 1.71

In addition, the electric power curves and rotor angular velocity response curves of
four SGs in areas A and B during the three-phase short-circuit fault are shown in Figure 9
and Figure 11, respectively. From Figures 10 and 11, the amplitudes of the generator
electric power and rotor angular velocity oscillations of the proposed TS-PDCC strategy are
significantly reduced compared with the other four control strategies. And the oscillation
time is dramatically reduced. Therefore, the proposed TS-PDCC control proved to be
superior to the other suppression schemes in mitigating LFOs, thereby enhancing the
stability of the wind-integrated power system under LFO conditions.

5.2. Impact of Disturbances at Synchronous Generator Terminals

In order to further investigate the performance of the proposed TS-PDCC strategy
under small system disturbances, the excitation reference voltage V of the SG2 drops from
1 p.u to 0.9 p.u at t = 15 s to create an inter-area oscillation. The oscillation suppression
performance of the proposed TS-PDCC strategy is compared with the other four control
strategies. The transient response of the system is shown in Figures 12–14.
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Figure 13. Synchronous generator electric power response curves (Case B). (a) SG1 electric power
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(d) SG4 electric power response curves.

The active power oscillation curves and the oscillation time of the transmission lines
between areas A and B under generator disturbance are presented in Figure 12 and Table 1,
respectively. Referring to the performance indicators shown in Table 1, it can be seen that
compared with the use of PSS, POD, fuzzy control, and Fuzzy-PID, the proposed control
strategy significantly reduces the amplitude and duration of oscillations, shortening the
settling time by 53.47%, 37.69%, 48.90%, and 44.35%, respectively.
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Additionally, by comparing the electric power curves of the SG (Figure 13) and the
rotor angular velocity response curves (Figure 14), the oscillation amplitude and duration
are greatly reduced under the proposed TS-PDCC strategy. Therefore, it has been proven
that the proposed TS-PDCC control outperforms the four compared suppression schemes
in mitigating LFO, thereby enhancing the stability of the wind energy-integrated power
system under LFO conditions.

5.3. Perturbation Analysis with Sudden Load Change

In this case, the robustness against load variation of the proposed control strategy is
validated. In the simulation, load L1 is increased to 1467 MW at t = 10 s and is recovered at
t = 10.1 s. The transient response of the system is shown in Figures 15–17.

The active power oscillation curves and quantitative performance of the transmission
line between areas A and B under load disturbances are presented in Figure 15 and Table 1,
from which it can be seen that the system can achieve stability within 12.740 s under the
proposed TS-PDCC strategy. However, the durations of oscillation with the other control
strategies are 26.367 s, 19.802 s, 20.104 s, and 22.566 s, respectively.

From the electric power curves of four SGs (Figure 16) and the rotor angular velocity
response curves under the five types of control methods (Figure 17), it can be obtained
that the generator electric power and the rotor angular velocity under the proposed TS
fuzzy control can realize stability with shorter time and smaller amplitude. Compared to
existing oscillation suppression strategies, the proposed control method is more effective in
suppressing inter-area oscillations caused by load variations.
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Figure 16. Synchronous generator electric power response curves (Case C). (a) SG1 electric power
response curves. (b) SG2 electric power response curves. (c) SG3 electric power response curves.
(d) SG4 electric power response curves.

As shown in Figure 18, comparison results of the convergence time indicate that
the proposed control strategy has better suppression performance on the LFO caused by
various faults in the power system. Therefore, the superiority of the proposed TS-PDCC
strategy during LFO in multiple cases is verified.
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6. Conclusions

By scrutinizing the power system equation incorporating a DFIG with TS fuzzification
and employing FCMA for processing wind speed data derived from wind farms, this paper
presents a TS fuzzy model, TS-PDCC, that relies on FCMA premise variable processing
to regulate the active power output of the wind turbine and to mitigate inter-area low-
frequency oscillations in DFIG-integrated systems. By integrating DFIG-based WTs into
the classic IEEE benchmark system, the overall suppression performance of the proposed
TS-PDCC control, along with the conventional damping control strategy, is compared.
Three case studies are conducted under different operation scenarios, i.e., a short-circuit
fault happening in the transmission line, a perturbation of the power output of SGs, and
sudden load side changes. The simulation results have shown that the proposed TS-PDCC
approach outperforms the traditional damping method in response velocity, oscillation
overshoot, and computational efficiency.

The limitations of the proposed TS-PDCC strategy are as follows: In the current
approach, all wind turbines in the wind farm are considered to operate under the same
conditions. However, due to the wake effect, the total active power generated by the wind
farm is actually lower than the theoretical value under different wind directions, resulting
in a control dead zone when using the active power of the wind farm for LFO suppression,
which affects the control performance. Additionally, the establishment of fuzzy rules only
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takes wind speed into account, neglecting other factors such as wind direction, which
may reduce the accuracy of the TS fuzzy model in fitting the system. Furthermore, the
subsystems under each fuzzy set still rely on state equations, which increases the difficulty
of subsystem modeling when dealing with more complex systems.

Based on these limitations, future research could include but is not limited to the
following: developing a multi-directional wind farm model that accounts for the wake
effect to reduce the weakening of LFO suppression caused by the control dead zone; incor-
porating multiple factors, such as wind direction, into fuzzy set partitioning to improve the
system’s fitting accuracy; and using artificial intelligence techniques to identify subsystem
models, thereby reducing the modeling complexity and avoiding the challenges of solving
controllers caused by an excessive number of fuzzy rules.
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Abbreviations

Acronym Full Term
DFIG Doubly fed induction generator
FCMA Fuzzy C-mean algorithm
LFO Low-frequency oscillation
LMI Linear Matrix Inequality
POD Power oscillation damper
PSS Power system stabilizer
RES Renewable energy source
SG Synchronous generator
TS-PDCC TS parallel distributed compensation control
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