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ABSTRACT This paper focuses on an innovative passivity analysis of wind turbine systems employing
a decentralized event-triggered control approach. To establish new stability conditions, a novel Lyapunov-
Krasovskii functional (LKF) is introduced, incorporating information from both the upper and lower bounds
of the interval time-varying delay. We provide a new approach to identify the time instants of transmission
from the sensors to the controller using just locally available information in event-triggered communication
schemes. By using the relaxed integral inequality and the delay decomposition methodology, novel delay-
dependent criteria guarantee that the considered system is passive. The passification problem is then handled
by designing a decentralized event-triggered controller based on the acquired passivity conditions. The
established stability conditions are expressed as linear matrix inequalities (LMIs), which may be numerically
verified using the MATLAB LMI toolkit. Finally, a numerical example clearly demonstrates the superiority
of our theoretical results using the simulation model.

INDEX TERMS Lyapunov-Krasovskii functional, passivity, delay decomposition approach, event-triggered
control.

I. INTRODUCTION and fastest-growing sources of renewable energy [3], [4].

Nowadays, population increase and economic development
indicate a high energy demand, necessitating the development
of novel electrical power plants to meet the growing
global energy needs. These breakthroughs fueled tremendous
technological breakthroughs in the direction of renewable
energy sources (RESs), which began to gain traction. Because
of their availability and considerably lower installation costs,
wind, and solar energy are the most appealing renewable
energy options for producing electrical power [1], [2].
Wind energy is widely considered one of the most viable
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Although other types of wind energy conversion systems
(WECS) were presented in the literature, one of the most
favorable systems in wind production systems is direct-
drive WECS with a permanent magnet synchronous generator
(PMSG). The primary benefit of employing a PMSG in
place of a doubly fed induction generator in WECS is the
comprehensive advantages, together with no DC excitation,
minimal maintenance, and a high power-to-weight ratio [5],
[6]. Furthermore, the wind turbine system can operate in
fixed-speed or variable-speed modes. The variable-speed
mode is recommended for the study due to its enhanced
efficiency in WECS. Uncertain parameters and nonlinear
properties are unavoidable when using the PMSG model.
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It should be mentioned that significant efforts have been
made to investigate PMSG. The investigation of the stability
performance of PMSG has recently become a popular subject
of study within the research community [5], [7], [8], [9].

Time delays are a primary cause of instability and loss
of attention in electrical energy systems, and they are also
present in PMSGs due to feedback measurement lags. These
time delays can significantly affect output power, voltage
quality, system stability, and even lead to blackouts. The
stability and stabilization analysis of differential systems
in the context of WECS has been extensively studied
in [10]. To achieve our objective of investigating PMSG
stabilization, we need to develop a time-delay model that
incorporates control strategies and uncertain parameters,
while also considering stability performance. This is a
challenging task, as we must balance all these factors to
create an accurate and useful model. Because the PMSG
with delays that change over time can affect how well the
control works and even how stable the system is, they have
been frequently addressed in the literature. Researchers have
recently become interested in the PMSG model, as seen in [5],
[9], [11], and [12]. Researchers feel that the presence of a time
delay is the primary source of instability and performance
degradation, which makes evaluating systems in control
theory difficult. As a result, the LKF approach has been
developed to successfully handle this problem [13], [14].
In [15], decentralized memory-based sampled-data control
(SDC) was used to study the stability of delayed T-S fuzzy
interconnected systems. Recently, in [16], authors studied the
quantized dissipative control for wind production systems
using the T-S fuzzy model.

The passivity theory was first suggested in circuit
analysis (Bevelevich, 1968) and has brought numerous
incredible examination interests, because of its uses in
diverse exploration fields like stability, processing of signals,
control of chaotic systems, fuzzy control, management of
power systems, regulation of flow, etc ([17], [18]). Even
while research on passivity has received a great deal of
consideration, very little of it has been applied to the WECS
passivity aspects. The passive system, in particular, uses the
product of input and output as the energy provision and
incorporates the energy attenuation property. In this way, the
passivity analysis can be applied to the WECS. Passivity
issues have been generally concentrated in [19], [20] (see
Tables 1 and 2). Nevertheless, it ought to be noted that
there are not many results that have been introduced on the
passivity issues for WECS.

Advanced control mechanisms, including impulsive con-
trol, dissipative control, finite-time control, dependable
control, and sampled-data control, have been extensively
investigated for the stabilization of unstable and networked
systems [9], [16], and [21]. Based on the above-mentioned
control, Event-triggered control (ETC) has emerged as a
prominent approach for improving efficiency in networked
environments by updating control actions solely when
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required, thus reducing communication loads relative to
periodic strategies [22], [23], [24], and [25]. Centralized
ETC facilitates globally coordinated decisions; however, it is
hindered by scalability and communication bottlenecks [26],
[27]. Periodic ETC diminishes data transmissions to a
degree but continues to depend on fixed-time sampling [28].
Additionally, hybrid schemes that integrate time and event-
based updates frequently necessitate synchronization among
subsystems. The proposed decentralized event-triggered
control (DETC) framework allows each wind turbine to
independently assess its local triggering condition based
solely on local information, thereby eliminating the need
for continuous communication and central coordination. This
decentralized architecture improves scalability, resilience
to delays, and energy efficiency, particularly in extensive,
spatially distributed wind farms [24], [29], and [30]. The
proposed DETC scheme integrates a passivity-based design,
ensuring global energy-based stability under asynchronous
and sparse updates, thus providing a theoretically robust and
practically efficient control solution for wind turbine systems.
In this manner, the DETC innovation has demonstrated
an increasing predominance over other control approaches.
Despite the fact that the relevance of DETC management
and passivity features has been widely recognized, the
event-triggered challenges of passivity and passification for
the PMSG model have yet to be addressed and remain
unresolved. The structure of the proposed control scheme has
been represented in Figure 1.

Inspired by the aforementioned discussions, this article
is concerned with the Passivity analysis for the PMSG
model with delay decomposition approach (DDA) via event-
triggered control. In particular, compared to the previous
PMSG models, the novelty of this general time delay
lies in its modeled system, and the uncertain parameter
parts are considered comprehensively. Hence, the foremost
innovations and salient contributions of this article over the
relevant reports are concretely reflected in the following
points:

1) Based on the passivity and passification theory, the
problem of DETC of PMSG is investigated.

2) The chosen Lyapunov-Krasovskii functional (LKF) is
enhanced with more input delay-dependent information using
the DDA and DETC technique.

3) The DETC technique is utilized to optimize the limited
network resources in conjunction with the PMSG model.

4) By constructing an appropriate Lyapunov-Krasovskii
functional together with relaxed integral inequality and other
inequality approaches, novel passivity criteria are established
in the form of linear matrix inequalities. 5) Finally, numerical
examples with simulation results are included at the end
of this study to demonstrate the efficacy of the DETC
mechanism described in this study.

Notation: The notation X € R™ means that X is
an n x m matrix with real entries. X > 0 or X > 0,
it means that X is positive definite or positive semi-definite,
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TABLE 1. Comparison of key features in wind turbine models.

Aspect [51 [8] [9] [12] [16] Our paper
DETC X X X X X v
Passivity Analysis X X X X X v
Delay Consideration

in WEC X X X v v v
Uncertainty (AA, AB) v X v v v v
Non-fragile

-Controller Design X x Vv X X v
DDA-LKF X X X X X 4

TABLE 2. Summary of relevant research works.

Reference Main contribution

Relevance to current Work

[2] Studied a direct-driven PMSG wind turbine for the Addresses decentralized event-triggered control of
power system. the PMSG wind turbines.

[4] Investigated memory-based integral SMC for nonlin- Focuses on PMSG wind turbine using DETC,
ear DFIG-based wind turbines using T-S fuzzy. whereas our work emphasizes both uncertainties and

passivity behaviour.

[18] Studied delay-dependent passivity conditions for NNs  Provides theoretical insights into DDA handling,
with time-varying delays and uncertainties. which supports our LKF-based approach for the pro-

posed model with DETC.

[21] Studied robust event-triggered control for T-S fuzzy Our work focuses on the DETC and robust passivity
systems with uncertainties, using weighted inequali- analysis for the PMSG wind turbines.
ties to ensure reliability and stability.

[30] Investigated communication schemes for centralized While our work does not focus on the centralized,
and decentralized event-triggered control, optimizing it incorporates decentralized ETC in the presence of
resource usage in networked systems. uncertainty to improve efficiency.

[31] Developed a Passivity-based fuzzy ISMC for wind Highlights and enhance the effects of variation of

energy conversion systems with PMSG.

respectively. The inverse and transpose of a matrix Q are
denoted by Q! and Q7 respectively. The identity matrix
with the corresponding dimensions is denoted by /. When
dealing with symmetric matrices, we use the notation * to
indicate the symmetric terms. The notation R" represents
the n-dimensional Euclidean space, while R"*" represents
the set of n x m real matrices. Finally, if we have a set /17
with 17 elements, then for anyj in that set, we can denote
the block entrzf matrix a; as [OnX(F n I Onx (17 —j)n].
Moreover, YV j € I17, we denote the block entry matrices
a = [0,G-1, I Opqr—jnl j = 12,17, for
example:as =[0...0 7 0...0].
—_— =

4 times 12 times

Il. PROBLEM FORMULATION AND PRELIMINARIES

Consider a wind with an air mass 7, pressure p, density
0, and velocity ¥ imparts momentum H = m, — d)
onto a disk with a cross-sectional area A. Then, the resultant
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wind speed and reference voltage in the PMSG wind
turbines using OPAL-RT.

force is:

ﬁ_Aﬁ_Am(ﬁu—f/W)_AAA(A W)
At At = PAVOR T Vw)-

Moreover, the wind force is stated as,

~ 1.~ . .
F = 5pA(vﬁ —2). )

Using (1)-(2), the wind speed at the actuator disk may be
calculated with the input and output wind speed as vy =
%(ﬁu + V). The power coefficient Cj is defined as
Dot _gaq—ay 3)

wind

From (3), Cj reaches its highest value Cj 0, = 0.59 at
a = 1/3 (referred to as the Betz limit), which represents the
WECS’s maximum power extraction in the ideal condition.

Performance of Non-Ideal Wind Turbine. As illustrated
in Figure 2, the greatest possible power extraction for the
majority of WECS is roughly 70% to 80% of the Betz

Cf,z
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FIGURE 1. Structure of the proposed control scheme.

Generator side
converter

Wind

Grid side

inverter Power system

3\
)

@

Grid utility

Decentralized event-triggered
control

wWind Turbine

FIGURE 2. Schematic diagram for PMSG-WECS.

limit. Hence Ci? = Lu 05, Here, X is defined as the

relationship between the speed of the outer blades and the
corresponding wind speed 7,

. R
=2t )
v

where Rt denotes the turbine blade length and w, denotes the
mechanical rotational speed of the rotor.

Assuming a wind turbine with blade pitch angle ,3 = 0°,
the constants ¢ to ¢7 are given as ¢ = 0.39, ¢, = 116, ¢3 =
04,4 = 5,065 = 16.5,¢6 = 0.089, and ¢7 = 0.035.
Using these constants, the maximum power coefficient is
calculated to be Cp, max = 0.4953, which is a typical value
for wind turbines. Additionally, the optimum tip speed ratio
is calculated to be io = 7.2, which is also within the expected
range for wind turbines.

The wind turbine’s aerodynamic torque is calculated as
follows:

wy 2 Wy

&)

T =
Therefore, from (5) becomes

B pRICy (A, B)? 1
B 2i B 2w,

PAPC5(R, B).  (6)

Tin
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The torque coefficient C;; describes the rotor output torque
and is useful for evaluating the performance of a wind turbine.
For example, given the optimum tip speed ratio ro, the
maximum torque coefficient Cg, max can be obtained. The
above equation (6) is used to calculate the mechanical torque
obtained from the wind. It takes into account the density of
the air (), the radius of the rotor blades (k), the wind speed
(¥), and the torque coefficient (C3), which depends on the tip
speed ratio (A) and the pitch angle (,3). The torque coefficient
is obtained by dividing the power coefficient by the tip speed
ratio, as mentioned earlier. The resulting mechanical torque
is an important parameter for evaluating the performance of
a wind turbine system and for controlling its operation.

PMSG Model: Consider the following direct and quadra-
ture axis voltage of the PMSG model is given by:

A . di;l )

uy = _Rsl[} — L&E —i—L@lg]a)e, (7)
a di .

Uy = —Rsl@ — Lg]z + (—Lala + W;)we. (8)

With the PMSG, Ly = L, which will refer to L for both
quantities. Altered (7) and (8), it gives:
dis R 1
d S . .
a T Tprated gt
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di;i R . .
P —fz;j — Wely — zua + Z\I',hwe.
On the basis of the high-speed shaft rotational speed
equation, the third state variable is defined as follows:
dw, T, Te Bwr

- e T 9
dt J J J ©)

where, Bw, denotes the frictional damping torque. We can set
B = 0 if we disregard the damping friction torque.

The electrical rotational speed is w, = ga)r, where P
denotes the stator pole count. To increase the electrical power
extraction, a field-oriented control strategy is used, in which
the electromechanical torque and rotor flux are independently
controlled. The electric torque 7, in (9) is defined as follows:

3P . A
T = 55\11,31!;1 = ki, (10)
where, k; = %IA’\IJ,% is the torque coefficient. Therefore, the

comprehensive PMSG-based WECS model is as described
below: [32]:

) R | P
i(t) 7l ot
. . R N
G0 | = | = By 4 22
o) (t) T 3P .
' 7 — 17 Vil
=L 9
L M&
+1] 0 _Tl [ ] ) (11)
”
0 o0

Linearized WECS Model. According to (4), the ideal
mechanical speed of rotation is as follows:
Wl = )\AO‘A}.
R,
Moreover, the optimal quadrature axis current is is defined
as

(12)

]’%*
is = —(@")>. (13)

t
To maximize the produced electromechanical torque T,
it is preferred to align the stator current space vector with
the quadrature axis (q-axis). This is because the g-axis is
responsible for producing the torque that drives the rotation of
the machine. This alignment can be achieved through the use
of a field-oriented control strategy, where the current vector
is divided into two components: one along the d-axis and
one along the g-axis. In field-oriented control, the optimal
direct axis current i% is set to zero, which ensures that the
stator current vector is aligned with the g-axis. This allows
the maximum possible torque to be produced, resulting in
improved performance of the machine. By using this strategy,
the machine can operate more efficiently, with reduced losses

and improved power output.

it =0. (14)

VOLUME 13, 2025

To obtain a linearized model for the PMSG-based Wind
Energy Conversion System (WECS), we begin by selecting
a desired equilibrium point based on the optimal operating
conditions, as specified in (12), (13), and (14). Then, we take
the partial derivatives of the system dynamics (11) with
respect to the state variables, evaluated at this equilibrium
point. Using this approach, we can derive a linearized model
for the system in the following form:

. *Rs @, _11 .
la L 2 2 la
i’a = f)a)f _RS Q _ Plz 12]
. 2 L 2L 2
Wy _pw. Wy
m
0 — 0
=0
L 1 s
+{ 0 = . (15)
L g
0 0

A tachometer is a device used to measure the actual
mechanical speed of rotation, denoted by w,, and provides
this information in real-time to the control system. For a
PMSG-based WECS, a linearized dynamical model can be
constructed to capture the system dynamics, control, and
external disturbances while accounting for feedback delay in
w; and model uncertainty.

i(1) g1 & 0][ iy
0 [ =|-82 @ 0] iz®
(1) 0 g 0][w®
0 0 [ it—t@)
+l0 0 g4 || ialt—T@®)
0 0 o0 ||Ler@—1@)
=1 o
L u[{
+]1 0 = + |1 |w,
L g
L0 0 1
where,
—Ry + AR Po*
gl =—FF, &= s
L+ AL 2
—3Pw, 4p o
83 = » 84 = —% ~ T T
4 2L+ AL 2

w denote the external disturbance term,; AIAQS and AL denote
the resistance and inductance variations.
In this work, we look at a time-varying delay system that
may be characterized by the differential equations below
E(1) = (Ao + DAYE(D) + (A1 + AADE( — d(1))
+ (B + AB)u(t) + Aaw(n),
E(1) = ¢(1),V 1 € [~da, —di] (16)
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where £(r) € R”", u(t) € R™ states the state vector
and the control input, respectively; w(t) € RY is the
exogeneous disturbance Ly € [0, 00). Ag, A1, B, and Az are
known constant matrices with approximate dimensions. 0]
indicates the initial condition in [—d>, 0]. AAg, AA1, and AB
are unknown matrices that are supposed to reflect the time-
varying parameter uncertainty.

[AAg AAy AB] = §F(0)[H1 Ha Hal, a7

where the real constant matrices G, H1, Hy, H3 are known,
and J(¢) denotes an unknown time-varying matrix function.

FLFa) <1. (18)

During this whole work, we will look at the modeled
system (16) stability issues in the presence of time-varying
delays listed below. For all + > 0, the time-delay d(¢) is a
differentiable function.

0<d <d(t) < dy, dt) < hy, (19)

A. IMPACT OF TIME-DELAY ON STABILITY OF INVERTERS
The wide proliferation of power electronic systems with
precise control systems requires implementation with
microprocessor-based systems. The digital implementation
of the pulse width modulation techniques requires a zero-
order hold, which leads to a phase lag-induced time
delay [33]. The one-step delay is utilized in digital control
systems to sample the voltage or current signals precisely at
the occurrence of a control interrupt. The impact of delay
introduced by the digital controller has an impact on the
system stability as well. The impact of control delay on the
stability of the DC/AC inverter was systematically analyzed
in [34]. With the inverter-side current taken as feedback, the
change in time delay of one switching period T is sufficient
to push the system out of stability. The impact of time delay
on the closed-loop poles and zeros for a time delay variation
of 0T} to 3T is shown in Figure 3.

Pole-zero map

LN
- oo
E * 4 P E 4]
.E &'
- -0 y
' i e
! é’gﬂx‘/ﬁ
-1 -0.5 0 0.5 1

Real axis

FIGURE 3. Impact of time delay on poles and zeros for an inverter [34].
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The wind energy conversion systems utilize power elec-
tronic converters for AC/DC conversion and DC/AC con-
version in a back-to-back type connection. These controlled
converters deploy digital closed-loop control systems for
output regulation and ripple reduction. The zero-order hold
in the digital control systems is the primary source of phase
lag-induced time delay. The grid-side inverter utilizes an
LCL filter to reduce the harmonics in the current injected
into the grid. The LCL filter has an inherent resonant issue
that has to be actively damped. The performance of active
damping systems is also severely impacted by the time
delay [35]. The impact of time delay in the regulation of load
frequency for three-area power systems is studied in [36], and
a delay compensation mechanism is introduced to overcome
the impact of time delay on the stability of load frequency
control. Hence, there is a need to design digital control
systems for power converters capable of providing delay-
dependent stability [37].

With the increased penetration of renewable energy-based
systems in the electric power grid, the requirement of power
electronic systems for the conversion and control of electric
power injection to the grid is also increasing. The increased
utilization of power electronic converters Ingrid interfacing of
renewable energy systems is slowly making the grid-forming
converters. In this context, the stabilization of electronic
converters exporting power to the grid in the time delay
induced by digital control systems is of extreme importance.

B. DECENTRALIZED EVENT-TRIGGERED SCHEME

To reduce bandwidth consumption, a DETC is being used.
The inputs d and measurement faults £(¢) are gathered into z
nodes throughout this arrangement, furthermore, the signals
associated with node u € {1, 2, ..., z} are indicated by &,(¢)
in R for >°5_,dy, = d. VYe signify u” event generator
discharge moments with [tguh]l‘-:ft = 0 and verify every next
release of event generator with ti‘ﬁ] h and u is calculated as
follows:

r Hiz — t};fz + min{piz|QZ(tfu h+ piz)¢uQu(t]1:ufz + ph)
> 0u&,) (EDuEith), (20)
where ¢, > 0, o, = 0, and the difference between the latest

sampling vector as well as the most recent transmission vector
is defined as.

Qu(t i+ ph) = &u(t}! b+ ph) — &(1}. h).

We will look at a DETC, which is a crucial component for
creating any control framework and reducing the network’s
communication cost. In general, from (20), the group of
release instants {tli‘uiz} is a subset of {0, h,2h, .. .}. The DETC
approach is intended to be diminished certain unnecessary
transmission of data. We are interested in constructing the
controller below in this article.

u(t) = K[g! (t]%]fz) ef (t%jz) g}(tgziz)],z € [tgh, tr1h),
21
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where the non-fragile controller gain is represented by AK
and K = K + AK. The following variations of the
multiplicative non-fragile controller gains will be taken into
consideration:

AK = EgF(1)E1 K, (22)

the constant matrices £y and &; are of the required
dimensions, and the unknown matrix function F'(¢) has the
condition

FT()F@) <. (23)

Moreover, construct n(t) =t — t,;iz — pfz fort € pp. Itis
easy to understand that n,(¢) is a piecewise linear function
satisfying

t € pp,

0 < (@) < hs,
t # l‘];il-l- uh.

mn@) =1,

Therefore, the threshold error Qu(t,;iz+ pfz) can be rewritten

as Qu(t — 12(0) = &u(t — ma(1) = &t ), 1 € pp.
Define the control input u(?) as
u(t) = K& —m(0) = Q1 = m(1), 1€pp. (24

Utilizing (24) in (16), we get

E(t) = Apk(t) + A1E(t — d (1)) + Aaw(t)
+ BK(E(t — m(@) — Ot — m(@))),  (25)

for t € p,. where, A() = Ag + AAy, A] = A + AAy, B =
B + AB. From the DETC condition (20) that there exists for
t € pp,

07 (1 — m() ¢ Ot — m(®) < o[E(t — (1))
—0(t — m@)] PIEE — m(1) — Ot — (D)),

with ¢ = {¢1, P2, ..., ¢;} and o = {01, 02,..., 0;}.
Remark 1: Note that the triggered setting off in (20) is
decentralized. The sampling, triggering rules, and commu-
nication for any correspondence channel (e.g., u” channel)
just requires its own sampled details, and its event-triggered
moments are unique in relation to different channels
(to"il ti‘fz t” h). Accordingly, contrasted with (20), this
decentrahzed trlgger makes additional degrees of freedom
and is more productive.
Before we begin, we introduce essential definitions and
lemmas to assist us in obtaining our important results.
Definition 2: [38] The system (25) stated that passive if
there exists a scalar y > 0 such that, vz, > 0

[ i
2[ /0 yT<t>¢1(t)dr] > —y{ /0 ¢>T(r)¢1(r)dt],

under the zero initial condition satisifes, where yT(t) = éT(t)
and ¢7 (1) = wl (1).

Lemma 3: [39] The subsequent inequalities exist for any
continuously differentiable functions & : [a, b] — R for any

VOLUME 13, 2025

positive-definite matrix Z > 0 and scalars a > 0 such that
a<b.

b b
/ /ﬂ ET(5)2&(s)dsdp < —20T 20| — 401 20,
a

b b, .
/ / ET(5)28(s)dsdp < -2 203 — 40T 2y,

where

1 b
®) = Eb) — ﬂ/ E(s)ds, ®y = £(b)

2 b
+m/a E(s)ds
6 b rb
o a)2/ / &(s)dsd B,

s(a)—— / E(s)ds,

<1>4—s<a>——/ Eds + s //E(s)dsdﬁ

[40] For any semi-positive definite matrices
Ui U Us
U=|UL Un Uy
vl ulL U

Lemma 4:

> 0 the subsequent integral inequality satisfies:

t t
= / ET(9)Ussé(s)ds < / [E7 (1) €T (t — d(@)) €7s]
1—d(t) —d(1)
Uy Up U &(1)
U1T2 Uy U -‘E(I‘—d(t)) ds.
u, uL o0 £(s)
Lemma 5: [14] For block symmetric matrices R =

diag{R>, 3R>, 5R>} with T > 0, any matrix S, the following
inequality holds:

1 T, R S
LT
v -0 o ( . R
hS*hZz(l)Ul 0 T
+ ‘ (1),
o oy, ) r, |10

where

by : 1=na ()
W) = — / ET ()R (s)dds — /
t7772([) T*h3

(@) = (€7 (1) € (b)) &7 (th3) vi () vy () VE @) v O],
bj = [Oux(j—1), I Onxa—jpnl, j=1,2,---,17,
Ul =R-— SR_lsT, U2 =R — STR_IS’

t

ET (s)RaE (s)ds

vi(t) = £(s)ds,

0) 0
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1 1=n2(1)
() = — / E(s)ds,
p) (t)
v3(t) = / £(0)dods.
(t) 0
t—na(t) pr—na(t)
()= —— / £(0)d0ds,
(h3 — 772(t)) —hs s
[ by — by
by — by + 6by — 12bg
L by — b -
= by + b3 — 2bs

by — by + 6bs — 12by

Lemma 6: [24] Let F(¢) be a real matrix that satisfies
FT(t)F(t) < I. Additionally, let &y, €, and F(r) be real
matrices with appropriate dimensions. Then, for any scalar
€ > 0, the subsequent inequality satisfies:

EF (& + ETFT (el < elepel +ecTe.

ill. MAIN RESULTS

The key findings of this study reveal that our decentralized
event-triggered approach ensures the overall system’s stabil-
ity. A new DDA for the system (25) is designed to achieve
certain less conservative criteria. New stability standards for
the interval time-varying delay system (25) are presented in
the following theorem.

00 = [T, 67— 1), 67 — do). €7t - a9),
t

1
Tt —m(@), ET(t — h3), — 7 (s)ds,

@) Ji—p)

1 t t 1 t=n2(t)
—— / £7(0)dods —/
n3(t) Ji—nyy Js h3 —m2(t) Ji—ns

T 1 t=na(t)  pr=m(t) T o\dod
R ey L /t_m / 5 (G)dods,

. 1 !
L), 0T (t — m()), = / 8 7 (s)ds,
1—o

1 0 t 1 t—ad T
s)dsdo, / s)ds,
(a5) —as E ®) dry —ab Ji_g, 5

—ouS
(dr — a8)2 / gT(S)deea WT(Z‘)],

Eir Bz Ep3

2= 3{2 By Exn | >0, E2=U,V, W
=T =T =
S13 H23 =33

Theorem 7: According to Definition 2, the system (25)
under the influence of (19) is regarded as passivity. In addition
to the gain K, this is true for the following scalar parameters:
0 <d =dt) <d,a(0 < a < 1), o, vy, h3, and
hq > 0. The positive-definite matrices P, Q;, and R;(i =
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1,2,3,4,5;j = 1,2,3,4,5,6,7), semi-positive definite
matrices E11, E12, 13, 822, E23, 833, real matrix L, and
matrix ¢ > 0 with the proper dimensions satisfy the passivity
conditions, subsequent LMIs satisfy with n,(¢) € [0, h3]:

0 <0 (26)
and

04— U3z >0,

0Os — V33 >0,

05— W33 >0 27)

where 0 = [0;],,,,, (see Appendix )
Proof: Based on the DDA at the midpoint §, we divide

the delay interval over two equivalent sub-intervals ( i.e.,
equivalent to [dy,d8] and [8, dz]). If we can show that
Theorem 7 holds for two situations, aé < d(t) < dp and
dy <d(t) < aéb, where § = (da + d1)/2, then Theorem 7 is
true.

Case 1: When a8 < d(t) < da, construct a Lyapunov-
Krasovski functional (LKF) candidate as

;
VED) =D Ve(EW) (28)

r=1

where
Vi(g) = T (1PE(),

t t
Vae) = / 0+ / £7 (5)0:% (s)ds
I—o 11—

dy
t
+ / ET (5) 05 (s)ds.
t—d(t)
0 t
Vi) = / ET ()04t (s)dsd
—ad Jt+0
—ad t
+f
—dy t+6

t
Vae) = / ET ()R, (s)ds
t—n(t)

ET(5)Qs (5)dsd®,

0 t
+ I3 / ET()R2E(5)dsd0,
h3 Jt+0

t
Vs(&) = h3 / ( )é%)Rzé(s)ds
r—na(t

7.[2 t
-7 [E7(s) — £T(t — m(1))IR;
t—ma(t)
x [E(s) — E(t — na(1))]ds

0 0 t
Ve(&) = / / ET(s)R4E(s)dsd BdO
—asJ—as Jt+p

0 0
+ / / l ET(5)RsE (s)dsd pd,
—adJO Ji+p
—ad 0 t . .
Vie) = / / ET ()R (s)dsd B8
—dy Jt+pB
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—ad

—ad t
+ / / ET()R7E(s)dsd Bd6.
6 1+B

—d;

The derivative of (28) with regard to t > 0 along the
trajectories of (25) yields

Vi) = 26T (1)PE(),

Vae) = ET(Q1 + Q2 + 03)E() — 7 (t — a8)Q1£(t — ad)
— &1t — d)) Qo (t — da)
— &7t —d)(1 — h)Q3&(t — d(1)),

Va(&) = ET(1)[Q4(ad) + Os(dx — ad)IE(1)

t t—od
- / SéT(S)Q4é(S)ds— / , ET(5)Qsé(s)ds,
t—a t—dy
V(&) = ET(ORIE() + WET (DR2E(1)

([ Eorieds
1=n2(1)

t—=m(t) | .
+ [ EoRe). 29)
t

7h3

Vs(&) = IET (OR3E(1))]
w2 T T
—T[E (OR3E(1) — ET(DR3E(t — 1o(1))

— 7 (—mORE O (—m(ORE =20 .

5)72.
(“2) ET (1) (Ry

) 0
+ Rs)E(1) —

—ad

0
- / t ET (5)Rsé (s)dsd,

—ad J1+60
dy — ad)?, :
%s%)(& + RDE®D)

—ad

t+6 . .
- / ET (5)Ro (5)dsd
t—dy

—dy

V(&) =

t+6 . .
/ ET (5)Raé (5)dsd
t—ad
Va(&) =

—ad t—ad
— / / ET(9)R7E(5)dsdb. (30)
1)

t+60
Utilizing Lemma 3, we computed as follows

0 t+6 . . .
- / / ET(5)R4E(s)dsd0 < —nT ()ET RyE1n(2),
—ad Jt—ad

0 t
/ ET(5)RsE(s)dsd0 < —nT (1)ET RsEan(1),

—ad Jt+60
—ad t+6 . . 5
- ET(5)Reé (s)dsd0 < —n" (VET ReE3n(r),
—dy t—d>
—ad —ad . . ~
- / ET(5)R7E(5)dsd0 < —nT (1)EI R1E4n(2),
dr t+6

where

Ri = diag{2R; 4R;}, i=4,5,6,7,
as — a3 a —ais
E = E =
1 as —4ayz + 6ais |’ 2 ay + 2ai3 — 6as |’
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az — ais as —aps
Es = az —4ais +6aie |’ Ea= as+2ays —6age |-

Alternatively, the following inequalities are true
t T . r—ad r .
- / §7(9)Q48 (s)ds — / £° (5)Qs&(s)ds
t—ad t—dp

t —ad
=- / SéT(s)szé(s)ds— / )éT(S)Qsé(S)dS
t t

—a —d(t

t—d(t) X .
- / ET (5)0sé (s)ds,

t—dp
I—a

t )
—_ / ET (5)Ussé (s)ds — / ET (5)V3aé (s)ds
t—ad t—d(t)

t—d(t) X . t X .
- / ET (5)WisE (s)ds— / Qi Uni(5ds
t I—a

—d,

t—ad
- / ET(5)(05 — Vsn)é(s)ds
t

—d(t)

1—d(t) .
— / ET(5)(Qs5 — W33)E(s)ds, 31)
t

— d2

Using Lemma 4 and the Leibniz-Newton formula, we get

t
a ~/t—a8
+ &7t — a®)[UL(@d) — UL + Unler)

+ T O[U2(ad) + UL — U3lE(t — ad)
+£7(t — ad)[Un(ad) — UL — Unle(c —as).  (32)

ET(5)Us3E(s)ds = ET[U11(ad) + U + U3lé(2)

Similarly

t—ad
- / ET(5)V33E(s)ds = T (t — ad)[V11(da — ab)
t—d(t)

+ Vi3 + VEIEG — ad) + ET(t — d0) V5 (da — )

— V54 Va3le(t — ad) + €7 (t — ad)[Vi2(dr — é)

+ V)5 — Visle(t — d(1)

+ET (= dt)[Vaz(dy — ad) — Viy — VazlE(t — d(1)),
(33)

and

t—d(t) . .
- / ET (5)Wa3é (s)ds
t

4
= &7(t — dO)[W11(d> — @8) + W5 + Wi31E(r — d(1))
+ &7t — d)IW5(da — ad) — W5 + Waslé(t — d(1))
+ &7t — d)[Wia(dy — a8) + WE — Wi3lE(t — db)
+ &7t — d)[Waa(dy — ad) — Wy — Wazlé(t — da).
(34)
By applying Lemma 5, we proceed to compute the two

single integral terms present in V4(&,) and the integral terms
are effectively evaluated, allowing us to express V4(&;) in a
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more analytically in the subsequent form
T

T, R S
() < =YT@) (
Ip)

* R

+ T@) (35)

h3—h'3)2(l‘) U; 0 T
)|~

0 772([) U2
where Y'(¢), Ty, T>, U1, and U, are defined in Lemma 5.

Furthermore, the subsequent condition is met for each
matrix L = P with suitable dimensions:

26T (OL + ET(OLIAGE®) + A1E(r — d(1)) + Apw(t)
+ BK(&(t — (1)) — Ot — ma(1))) — E()] = 0. (36)
where Ag,A;, B is defined in (25). Using the last target

to demonstrate the nonattendance of passive property, the
following inequality is given:

tp tp
J(rp>=2[ /0 y%)@(r)dr] > —y[ /0 ¢>1T(t)¢<r>dr]
Ip p
:—2[ /0 y%)@(z)dr]—y[ /O ¢{(r>¢1(r)dz]so
Ip
J(rp>=| /O —2yT<r)¢1(z>—y¢{<r>¢>1<r>]. (37)

By combining (29)-(37) it can be got that

[V(&) — 25T ()1 (1) — y¢{<r)¢1(t>] <" o) <0,
(38)

where, 60 is defined in (26). Integrating both sides of (38) w.r.t
't over the period 0 to 7,

2[/0 y (t)¢1(1)dt] [/ V&) — v (t)¢>1(t))dt]

—y [ /0 ¢>{(z>¢>1<t>>dr].

Since Q4 — U3z > 0, Q5 — V33 > 0 and Q5 — W33 >
0 then the last three terms in (31) is less then or equal to
0. As a result, the system (25), which includes an interval
time-varying delay, meets the requirements for passivity in
accordance with Definition 2.

Case 2. When d; < d(t) < «ad, the LKF is chosen as
follows:

t
V(&) = ET(1)PE(D) + / £7(5)01£(s)ds

t—ad
t
+ / £7(5)02& (s)ds
t—d
t
+ / £'€7 (5)03& (s)ds
t—d(t)
0 t
- / ET (5)Qué (5)dsd
—ad Jt+0
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—d t
+ / [ E (905t (s)dsde
—ad t+0

t
+ / T (s)R1&(s)ds
t—na(t)

0 t
+h3 / / ET(9)R2E(5)dsdb
—h3 Jt+6

t
41 / ET ()RsE(s)ds,
t—n(t)

712 t

(€7 (s)
4 Ji—ma

— &t — n2(1))ds
0 0 )
+ / / ET()R4€(s)dsd BdO
—ad J—ad Jt+p
0 0 pr .
+ / / / ET()RsE (s)dsd BdO
—ad
—d;
/ / ET (9)RsE (s)dsd B8
— —ad Jt+p

—d
+ / / 1 / ET(9)R7E(s)dsd BdE.  (39)
—as Jo t+B

where P > 0,0; >0,R; >0(=1,2,3,4,5;
j=1,2,3,4,5,6,7). Choosing

00 = 670,670 = dw). §7( —a8), 7 — ),

— &7 (t — m()IR3[E(s)

t

1
ET(t — @), T (t — h3), (—— £(s)ds)T,

@) Ji—n)

! / £(0)dods)T

772 (t) t—na(t)

1=n2() 1T
T SO

f m(t)  pt—m(r) Ndods)
(m/ / £(0)d0ds) E ®),

t
0Tt — (1)), (— / £(s)ds)”
t—ad

t—d
/ £(s)ds)T,

s(s)dsde)T, wT(t)].

1 0 t r
((OlT)z/—as §(s)dsd0)" , ( %8 —d;

1 “

(———
(@8 —d)? J_as Jio
and (26) — (27) as that for case 1.

Remark 8: Before stating the following theorem, it is
pointed out that the non-fragile controller with uncertain
parameters AB rarely happened simultaneously, despite the
fact that it is a very practical problem [41], [42], [43].
Therefore, studying the non-fragility of the controller can be
better applied and practiced.

Theorem 9: System (25) subject to (19) is passivity in
the sense of Definition 2 and for given scalars 0 < d; <
dit) < dy, 0 (0 < @ < 1), o, y, h3, and by > O,
control gain K, if there exist positive-definite matrices P,
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O, R (i=1,2,3,4,5j=1,2,3,4,5,6,7), semi-positive
definite matrices &1, E12, &13, &22, &23, &33, real matrix
L, if there exist scalars €; > 0, €2 > 0, and matrix ¢ > 0 with
appropriate dimensions, such that the subsequent LMIs are
satisfy with n2(¢) € [0, hs]:

0, <0, (40)
where
[0y T3 rr
0 = * —erl 0 , Oy
| x * —e; 'l
T r!
= x —€el 0 ,
* * —el_ll
and
04— U3z >0,
Os — V33 >0,
Os—W33>0 41)

where I1 = [é]l7><17 (see Appendix)

1jr00f.' Ifrom Theorem 7, it can be obtained easily that
6 = 6 + A6. Then by Lemma 6, there exists € > 0, such
that

A6 =TT + [ FOM)! <e'TirT + 61T,

Utilizing the Schur complement, we have

6 I r!
Oy = | * —eal 0 <0
* * —el_ll
where § = [§U]17x17s and
hz — (1) g

f15s = 3R> + 3R, +R37TT + LBR,

3
01,12 = —LBK, 0511 = (LBK)", 611,12 = —LBK.

The other elements of [éij]l7xl7 are same as in [0]17x17.
Moreover,

Fl = [9TLT 07"' 70 9TLT 07"' 7O]T7
—— ——
9 times 6 times
I'p=[H; Hpy 00 HzK 0,---,0
—_——
6 times
- 33K 0,---,0].
—_———
5 times

From non-fragile controller (21), we can see that
é\/ = év + Aév,

where G_V is the matrix, and switch the K in év to K,
considering (22) and Lemma 6, there exists scalars €2 > 0,
such that

Oy + Aby = Oy + T3F ()4 + (T3F (1)),
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<Oy +elITy+e 'T5I7. (42)

Utilizing Schur complement, (42) is identical to (40), and
the statement of the theorem is valid using the same argument
as Theorem 7. This completed the proof. g

Depending on Theorem 9, we may build the controller (21)
for the system (25), and K is the controller gain that must be
computed.

IV. CONTROLLER DERIVATIONS
This section covers determining appropriate control gains
to stabilize the performance of the investigated closed-loop
system (25).

Theorem 10: System (25) subject to (19) is passivity in
a manner of Definition 2 and for given scalars 0 < d; <
dit) < dy,a (0 < @ < 1), o, h3, y,and hy > 0, the
matrices are exist with X > 0, Q,- > 0, IAQJ- > 00 =
1,2,3,4,5;j = 1,2,3,4,5,6,7), semi-positive definite
matrices éu, éu, élg, @22, @23, @33 all are exists, matrix
Y with appropriate dimensions, if there exist scalars €; >
0,€ex > 0, and matrix ¢ > O with appropriate dimensions,
the subsequent conditions hold with 1,(¢) € [0, h3]:

U <0, (43)
04— Usz > 0,
Os — V33 > 0,
05 — W33 =0 (44)

where ¥ = (\il,-j)ﬂle (see Appendix )

Furthermore, the controller gain may be built as K =
yx—1.

Proof: Define X = P10, = XQX,R =
XRXG = 1,2,3,4,5,j = 1,2,3), U = XU X, Vi =
XViX, Wi = XWiuX(l = 1,2; m = 1, 2, 3). Pre- and post-
multiplying (40) with diag{X, X, X,1,1,1,1,1}, and (27)

—_—

16 times
with X, we can obtain LMIs (43) and (44).

Remark 11: This paper introduces a novel relaxed integral
inequality for estimating a single integral term while
performing passivity analysis on the PMSG model with
a time-varying delay. The relaxed integral inequality in
Lemma 5 is advantageous because it makes it easier to figure
out ¥ (¢) without requiring any additional decision variables.
As a result, when the two steps are considered together, the
estimation has less conservatism than when the two steps are
considered separately.

Remark 12: Compared to traditional centralized event-
triggered control (CETC) schemes, the proposed DETC
offers several key advantages in the context of PMSG-
based WECS. In CETC frameworks, the triggering condition
is evaluated using global system information, requiring all
subsystem states to be continuously communicated to a
central controller. This centralized structure incurs high com-
munication overhead and is vulnerable to single-point failures
and network-induced delays. In contrast, DETC allows each
subsystem (node) u € {1, 2, ..., z} to independently monitor
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its local measurement £,(¢) and execute a local triggering
condition of the form:

Qu (1) b Qu() > 0u & (i ) pubutl ), (45)

where ¢, > 0 and o, € [0,1) are tuning param-
eters that allow node-specific communication thresholds.
This decentralized formulation reduces the frequency of
unnecessary data transmissions and relaxes the reliance on
synchronous communication. Furthermore, by accommodat-
ing asynchronous and delayed data updates, DETC improves
robustness in real-time embedded WECS environments,
where communication bandwidth is limited, and subsystems
operate with partial observability and localized intelligence.
Consequently, the DETC framework ensures scalability, fault
tolerance, and efficient resource utilization, outperforming
CETC under practical deployment conditions.

Remark 13: The proposed DETC scheme offers signif-
icant advancements over existing passivity-based control
methods for wind turbine systems, particularly those focused
on PMSG-based architectures. While prior works [31], [44]
and [45] extensively explore passivity-based control for
optimal power extraction and improved system robustness,
they primarily operate under assumptions of continuous com-
munication control structures. Similarly, [46] also presented
a passivity-based control for a DFIG wind turbine, likely
without detailed consideration of communication efficiency
in a decentralized setting. Our approach distinguishes itself
by integrating a novel DETC framework, which directly
addresses the critical issue of network bandwidth consump-
tion with passivity performance. Unlike the aforementioned
passivity-based methods that typically rely on periodic sam-
pling or continuous data exchange, our DETC mechanism
intelligently selects data transmission instants.

In contrast, our work proposes a DETC scheme, where
the triggering instants for each node are determined locally
by checking the condition Qg(t]guiz + pﬁ)%Qu(t]gul% +
ph) > o,&T (tgﬁ)¢uéu(t]1:ﬁ), where ¢, > 0 and 0, =
0 are design parameters. This decentralized triggering rule
substantially reduces unnecessary data transmissions by
transmitting sensor information only when the error exceeds
a threshold relative to the measured state &,(f). Moreover,
our proposed LKF explicitly incorporates both the upper
and lower bounds of the time-varying delay t(¢), utilizing
relaxed integral inequalities to enhance the accuracy and
reduce conservatism of the passivity conditions. The resulting
controller gain K = K + AK = &yF(1)&;K accounts for
multiplicative non-fragile uncertainties, providing robustness
against implementation errors and parameter variations.
This integrated framework yields less conservative, delay-
dependent LMI conditions for passivity, verified numerically,
while achieving improved communication efficiency com-
pared to the aforementioned studies.

Remark 14: The proposed DETC method presents several
significant benefits: (i) It establishes specific triggering
conditions for each event generator, enabling independent
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monitoring of local signals and decision-making regarding
the transmission of updated measurements to the controller;
and (ii) when the predefined threshold has been exceeded
at event generator u, the relevant sensor data is sent to the
controller asynchronously, ensuring that updates occur as
necessary rather than in a synchronized fashion across all
Sensors.

V. NUMERICAL EVALUATIONS
Using the MATLAB programming environment and the
parameters listed in the Table 4, numerical calculations are
carried out to evaluate the efficacy of the DETC scheme in
order to verify the generated PMSG.

The PMSG-based WECS is defined as follows:

E(t) = (Ao + AAE(D) + (A1 + AADE(t — d(1))

+ (B + AB)u(t) + Aow(t), (46)
where

51 & O 0 0 PTiz
Ao=|-& & 0|, Ai=|0 0 g |>

| 0 g O 0 0 0

I 1
B=1|0 —Tl JAy =111,

0 0 1

§=0.1, Hi=H,=H3=0.1,&, & =0.2,
W(l) =0.25 e().l sin(0.2t)

The system parameters are taken as hy = 0.1, d; =
0.1, d» = 0.2, h3 =0.01, and y = 0.1. The MATLAB LMI
toolbox can effectively handle the sufficient conditions listed
in Theorem 10. The gain matrix and the triggered parameter
are calculated as follows:

(302341 12341 —0.4574
=1 002 20144 0.0074 }

[ 14720 —0.1265 —0.0147
é=|—01265 14712 —0.0019

| 00147 —0.0019 14675

The controller design algorithm.

Input: Fix the parameters of the system (46).

Output: Gain matrices of the controller.

(1) Configure the proposed system parameters Ag, A;, Ay
and B. Assume the event-triggered sample time is 43 = 0.05
and the known scalars.

(2) With the appropriate equations (46). Utilizing the LMI
toolbox in MATLAB and establishing the LMIs (43) and (44).

(3) Configure the bound values d; and d;, as well as the
constrained condition d(¢) and h,.

(4) Modify the values of di and d to determine whether
the LMI solution exists.
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TABLE 3. Largest sampling interval h; when d, = 0.2.

Results hs Gain matrices Triggered parameters
_ . 1.4720 —0.1265 —0.0147
3.02341  1.2341 —0.4574
Theorem 4.1 | 0.01 | K = ¢=| —0.1265 1.4712 —0.0019
—2.2412 —2.0144 0.0074
B N —0.0147 —0.0019  1.4675
_ . 1.4500 0.2414  0.0124
4.2514  2.1541 —1.1245
Theorem 4.1 | 0.014 | K = o= | 02414 1.4510 —2.2301
—2.7145 —2.1241 0.0145
B N | 0.0124 —2.2301 1.4464 |
_ . 8.7773 —0.0030 0.0415
5.2415 2.2014  —2.2847
Theorem 4.1 | 0.019 | K = ¢= | —0.0030 8.8192 0.0102
—3.2154 —4.1052 0.2014
) B 0.0415 0.0102  8.7701 |

TABLE 4. Parameters utilization for numerical computations.

R 33w
L;=L; 4156x107*H
p 6

v 0.4832 Wb
p 1.25 kg/m?®
R, 2.5m
Ao 7.2

Cp 0.47

] 100 kg/m?
) 12 m/s

T 0.01s

(5) If there is a feasible solution, end the computation and
receive the maximal number of d, the gains matrix K, and the
triggering parameter ¢; otherwise, return to step 4 and raise
the values of d> and d;.

(6) Stop.

Based on the above control gains and triggered param-
eters, the following simulations are discussed. Letting the
randomized initial conditions, the simulation results on the
state trajectories of the PMSG model without and with DETC
are depicted, respectively, in Figures 4 and 5. From Figure 4,
one can observe that system (46) without DETC may be
inherently unstable. Moreover, Figure 5 confirms that when
utilizing the DETC in (46), The PMSG model is effectively
controlled and achieves robust passivity, even in the presence
of uncertain parameters.
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. i
att) S0

FIGURE 4. Behavior of the PMSG model (46) without control input for
different kinds of value P (a) P=2 (b) P=3.3 (c) P=4.5.

Figure 5 shows that when the system parameters fluctuate
randomly within a particular range and the bound value is
different, the control system can be promptly stabilized, and
control performance and robustness are increased. Figure 4
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State responses.
State responses.

State responses

FIGURE 5. The given panels (a)-(c) depict the evolution of state response
curves according to Table 3.
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()
us(t)

Amplitude

Release intervals

|

FIGURE 7. Release intervals.

2 3
Time (s)

shows that the DETC has a significant impact on the system’s
control execution. With the minimum value of uncertainties,
the control performance is better. Also, the response of the
control input is shown in Figure 6. In order to establish the
effectiveness of the designed DETC, the state trajectories
for the dynamics of different sampling interval values are
plotted in Figure 5 by their subsequent gain matrices, which
are listed in Table 3. Furthermore, the release instants and
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FIGURE 8. Real-time Simulation of proposed system.

release intervals are depicted in Figure 7 with ¢t € (0, 15].
It is clear that implementing the event-triggered mechanism
is critical in reducing the frequency of data transfers inside the
communication channel while maintaining the wind turbine
system’s passivity analysis. This strategy improves overall
system performance by efficiently eliminating superfluous
data exchanges, which adds to the optimal use of network
resources. In conclusion, the simulation results demonstrate
that the proposed event-triggered controller developed in this
study not only stabilizes the target system but also greatly
improves communication efficiency by lowering network
load. Furthermore, the efficacy and dependability of the
established event-triggered mechanism and control technique
have been completely confirmed by an extensive study.

VI. REAL-TIME SIMULATION OF PROPOSED SYSTEM
Software-in-the-loop (SIL) simulation helps the real-time
simulation of mathematical models in a virtual environment
for testing of complex control systems as shown in Figure 8.
In this simulation model, the control system interacts directly
with the digital plant model running on the OPAL-RT real-
time simulation platform enabling rapid prototyping.

To check the feasibility of the proposed model, a MATLAB
model of the PMSG with a closed-loop control system is
developed as shown in Figure 9. The wind energy conversion
system modelling is based on the first principles utilized in
this work. The top-level model is presented with the wind
speeds as the system input, grid-injected voltage as the system
output, and the gate pulses to the power electronic converters
as the control input, as shown in the model. This system has
two back-to-back connected converters; the first converter is
the generator-side converter, and the second is the grid-side
converter. Both of these power converters utilize a standard
six-switch topology and require gating pulses with pulse
width modulation. Both power converters can provide a path
for bidirectional power flow from the PMSG to the grid and
vice versa.
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FIGURE 9. Simulation model of the PMSG.
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FIGURE 10. Line voltage variation for load step change.
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FIGURE 11. Variation in grid reference(in per unit).
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FIGURE 14. Angular speed of the turbine.
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FIGURE 12. Real and reactive power output of the PMSG.

A DC bus capacitor is located between the power terminals,
which connect the back-to-back power converters. For power
exchange, the grid-side converter’s output is integrated into

VOLUME 13, 2025

Time (Seconds)

FIGURE 15. Wind speed profile.

the utility grid. The DETC system collects system variables’
values from the PMSG, DC bus, and the grid side. Based on
the status of different system variables, the centralized control
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FIGURE 16. Line voltage variation for change in windspeed.

I L I L
0 5 10 20 2 30

15
Time (Seconnds)

FIGURE 17. Real and reactive power output of the PMSG with windspeed
variation.
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FIGURE 18. DC bus voltage for speed variation.
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FIGURE 19. Different torque profiles for windspeed variation.

system will modify the control pulses to ensure appropriate
three-phase voltage injection to the grid. The wind speed can
be modified by changing the input to the PMSG.

A. EFFECT OF VARIATIONS IN THE REFERENCE VOLTAGE
Initially, the system is made to run in a steady state with a
fixed wind speed. The PMSG and back-to-back connected
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FIGURE 20. Grid injected voltage at point of common coupling.

=

FIGURE 21. Comparison of shaft speed for PI controller and proposed
controller.

FIGURE 22. Comparison of electromagnetic torque for PI controller and
proposed controller.

power converter system are expected to supply power to
the grid at prefixed voltage levels. The steady-state system
performance is observed. Later, the system is subject to a step
variation in the reference voltage injected into the grid. All the
voltage levels are considered in the per-unit system. The grid
reference voltage suddenly dropped from 1 per unit to 0.1 per
unit, and the system response was observed.

The proposed DETC effectively modifies the control
variables according to the changes in the reference values.
The step variation of the reference voltage in the per-unit
system is shown in Figure 11. The variation in the line voltage
for the step variation in the reference values are shown in
Figure 10. The real and reactive power output of the PMSG
also changes according to the variation in the power output of
the PMSG as shown in Figure 12, and the same is reflected in
the DC bus voltage as shown in Figure 13. The angular speed
of the PMSG is shown in Figure 14.
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B. EFFECT OF VARIATIONS IN THE WIND SPEED

In the second experiment, the constant wind speed is changed
to observe the performance of the proposed system. The wind
speed is modified from a constant value of 12 meters per
second to a quick variation in the wind speed for a certain
period. The wind speed profile is shown in Figure 15. At time
t = 15 seconds, the wind speed drops gradually to 6 meters
per second and rebounds to 12 meters per second at t =
25 seconds. The purpose of the second experiment is to
evaluate the suggested system’s performance using different
input settings. As the wind speed transforms, the rotor angular
speed is also modified, as shown in Figure 18. The sudden
drop in the wind speed leads to a drop in the real power
output of the PMSG. While the real power output of the
PMSG changes, the reactive power output of the generator
stays almost constant, as shown in Figure 17.

Point of Common Coupling (PCC) is the location where
the transaction between the utility and the customer electrical
system takes place. At PCC, the line voltage variation is
captured for all three phases when the input wind speed is
made to drop as captured in Figure 20. The ramp variation
in the wind speed does not have an impact on the voltage
injected to the grid.

Even though the wind speed varies, the reference output
voltage set by the closed-loop controller is kept constant.
The effect of wind speed variation has a minimal impact
observed in the constant output line voltage of the PMSG,
as shown in Figure 16. The constant output reference voltage
of the PMSG directly impacts the electromechanical torque
output of the PMSG, as shown in Figure 19. As a result
of tests, the DC bus voltage has a minimal impact due
to the change in wind speed, as shown in Figure 18. one
must note that the presence of an energy storage device on
the DC bus has a direct impact on the voltage profile of
the DC bus. The transient variations might have a smaller
impact on the DC bus voltage, but steady-state variations
in wind speed will change the DC bus voltage. Such
DC bus voltage changes may lead to a transform in the
output voltage to be injected into the grid. In such cases,
additional storage devices should complement the DC bus
power in steady-state wind speed variations. To establish the
feasibility of the proposed control method, a few relevant
results of the proposed controller were compared against
the PI controller. Two different metrics were considered to
compare the performance of the proposed controller and the
PI controller. For the given wind speed variation profile,
the regulation of shaft speed is compared in the Figure 21.
While the steady-state performance is almost similar, the
proposed control method exhibits better performance during
the transient duration. Similarly, the electromagnetic torque is
also considered for comparison, as presented in the Figure 22.
As established earlier, the proposed controller is suitable for
handling transient variations in the wind profile.

The influence of delay on the proposed model of this paper
has stability in typical wind energy conversion systems is
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presented in Figure 3. It is evident that the presence of a time
delay could push the system into unstable conditions. Instead
of several delay compensation methods presented in the
literature, the proposed system imbibes delay compensation
as part of the closed-loop controller without any additional
passive components. The event-triggered control mechanism
effectively handles transient changes in the reference grid
voltage without compensating the system’s stability induced
by time delay. This is evident from the release intervals
presented in Figure 7. Hence, the proposed event-triggered
control is effective against both line and load variations.
Remark 15: The wind turbine model studied in this paper
differs significantly from existing works in several aspects.
How to model the event-triggered scheme of wind turbine
system with respect to passivity performance has become one
of the main theme in our research work. More particularly,
some pioneering works have been done in event-triggered
control for PMSG model. Unlike conventional models that
rely on periodic control schemes [2], [3], and [8], we propose
a decentralized event-triggered control (DETC) framework
that reduces communication load by allowing each node
to transmit data only when necessary, based on a locally
computed condition. Furthermore, the model accounts for
interval time-varying delays and actuator uncertainties, which
are often neglected in prior studies [5] and [12]. The
controller is designed to be non-fragile, enhancing robustness
against gain perturbations, an improvement over traditional
designs assuming ideal actuators [9] and [16]. A standardized
LKF is developed to establish delay-dependent passivity,
using relaxed integral inequalities for reduced conservatism,
which can induce tighter information on the delay of the
considered system. Henceforth, the investigation procedure
and framework model proposed in this paper merit a lot
of regard for fill such a demand all the more successfully.
Overall, our model provides a more realistic and robust
framework for modern wind turbine systems operating in
communication-constrained environments.

VIi. CONCLUSION

In this study, we attempted a unique setup of passivity
and passification for the PMSG model using a DDA and
DETC. The proposed DETC mechanism aims to reduce
unnecessary transmissions and conserve communication
bandwidth resources. By creating an appropriate LKF and
using special inequality techniques, the passivity execution
requirements are produced with regards to LMIs. As a result,
DETC has been applied to design the PMSG model and guar-
antee passivity, and the related gain matrices are obtained.
Numerical simulations are presented to demonstrate the
effectiveness of the proposed method. The model’s behavior
and its contribution to the PMSG-WECS stability are covered
in the computer simulation studies. Future research could
investigate the extension of the proposed conclusions to
the presence of adaptive event-triggered control under fault
effects in the PMSG model. In real-world scenarios, the
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articulated design may help create more robust and effective
control techniques for PMSG-based wind energy conversion
systems, which might result in more dependable and effective
wind energy conversion systems. In addition, will focus
on extending this work to include adaptive or dynamic
event-triggered control under various fault effects in PMSG
models. A critical next step involves thoroughly explor-
ing the robustness of this decentralized control approach
against different uncertainties and disturbances. Practical
validation through hardware-in-the-loop (HIL) simulations
or experimental prototypes will also be pursued. Finally, the
applicability of this passivity-based control strategy to other
large-scale distributed energy systems, such as smart grids,
warrants further investigation. Also, extending the proposed
approach to multi-agent wind energy systems, incorporating
stochastic disturbances, exploring adaptive event-triggered
strategies under more complex environmental uncertainties.
These extensions aim to broaden the applicability and
robustness of the proposed framework.
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