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ABSTRACT In this study, we propose a new approach to assess the stability of Permanent Magnet
Synchronous Generator (PMSG) based wind turbines through a method of Small Signal Analysis (SSA)
utilizing Monte Carlo Simulation (MCS). PMSG wind power systems are generally known to have high
resistance to Sub-synchronous Oscillation (SSO), however, the potential for oscillations to occur is dependent
on the serial compensation of transmission lines and the robustness of the connected grid. Therefore, stability
analysis is necessary at the system connection planning stage of PMSG wind turbines. In this research,
we presented a state-space model of PMSG wind turbines and derived a sensitivity matrix to analyze
eigenvalues in response to parameter changes. Based on the sensitivity matrix, we grouped the main factors
affecting the eigenvalues to facilitate MCS calculations. The results obtained from the MCS-based SSA
method identify the stable and unstable regions of the PMSG wind turbines, providing selective solutions
for the design of a stable PMSG wind power system.

INDEX TERMS Sensitivity matrix, PMSG wind turbine, Monte Carlo simulation, small signal analysis.

I. NOMENCLATURE K;, K, Integration and proportionality
01, b Blade and rotor angles. coefficients.
w1, W Blade and rotor velocities. L. Filter inductance.
My, M, Inertia moments of the blade and rotor. We, Wg Electrical angular velocity of the rotor side
Dy, Dy Self-damping coefficients of the two masses. converter and grid side converter.
Dy Mutual damping coefficients between the two Vea, Vgq  d-axis and g-axis grid side converter volt-
masses. ages.
K Stiffness shaft. Igds Igq d-axis and g-axis grid side converter cur-
H,, Hy The inertia of the turbine and generator. rents.
Tw, T, Aerodynamic torque and electromechanical Vbce DC-link voltage.
torque from the generator. Liine Transmission line inductance.
Vsa, Vsq  d-axis and g-axis stator voltages. Cline Transmission line capacitance.
Isd, Isq d-axis and g-axis stator currents. Riine Transmission line resistance.
Ry Stator resistance. ind, Ing d-axis and g-axis current on the transmis-
Lgg, Ly;  d and g-axis stator inductances. sion line.
Py Magnetic flux of the rotor. Ved, Veq  Transmission line capacitance-voltage.
Ysd, Ysq  d-axis and g-axis stator fluxes.
N, Number of poles. IIl. INTRODUCTION
The continuous operation of coal-fired generators leads
The associate editor coordinating the review of this manuscript and to carbon emissions, causing environmental pollution and
approving it for publication was Nga Nguyen . global warming. In response, there is a global trend towards
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increasing the proportion of renewable energy sources to
mitigate global warming through policies such as carbon
neutrality. [1].

Wind turbines are classified into four types as one of the
major sources of renewable energy generation. Type 1, the
fixed-speed wind turbine, operates at a single speed without
mechanical or electrical adjustments, maintaining a constant
speed. However, it has the disadvantage of being inefficient
due to its inability to flexibly respond to varying wind con-
ditions [2]. Type 2, the variable-slip wind turbine, adjusts the
slip rate to respond to wind speeds, allowing partial control
over the turbine’s rotational speed, but it has the limitation of a
restricted adjustment range [3]. Type 3, the doubly-fed induc-
tion generator wind turbine, can operate at variable speeds by
receiving power from both the rotor and the stator, offering
a flexible response to wind variations. However, it is more
maintenance-intensive and has lower energy conversion effi-
ciency compared to Type 4 [4]. Type 4, the permanent magnet
synchronous generator (PMSG) wind turbine, operates inde-
pendently from the power grid across the entire output voltage
range through a converter, fully accommodating fluctuating
wind conditions. It shows superior performance in efficiency,
maintenance, and control aspects compared to Types 1-3,
making it increasingly popular [5], [6]. Therefore, this study
focuses on PMSG wind turbines.

The electricity generated through wind turbines serves
as a clean energy source, offering environmentally friendly
benefits, thus positively impacting the environment as its
share increases. However, vibrations caused by resonance
phenomena can lead to mechanical and electrical damage,
presenting a drawback. Sub-synchronous oscillation (SSO)
is a phenomenon found within power systems, referring
to vibrations that occur at frequencies lower than the util-
ity frequency in specific parts of the generator or power
network [7]. SSO is mainly classified into three types
based on its causes and characteristics. Sub-synchronous
control interaction (SSCI) primarily occurs due to interac-
tions between power electronic-based control systems and
the power system [8]. Sub-synchronous torsional interaction
(SSTI) stems from interactions between torsional vibrations
existing between the turbine and generator and the power
system [9]. Sub-synchronous resonance (SSR) is a resonance
phenomenon that occurs due to interactions between the
generator and the power network within the power system.
It is particularly evident when the electrical resonance and
mechanical resonance of a generator combine in transmission
lines equipped with series capacitors [10].

This phenomenon was first identified in 1971 at the
Mohave Power Station, and subsequent occurrences have
been continuously reported since then [11]. SSO arises from
the interactions among generators, controllers, and transmis-
sion lines, which can result in anything from damage to the
generators to failures in the power system, thus necessitat-
ing its elimination. Reference [12] categorizes the incidence
of SSO according to the type of wind turbine, noting that

58092

while Types 1-3 wind turbines are at a higher risk of res-
onance, Type 4 wind turbines have a higher immunity to
torsional oscillation compared to other types, although they
are still susceptible to vibrations caused by L-C circuits. Ref-
erence [13] also analyzes the potential for SSO occurrence
by wind turbine type, mentioning that Type 4 wind turbines
are relatively immune to SSO. Moreover, the occurrence of
SSO across different wind turbine types has been extensively
investigated in various studies [14], [15].

According to the literature, PMSG wind turbines are gen-
erally known to have high immunity to SSO. However,
vibrations can be induced by line compensation devices such
as series capacitors installed in the connected transmission
lines, and the possibility of SSO occurrence increases if the
robustness of the connected system is weak [16]. For these
reasons, research on the SSO issue in PMSG wind turbines
is essential. Various methods to mitigate SSO have been
proposed, and numerous studies have presented a range of
solutions.

Reference [17] deals with the vibration issues that can arise
when PMSG wind turbines are connected to weak AC grids.
This study proposes a method to effectively mitigate vibra-
tions using grid-forming control technology. Reference [18]
suggests improving grid stiffness by applying a Battery
Energy Storage System (BESS)-linked Synchronous Com-
pensator (STATCOM) to address the SSO problem.

Not only is it important to effectively mitigate SSO, but
preemptively detecting its occurrence is also crucial. Early
detection of SSO allows for the swift implementation of
appropriate protective measures, preventing potential damage
and maintaining the overall stability of the system. Therefore,
the development of SSO detection and mitigation technolo-
gies is essential for the stable operation and integration of
PMSG wind turbines and other generation systems, neces-
sitating continuous research and development.

Among the prominent methods used for detecting SSO
are frequency analysis and small signal analysis (SSA). Fre-
quency analysis involves converting time-domain data of
voltage, current, and active power obtained through Elec-
tromagnetic Transients (EMT) models into the frequency
domain to identify resonance frequency bands. The most
used technique in this process is the Fast Fourier Transform
(FFT). FFT allows for the conversion of time-domain data
into the frequency domain for analysis, effectively identify-
ing resonance phenomena such as SSO [19]. Reference [20]
suggests that FFT and wavelet transform can be used for
SSO detection. Reference [21] mentions that SSO can occur
in PMSG wind turbines due to connections with systems
of low robustness, applying FFT for SSO detection to iden-
tify sub-synchronous and super-synchronous oscillations at
14Hz and 86Hz, respectively. While frequency analysis is
useful for identifying the frequency components of a signal,
it does not directly analyze the dynamic stability or response
characteristics of a system, focusing more on signal analysis
than on design optimization. In contrast, SSA is essential
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for evaluating and optimizing the performance of feedback
loops in control systems or power system designs. This allows
designers to improve the system’s response and meet desired
performance metrics [22].

Reference [23] analyzes stability based on the eigen-
value loci within the complex coordinate system through
SSA, based on dynamic modeling of PMSG wind turbines.
Reference [23] validates SSA by comparing state space-
based SSA, derived from dynamic modeling of PMSG
wind turbine, with PSCAD/EMTDC models. References [24]
and [25] utilize both frequency analysis and SSA simul-
taneously to detect SSO that may occur when connecting
PMSG wind turbines with systems of low robustness, vali-
dating the methodology through the results. References [26]
and [27] detail the dynamic modeling of PMSG wind
turbines to construct the necessary state space for SSA
analysis. Reference [28] mentions the possibility of SSO
occurrence in PMSG wind turbines due to series compen-
sated transmission, conducting both frequency analysis and
SSA for SSO detection. Consequently, sub-synchronous and
super-synchronous oscillations are detected at 17Hz and
83Hz, respectively.

In this study, we propose a SSA technique based on Monte
Carlo Simulation (MCS) to assess the stability of PMSG
wind turbines. MCS is a computer-based numerical technique
that uses probabilistic or random processes to solve physical,
economic, and mathematical problems, with detailed infor-
mation available in Reference [29].

The proposed algorithm distinguishes itself significantly
from existing methods of SSO analysis. It identifies and
categorizes the parameters of PMSG wind turbines that
influence the eigenvalues derived from SSA through a sen-
sitivity matrix. Each group becomes a target for MCS,
and the outcome of the simulation provides combinations
of parameters that lead to system instability when PMSG
wind turbines are connected, as well as combinations that
result in a stable system. This offers grid operators and
wind turbine operators a wide range of options for ensur-
ing system stability, thereby providing economic benefits
and high-quality grid stability. In contrast to existing litera-
ture that analyzes the phenomenon of SSO in PMSG wind
turbines, this paper proposes an algorithm to avoid SSO.
Our focus is on detecting SSO in PMSG wind turbines
due to grid connection, hence concentrating on vibrations
caused by L-C.

The primary contributions of the algorithm proposed in this
paper are as follows:

1) The proposed algorithm is based on data interpreta-
tion, making it easily applicable to any system that
can be analyzed for stability using State Space. This
ensures excellent accessibility and compatibility of the
algorithm.

2) When the information about the serial resistance and
inductance connected to the PMSG wind turbine is
determined, it becomes possible to select a range of
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available capacitances. This allows for effective reac-
tive power compensation in lines connected to PMSG
wind turbines.

3) The algorithm can be used not only to derive stable line
information from the perspective of system operators
but also to secure stable PMSG wind turbine design
parameters from the perspective of PMSG wind turbine
designers, demonstrating the excellent scalability of the
algorithm.

The proposed algorithm has a clear logic involving: i) Dif-
ferential equations and State Space modeling of PMSG
wind turbine, ii) Sensitivity matrix modeling, iii) Grouping
for MCS, iv) Applying MCS-based SSA to identify sta-
ble and unstable system regions, v) Model validation using
SIMULINK/EMTDC models.

Ill. SYSTEM MODELING
A. BASIC STATE SPACE MODELING
The state space model is one of the methods for mathe-
matically representing dynamic systems, describing the state
of the system and how this state changes over time. This
model can be applied to both linear and nonlinear systems
and clearly expresses the relationships among the system’s
inputs, outputs, and states in the time domain [30]. Eq. (1)
represents the general form of the state space, as referenced
in [31].

d

EAXk =ArAXy + By AV

AY,=CrAXy, k=1,2....M @))]

where A refers to a small increment of a variable or vari-
able vector, X is the vector of all the state variables of
the kth PMSG wind turbine, AYy = [AY;,AYy]" and
AV = [AkaAka]T. In the absence of considering the
direct transmission matrix, Ax, By and Cj respectively rep-
resent the state transition matrix, input matrix, and output
matrix. We focus on analyzing the dynamic state of the
system to model the state space, and the full-order linearized
model is as Eq. (2).

iAX =AAX 2)

dt
where AX = [AXTAXT...AXT]", A = diag[Ax] +
diag [Bx) X diag [Cy], diag[Ak], diag [Bi], diag[Cy] are
diagonal block matrices with the diagonal element matrices
tobe Ay, By and Cy, k =1,2,..., M, respectively.

In this paper, the state space model of the PMSG wind
turbine is categorized into the drive train, synchronous gener-
ator, rotor-side converter (RSC), DC-link, grid-side converter
(GSC), transmission line, and phase-locked loop (PLL) mod-
ule. Each of these modules is reconstituted into the state space
through a linear model as shown in Eq. (2).

]T

B. BASIC STATE SPACE MODELING
In this study, the target PMSG wind turbine is a single wind
turbine with a capacity of MW, utilizing a model connected
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through the drive train module, converter, and transmission
line. Fig. 1 shows a simplified diagram of the PMSG wind
turbine.

Blade

Synchronous
Motor

Infinite bus

RSC GSC POI Load

FIGURE 1. Diagram of PMSG wind turbine.

The drive train module is the transmission element that
constitutes mechanical energy from the turbine blades, which
rotate under the force of the wind, to the generator. Since the
PMSG wind turbine does not have a gearbox, the blade rotor
is applied as a two-mass model. The dynamic equation of the
drive train module is shown in Eq. (3).

Aby = Awy (3a)
Aby = Ay (3b)
MiAw; = ATy — Diw) — Dia(w) — w2) — K12(61 — 62)
(3¢)
MyAwy = —AT, — Dy — Dizp(w2 — 1) — K12(62 — 61)
(3d)

The state space model of the drive train module is defined
by state variables AXp = [AO] AbryAw; Aws Y, input vari-
ables AVp = [ATwAT,]T and output variables AYp =
[AG,Awo]T.

The synchronous generator model applies the dynamics
equations of the PMSG wind turbine, and the dynamics equa-
tions for stator voltages and stator currents, which have d-q
axes, are as shown in Eq. (4).

. disd .
Vsa = Rsisa + Lsa 7 — wsLgglsq (4a)
. disq .
Vsq = Rsl_yq + qu? - a)sLsdlsa' + wst (4b)
In Eq. (4), it is assumed that Ly and Ly, are equal. The

electromagnetic torque of the PMSG wind turbine is shown
in Eq. (5).

3 . :
T = =3Npl(Lua = Ligisaisg + Vrisg ©)

The state space model of the synchronous generator mod-
ule is characterized by state variables, AX G = [Aiw Aisq]T,
input variables AVg = AVsdAVSq]T and output variables
AYg = [AisdAiquTe] . Fig. 2 provides a simplified illus-
tration of the Two-mass model of the drive train to aid in
understanding.
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Blade

M;D,
M, Dy

FIGURE 2. Two-mass model of drive train model.

The converter of the PMSG wind turbine is categorized into
rotor-side and grid-side, and the two converters are connected
through the DC link.

Fig. 3 shows the control logic of the RSC.

A b Zy Ky Vea '
Lsd_ref Ky + e Vsa_res
iar! msqu lsq
tsq WsLsqisa
. N Kz V_;q P Sy
Lsq ref Kpz + 7; Vsq_rﬁ[
$ +

Wy IP{

FIGURE 3. Diagram of RSC control logic.

According to the control logic shown in Fig. 3, the dynamic
equation of the RSC is as shown in Eq. (6).

isd?ref =0 (6a)
. 2Te ref

Isq_ref = ~ 23 (6b)
3Ny

2= Isd_ref — lsd (6¢)

22 = isq_ref - isq (6d)

Vsd_ref = Zlel + 21K — a)squisq (6e)

Vig_ret = 22Kp2 + 22Kip + wsLsqisa + wsyy  (61)

The state space model of the RSC module is defined

by state variables AXgsc = [Ax Ax]T, input variables

AVgsc = [Aisd Aiquws]T and output variables AY gsc =
T

[AVaAV,] .

Fig. 4 shows the control logic of the GSC.

Vg:{
Ve refs con 24 K | fsdrer v o Kis + <5 v

'?ﬁ Kps + - 4’?7_’ Ky + -~ y 9d_ref

Vo iga WelLiclgq

lgq wWelLclgy

. Gy Zs Kis | +
bsq ref Kps + ) Vg rer
5

FIGURE 4. Diagram of GSC control logic.
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According to the control logic shown in Fig. 4, the dynamic
equation of the GSC is as shown in Eq. (7).

23 = Vpc_ref — VDC (7a)
24 = lgd_ref — lgd (7b)
25 = ligq_ref — lgq (7¢)
lgd_ref = 23Kp3 + 23Ki3 (7d)
Ved_ref = 24Kpa + 2aKia + Voa + weLcigg  (7e)
Veg_rer = 25Kp5 + 25Ki5 — weLciga (71)

The state space model of the GSC module is defined by
state variables AXgsc = [Ax3AxaAxs]T, input variables
AVgsc = [Aiga Aiquwe]T and output variables AY gsc =
[Avgd Avgq]T-

The Dynamic equation connecting the RSC and GSC
through the DC-link is shown in Eq. (8).

CVpc AVDC = ngigd + ngigq — Vsaisa — Vsqisq 3

The state space model of the DC-link module is defined by
state variables AXpc = [AVpc], input variables AVpc =
[AVegAVeq Mgy Niga AViy AVig AisyAigg]" and output vari-
ables AYpc = [AVpc].

The transmission line connects the PMSG wind turbine to
the grid and is composed of RLC components in series. The
dynamic equation of the transmission line is shown in Eq. (9).

ding . .
Llined_r; = —Riinelna + a)nginelnq —Vea + Via — ng
%a)
di . .
Llineﬁ = _Rlinelnq + nglinelnd - ch + an - ng
(9b)
dVea .
lmed_; =lnd + wgclinech (9¢)
dav, .
Clinewcq = lng — a)gClincha' (9d)

The state space model of the transmission line module is
defined by state variables AXgre = [Aing AingAVea AVeq| T
input variables AVgrc = [A Vid AVpgAVeq A cha)g] r and
output variables AYgrc = [Aing Aim]]r.

The PLL functions to track the phase of the input signal and
synchronize the phase of its oscillating signal with that of the

input signal. The dynamic equation of the PLL is shown in
Eq. (10).

dx,
E = ng (1021)
dxp kipui
— = w0 + kppit Vg + Vg —— (10b)
dt s
The state space model of the PLL module is defined
by state variables AXpr; = [Ax,Axp)T, input variables

AVprr = [Ang]T and output variables AY pry = [Aa)g]T.
The total state variables established from the previously
modeled dynamic equations on the PMSG wind turbine are
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shown in Eq. (11).

| A8 Aby Awy Awy Aigg Aigg AVpe Azi Azp (11)
T | Azz Azq Azs Aiyg Aing Aucg Atteg Axq Axp

Those 18 state variables are numbered with Xi(k =
1,2,...,18).

IV. PROPOSED ALGORITHM

A. SENSITIVITY MATRIX

In this paper, the proposed algorithm is based on Monte
Carlo Simulation (MCS)-based Small Signal Analysis (SSA),
necessitating the selection of parameters for MCS applica-
tion. The calculated state space of the PMSG wind turbine
in this paper, with X € R18 and A e R'¥®*18 indicates
that up to 18 eigenvalues can influence the system’s stabil-
ity. These eigenvalues are calculated through det(A — AI).
The system parameters affecting these 18 eigenvalues sat-
isfy y,, € Akxk (k=1,2,...,18), where m represents the
number of system parameters. The method of determining
stability through SSA in control systems is based on the
location of the real parts of the eigenvalues; if the real part of
an eigenvalue settles in the Left Half Plane (LHP), the system
is stable. If it settles in the Right Half Plane (RHP), the system
is unstable. If it is 0, the system is considered marginally sta-
ble. Therefore, this paper limits the determination of system
stability to the real parts of the eigenvalues.

Applying all parameters m simultaneously as targets for
MCS in complex state space models leads to excessive com-
putational time and makes it difficult to discern all possible
solutions. Therefore, we categorize and group y,,,, the param-
eters influencing the real parts of the eigenvalues derived
through matrix A. The sensitivity matrix is formed based on
the derivatives of the real parts of the eigenvalues for each
parameter change in p,,. The sensitivity matrix M € R Xk
is shown in Eq. (12).

The sensitivity matrix serves as a quantitative measure of
how each parameter influences the real parts of the eigenval-
ues, enabling the identification of dominant parameter—mode
interactions. By analyzing the magnitude and distribution of
the sensitivity values, parameters with negligible impact can
be excluded from the MCS process, while the most influential
parameters are selectively retained.

This screening process effectively reduces the dimension-
ality of the parameter space and mitigates the computational
burden associated with full-scale MCS, particularly in high-
dimensional systems. As a result, the proposed approach
allows efficient exploration of stability boundaries without
compromising the accuracy of instability detection.

d dy dyy
Ymolan o du
dym dym

(12)

The sensitivity matrix represents the trend of change in
the real parts of eigenvalues as each parameter increases.
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TABLE 1. Sensitivity matrix of PMSG wind turbine.

MCS Number of eigenvalues k
G;"“ Ym 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 K, 0 1 0 o0 0 0 o0 0 0 o0 0 0 o0 0 0 0o 0 o
2 K, 0o o -1 0o ©o 0 o0 o 0 0 0 0 0 ©0 0 0 0 0
3 Ks |0 o o -1 0 o0 o0 o0 o0 0 0O 0O 0 0 0 0 0 0
4 K, o o o0 - -1 0 o0 o0 0 0 0 0 0 0 0 0 0 0
5 K, o 0o o0 o0 0o -1 o0 o 0 0 0 0 0 0 0 0 0 0
_ 6 Kyw |O 0 o0 o0 o0 o0 0O 0 0 ©O0O O 0 0 0 0 0 0 0
i) 7 Ky [O + 0o o0 o0 o0 o0 0 ©0O O 0 0 ©0O 0 0 0 0 0
8 Ke [O 0o + o0 o0 0 o0 0 ©0O 0O o0 0 0O 0 0 0 0 0
9 Ky |0 o o + 0 o0 o0 0 0 0 0O 0O 0O 0 0 0 0 0
10 Ky | O 0 o0 + + 0 0 ©0 0 0 0 0 0 0 0 0 0 0
Ks |0 0o o o0 0 <+ 0 0 0 0 0 0O 0 0 0 0 0 0
1 | Ky, | O 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 | Ly | O 0 ©0 0 0 o0 o0 o0 o0 o0 0 0 0 0 1 1 a1 1
ii) 13 Ce | O 0O 0 0 O O O 0O 0 0 0 0 0 0 4+ 4 -1 -
4 | Rp | O 0O O O 0O 0O 0 0 0 0 0 0 0 0 -1 -1 o+ o+l
15 p, |0 0 o0 0 o0 0 0 0 0 0 + <+ + a1 0 0 0 o0
16 p, o o o o o o o ©0 o0 O -1 - 0 -1 0 0 0 0
17 D, |0 o o o o 0 0 0 -1 -1 -1 -1 1 10 0 0 o0
18 M, |0 o 0o 0 0 0 0 0 4 4 + 4 0 1 0 0 0 0
iii) 19 M, o o 0 0 0 0 0 0 4+ 4 4+ 4 -1 0 0 0 0 0
20 k, |0 o o o o o0 0 0 -1 -1 4+ -1 0 0 0 0 0 0
21 RR. |0 o o o o o o0 0 -1 -1 -1 -1 0 0 0 0 0 0
22 L |0 0o o 0o 0o 0o 0 0 4+ 4+ -1 4 - -1 0 0 0 0
23 Iy, |0 0 0o 0 0 0 0 0 1 4 -1 4+ 1 -1 0 0 0 0

As described in Eq. (12), if there is no change with the
parameter increase, it is marked as 0. If the change in the real
parts of eigenvalues is directly proportional to the parameter
change, it is denoted as 41, and if it is inversely proportional,
it is denoted as -1.

0, i g
dy,,
dix
My, =1 +1, lfdy >0 , Vk,Vm (13)
m
-1, it e
dy,

Through Eq. (13), p,,, affecting A, can be detected. Table. 1
presents the sensitivity matrix derived for the state space of
the PMSG wind turbine discussed in this paper.

For the derivation of the sensitivity matrix, the variation
of y,, is chosen from 50% to 150% relative to the reference
value, and a 100-partition simulation is applied for each
V- The parameter variation range from 50% to 150% of
the nominal value was selected as a symmetric perturbation
interval to capture both increasing and decreasing trends in
eigenvalue sensitivity

Through the sensitivity matrix, it is identified that eigen-
values 2 to 6 are influenced by control system parameters,
eigenvalues 9 to 14 are influenced by generator design param-
eters, and eigenvalues 15 to 18 are influenced by transmission
line parameters. Therefore, MCS is categorized into three
separate groups: i) the MCS group for the control section of
the PMSG wind turbine, ii) the MCS group for the connected
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transmission line, and iii) the MCS group for the design of
the PMSG wind turbine. Each MCS groups do not influence
eigenvalues outside of their group, and among the eigenval-
ues, there are factors such as the 7th and 8th eigenvalues that
are not affected by any parameter changes designed in this
paper.

The transmission-line parameters (R, L, and C) also reflect
the effective grid strength seen from the point of inter-
connection. In general, a weaker grid corresponds to a
higher equivalent impedance, which can reduce damping and
increase the risk of oscillatory instability.

In this paper, we focus on detecting SSO according to
the RLC combination of the transmission line for system
connection, thus only considering ii) the MCS group for the
connected transmission line.

The sensitivity matrix also provides practical guidance for
controller tuning by indicating the direction in which each
parameter should be adjusted to improve system damping.

B. SSA BASED ON MCS

For an efficient SSA based on MCS, the parameters affect-
ing the eigenvalues are grouped based on the results of the
preceding Sensitivity matrix, following Eqs. (14)-(16).

[Kit, Kpil € Gyes_in L =1,2...,5 (14)
[Liine, Ciines Riine]l € Gucs_ii (15)
[D1, D2, D12, My, M>, k12, R, Ls] € Gucs _iii (16)
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FIGURE 5. Eigenvalues on the RHP.

As mentioned earlier in this paper we focus on the SSO
due to the components of the transmission line, therefore only
Gucs_iii 18 considered.

Sequentially examining all combinations of parameters
within the same MCS group can be quite challenging. There-
fore, in this paper, we randomly set the parameters within the
same MCS group and derive the system’s stable and unstable
regions and the combinations of parameters through countless
simulations. Consequently, the matrix A for deriving eigen-
values is applied as shown in Egs. (17) and (18).

=[ApAcArsc Apc AGsc ArLc(T)ApLL ] (17)
Agrrc(t) =f (R(7), L(t), C(1)) (18)
R <R(r) <R (19)
L<Lt)<L (20)
C=<Cr=C (21

The (7) represents a random function. Eq. (18) implies that
Agrc is determined by the random functions of R, L, and C.
Eqgs (19)-(21) refer to the bound of each random variable.
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A total of 1,000,000 Monte Carlo samples were used to
ensure sufficient coverage of the parameter space and reliable
identification of the stability boundary.

In large-scale wind farm systems, the application of
full-scale MCS is computationally challenging due to the
high dimensionality of the parameter space, strong parameter
coupling, and the increased computational cost of repeated
eigenvalue analysis.

V. SIMULATION RESULTS

Having selected the target group through the sensitivity
matrix, the elements subject to MCS application are limited
to R, L, and C. To detect SSO in PMSG wind turbines,
we expand the ranges of R, L, and C using a random function.
The range for R is chosen to be 0.04 ~ 1€2/km, for L is 0.2 ~
0.004 mH/km, and for C is 0.01 ~0.002 mF/km. The MCS
is applied with 1,000,000 iterations. The simulation com-
puter’s CPU is a 12th Gen Intel(R) Core(TM) i9-12900KF
(24 CPUs), ~3.2GHz, and the total simulation time was
934 seconds.
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FIGURE 6. Probability distribution of parameters for each eigenvalue.

Fig. 5 shows the points where the real parts of the eigen-
values 15 to 18, derived through MCS-based SSA, settle in
the RHP.

Fig. 5 presents R, L, and C in all unstable areas derived
through MCS-based SSA. As shown, generally, the likelihood
of occurrence increases at lower values of C as the magnitude
of eigenvalues settling in the RHP grows. Through Fig. 6,
we propose analyzing the probability distribution of R, L, and
C in both stable and unstable states to discern the differences
in the frequencies of each R, L, and C in unstable systems
that may lead to SSO, compared to their frequencies in stable
systems.

Fig 6 shows the probability distribution of R, L, and C that
leads to the RHP of their respective eigenvalues, demonstrat-
ing a clear distinction between stable and unstable systems.
In the case of R, L, and C, the probability distributions within
a stable system do not significantly vary with the eigenvalues
and tend to concentrate around certain values. In contrast, for
unstable systems, the probability distributions of R, L, and C
vary across different eigenvalues. Specifically, for R, less than
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100 instances are leading to the RHP for the 18th eigenvalue,
making it challenging to represent this as a PDF. For the other
eigenvalues, the likelihood of inducing system instability in
lower ranges is higher compared to a stable system. For L,
the number of instances leading the 18th eigenvalue into
the unstable region is notably small, and the probability of
potentially settling other eigenvalues into the RHP is higher
compared to a stable system’s L. Regarding C, as shown in the
scatter plot, there is a higher potential for system instability
at lower points compared to an extremely stable system.

In this paper, the distribution of the resonance frequency
is also analyzed. The possibility of SSO in PMSG wind
turbines, as verified through the results of SSA, depends on
the combination of L and C in the transmission line, with the
resonance freq.uenc.y'calf:ulated as fresonance = ﬁ..This
allows for the identification of the resonance frequency in all
unstable system solutions, contributing to the avoidance of
SSO.

Fig. 7 displays the distribution of all resonance frequencies
Sresonance and their probability distribution in unstable systems
as R changes, while Table 2 presents the average values of
the probability distribution of fresonance in unstable systems
caused by each eigenvalue.

TABLE 2. Mean value of L/C ratio distribution.

Mean value of resonance

Number of eigenvalues frequencies [Hz]

Unstable Stable
15 54.27 20.07
16 51.58 20.32
17 123.57 21.64
18 11.70 21.88

Table 2 displays the resonance frequency determined by
the combination of L and C, occurring when each eigenvalue
settles in the RHP of the complex coordinate system. SSO
refers to vibrations occurring at frequencies below the sys-
tem’s nominal frequency (60Hz), with the probability of SSO
increasing when the resonance frequency, determined by L
and C, is close to or below the nominal system frequency.

However, for the 17th eigenvalue, the average resonance
frequency derived from the ratio of L to C, where it set-
tles in the RHP, corresponds to twice the system frequency,
indicating that the vibration occurring when the 17th eigen-
value is solely in the RHP is closer to Super Synchronous
Oscillations.

The condition for system instability occurs when at least
one eigenvalue settles in the RHP. The 15th and 16th eigen-
values predominantly settle in the RHP, potentially inducing
SSO, as the average resonance frequencies derived from these
eigenvalues are 54.27 and 51.58 [Hz] respectively. This is
lower than the nominal system frequency and close to it
compared to a stable system, highlighting the need for caution
regarding SSO. Based on this information, system planners
can devise strategies to avoid SSO and determine stable levels
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FIGURE 7. Probability distribution of resonance frequencies in unstable systems.

of series compensation based on the values of R and L in
the transmission line. In essence, Fig. 5 and Fig. 6 provide
the potential areas of SSO occurrence for the targeted PMSG
wind turbine and offer opportunities to avoid SSO within all
unstable systems.

As the number of MCS iterations increases, so does the
amount of data for analysis. When integrating actual PMSG
wind turbines, the range of specific data will likely be pro-
vided. While Fig. 5 and Fig. 6 offer a strong approach for
probabilistically analyzing under which conditions of L and
C the system may become stable or unstable, this method
could potentially lead to excessive time spent on analysis and
verification.

Our proposed algorithm, being based on data interpre-
tation, not only broadly demonstrates the system’s sta-
ble and unstable conditions but also provides applicable
values of C for system stability in systems where R
and L are definitively given. For example, Fig. 8 shows
the distribution of available and unavailable values of C
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when R is between 0.02~0.03 [©2/km] and L is between
0.0017~0.0018 [mH/km] based on Figs 6 and 7.

As shown in Fig. 8, the squares in blue represent the
available values of C, while the stars in green represent the
unavailable values of C. Table 3 provides examples of clear
solutions by showing sample points from Fig. 8, and Table 4
displays the position and stability of eigenvalues within the
complex coordinate system for each sample point.

TABLE 3. Sample points of simulation result.

Sample point#l Sample point#2
R [V/km] 0.02678 0.02989
L [mH/km)] 0.001718 0.001723
C [mF/km] 0.002 0.000684

In Table 4, Sample point#2 is identified as a sub-frequency
very close to the system frequency, highly likely to cause
resonance. Consistent with previous results, it is recognized
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TABLE 4. Stable status of each sample point.

[unyp] 5

Number of Position in the complex coordinate system
eigenvalues Sample point#1 Sample point#2
i 2 RHP
17 LHP
18 LHP
fresonance 33.89 57.88
Status Stable Unstable

as an unstable system due to eigenvalues 15 and 16 settling
in the RHP. During this condition, the output of the PMSG
wind turbine can become very unstable, and vibrations may
not fully attenuate, necessitating system planners to choose

solutions that can avoid SSO.

The solutions proposed in Table 3 and Table 4 allow users
to easily make selections and judgments for any range of R
and L. Even beyond the range of RLC applied in this paper,
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FIGURE 10. Active power of PMSG wind turbine at POI for each sample
point.

applications can be easily adapted with a sufficient number of
MCS iterations. Furthermore, while this paper adopts MCS
groups to analyze SSO based on the RLC combination of the
PMSG wind turbine using the sensitivity matrix, the appli-
cation of MCS groups enables the analysis of mechanical
vibrations according to the design of the PMSG wind turbine
and vibration analysis based on control parameters. More-
over, it can be easily applied to the development and control
systems of power systems where stability can be analyzed
through SSA.

Fig. 9 shows the distribution of all 15 to 18 eigenvalues
derived through MCS and marks the points obtained when
parameters from each sample point are inputted.

V1. SIMULATION VALIDATION WITH SIMULINK
In this paper, the PMSG wind turbine is modeled through
MATLAB/SIMULINK, and it is verified that the results of
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the algorithm proposed in the paper match the results of
the EMTDC model. Fig. 10 shows the graph of the active
power at the POI (Point of Interconnection) when applying
the sample point from Table 3.

As shown in Fig. 10, for sample point#1, the output of the
PMSG wind turbine is stable, whereas for sample point#2,
there is significant fluctuation in the active power during a
transient period of 0.3 seconds, and continuous output varia-
tions occur even within the steady-state region, verifying that
the system is unstable.

In this study, the time-domain validation is performed
using the active power response at the POI, which is directly
related to the system-level stability and oscillatory behavior.

It should be noted that additional internal electrical vari-
ables such as reactive power, DC-link voltage, machine
speed, and terminal voltage are not included in the present
validation, as the primary objective of this work is to identify
SSO-prone parameter regions based on eigenvalue analysis
and MCS rather than to provide a full EMT-level controller
performance assessment.

This limitation will be addressed in future work through
more comprehensive EMT-level simulations.

VII. CONCLUSION

In this paper, an MCS-based framework for evaluating the
small-signal stability of PMSG wind turbines has been pro-
posed. To reduce computational complexity, a sensitivity
matrix-based clustering approach was applied, enabling effi-
cient identification of dominant parameters affecting critical
oscillatory modes. The simulation results demonstrated that
the effective output of the PMSG wind turbine system, mod-
eled in MATLAB/SIMULINK, exhibits distinct oscillatory
behavior under unstable parameter combinations.

The proposed framework provides a systematic approach
for identifying stability characteristics of grid-connected
PMSG wind turbine systems and can be extended to vari-
ous control systems utilizing small-signal stability analysis.
In particular, the sensitivity information offers practical guid-
ance for controller parameter adjustment by indicating both
the direction of influence on eigenvalues and the stability
boundaries in the parameter space.

In this study, the analysis primarily focuses on
transmission-line parameter variations and their impact on
oscillatory stability. Although the effects of control param-
eters, such as PLL bandwidth, and operating condition
variations, such as wind speed, are recognized as important
factors influencing system dynamics, they are not explicitly
considered in the present framework.

Future work will extend the proposed methodology to
incorporate control-related MCS and design-related MCS for
a more comprehensive stability assessment of grid-connected
PMSG wind turbine systems. In addition, the integration
of the proposed framework with HVDC systems will be
investigated to evaluate its applicability for efficient long-
distance transmission. The impact of wind speed variability
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on eigenvalue migration will also be investigated in future
work.
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