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Abstract. The study introduces an enhanced damping controller using a battery energy storage system to mit-
igate sub-synchronous resonance in transmission lines equipped with static series compensation associated with
a doubly fed induction generator-based wind power facility. This project aims to create a resilient damping con-
troller that ensures stability under diverse operating situations and to refine controller settings using an inno-
vative optimization technique for enhanced damping efficacy. In contrast to traditional damping controllers,
the suggested controller incorporates an additional damping signal integrated into the d–q axis of the control
channels. The auxiliary damping signal utilizes angular speed deviation, obtained by a large-area measuring
method, as its input signal. A hybrid method integrating eigenvalue analysis with an advanced particle swarm
optimization technique is used to optimize damping performance across diverse operating situations by deter-
mining the best gain coefficients. The variability of wind speed and fluctuations in series compensation levels
are assessed to determine the resilience of thef proposed controller in real-world and extreme circumstances.
Time-domain simulations were conducted in MATLAB/Simulink to assess their efficacy. The findings confirm
that the proposed upgraded controller successfully stabilizes all previously unstable system modes at wind
speeds of 7 m/s, 9 m/s, and 11 m/s, as well as at compensation levels of 40%, 55%, and 60%. The suggested
controller demonstrates enhanced damping performance and elevated damping coefficients relative to conven-
tional damping controllers, signifying increased stability and resilience across various operating conditions.

Keywords: Battery energy storage systems (BESS), DFIG, Damping controller, Sub-synchronous resonance
(SSR), Fixed series compensation.

1 Introduction

The energy transition to renewable power sources is greatly
aided by the wind power system’s explosive global expan-
sion. Global wind capacity rose by 117 GW in 2023, and
by 2025, it will have surpassed 1,000 GW. Approximately
75 GW of offshore capacity and over 106 GW from onshore
projects make up this increase, with China leading the way
with significant additions from the US, Brazil, Germany,
and India [1]. Due to its economic benefits, capacity to inde-
pendently manage both active and reactive power, and abil-
ity to operate at varying speeds while keeping a constant
grid frequency, the Doubly Fed Induction Generator
(DFIG) has become a frequently used solution in this
industry [2]. The fact that wind farms frequently occur dis-

tant from the load areas where power demand is greatest
presents a significant technological challenge. Compared
to more advanced FACTS devices, Fixed Series Compen-
sated (FSC) transmission lines offer an affordable way to
improve the ability to transfer power over such long dis-
tances; however, their integration with DFIG-based sys-
tems can result in an important risk of Sub-Synchronous
Resonance (SSR) [3]. The turbine-generator shaft system
may experience severe torsional oscillations as a result of
this phenomenon. Its severity is shown by several real-world
accidents, such as those documented in Texas (2009) and
Hebei (2012), when generator tripping and shaft damage
were noted [4]. These incidents underscore the critical need
for precise modeling, analysis, and the creation of efficient
damping techniques to reduce SSR in wind farms.

Simultaneously, the increasing integration of inverter-
based resources has significantly reduced total system
inertia, resulting in a new grid code need for wind farms
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to provide ancillary services, such as frequency support,
which is often accomplished by droop control [5, 6]. Recent
research, however, reveals some important conclusions: the
wind turbine may suffer from the same frequency support
mechanisms. Incorporating droop control in DFIG-based
systems may cause torsional oscillations in the turbine driv-
etrain, which might shorten the life of important parts like
the gearbox, according to Chiu et al. [6]. This presents a dif-
ficult trade-off: whereas frequency assistance is required by
grid standards, providing it may inadvertently jeopardize
the wind turbine’s mechanical dependability [7].

The progress of SSR and oscillation reduction
approaches originally depended on stabilizers that provided
suitable phase adjustment within the electromechanical sys-
tem. Subsequent advancements integrated power electronic
technology to get swifter and more efficient dynamic reac-
tions [4, 8]. Multiple methodologies have been suggested,
such as damping controllers integrated inside Unified Power
Flow Controllers (UPFC) [9], and band-pass filtering tech-
niques used in Static Synchronous Series Compensators
(SSSC) for systems with parallel generators [10]. Moreover,
notch filters used in Modular Multilevel Converter STAT-
COM (MMC-STATCOM) have been used to mitigate
sub-synchronous oscillations; nevertheless, inadequate tun-
ing of these filters may diminish damping in alternative
modes or even induce novel oscillatory phenomena [11].
Advanced optimization methods, such as bacterial foraging
algorithms, have been used to adjust the settings of the Sta-
tic Synchronous Compensator (STATCOM) for improved
performance [12]. FACTS-based devices are effective, but
they have a drawback in that they are expensive to install
and maintain [4]. Consequently, there has been a growing
emphasis on incorporating mitigation methods directly into
the DFIG system. Numerous control strategies, including
lead-lag compensators [13], proportional-resonant con-
trollers, and sophisticated adaptive techniques like Linear
Quadratic Regulator (LQR) and Linear Quadratic Gaus-
sian (LQG) controllers [14–16], have been proposed for both
the Rotor Side Converter (RSC) and Grid Side Converter
(GSC). Fuzzy logic control, two-degree-of-freedom con-
trollers, and other feedforward and feedback control tech-
niques are further strategies [17]. Additionally, some
research applies notch filters or powerful H1 controllers
simultaneously to the RSC and GSC [18]. Resonance dam-
pers have been added to the RSC to reduce torsional oscil-
lations, and devices such as a Battery Energy Storage
System (BESS)-based STATCOM are utilized to decrease
SSR by increasing grid strength [19]. Nevertheless, a lot of
these techniques are complicated, cannot function well in
every situation, and might put more strain on the convert-
ers of the wind turbine.

The use of BESS is a promising and growing solution. In
order to control the unpredictability of renewable energy
sources and preserve a balance between production and
demand, it is often used in contemporary power systems.
Its use has been further pushed by its easy installation
and comparatively cheap cost [20]. BESS offers a quick,
adaptable, and cost-effective method of reducing oscilla-
tions in DFIG-based wind farms without placing additional
strain on the power converters of the wind turbine. While

the use of superconducting magnetic energy storage for
SSR mitigation has been studied in the past [21], BESS is
a more practical and accessible alternative. Inter-area oscil-
lations may be successfully reduced by BESS, according to
research [22], and many optimization strategies have been
proposed to find the best location for it [23]. Additionally,
BESS has been shown to assist in reducing SSR under sig-
nificant load fluctuations [24]. More recently, Chiu et al.’s
study [6] effectively implemented a BESS-based damping
controller to reduce droop control-induced torsional oscilla-
tions, improving system damping by moving eigenvalues to
more stable areas.

1.1 Research gap and motivation

Despite these innovations, there is still a sizable research
gap. The small-signal stability of BESS-based Damping
Controllers (BESSDC) under a variety of operating situa-
tions in DFIG-based wind power systems has not been well
studied in current research [6]. Furthermore, the problem of
properly adjusting controller settings to guarantee more
reliable and consistent performance under various circum-
stances – such as changes in wind speed, series compensa-
tion levels, and network configurations – remains
unsolved. Conventional tuning techniques, including test
signal methods or field-based modifications, often result in
controller settings that are only effective around a relatively
narrow working point, which limits their performance under
different system circumstances and makes them impractical
[25]. Even while intelligent optimization approaches have
been used [26], they may sometimes overlook the system’s
physical dynamics or converge to non-optimal solutions
too soon, leading to less effective performance. Conse-
quently, it is imperative to build a BESSDC with parame-
ters that are meticulously and methodically adjusted to
function dependably under dynamic working conditions.

The investigation is motivated by two primary chal-
lenges: minimizing sub-synchronous resonance in series-
compensated transmission systems and resolving the ten-
sion between delivering frequency support and preserving
the torsional stability of the turbine drivetrain. The aim
is to create a cohesive BESS-based dampening strategy that
is resilient, cost-effective, and does not interfere with the
fundamental operations of the wind turbine.

1.2 Novelty and contributions

This work advances by integrating a multi-functional
damping strategy with an advanced optimization method,
thereby addressing many constraints of current approaches.
The primary accomplishments are as follows:

� Proposal of an Enhanced BESSDC: In order to pro-
vide the dual-function stability solution, this work
presents an enhanced BESSDC that can reduce both
traditional SSR and the recently discovered torsional
oscillations brought on by droop control.

� Advanced Optimization Framework: This research
suggests an upgraded Particle Swarm Optimization
(UPSO) strategy to find the BESSDC’s parameters,
going beyond conventional tuning strategies and
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standard optimization methodologies. The UPSO
method ensures efficient damping and dependable
small-signal stability under a variety of dynamic oper-
ating situations by preventing early convergence and
obtaining a globally optimum set of parameters.

� Integrated Controller Design: The controller is built
using a Supplementary Damping Signal (SDS) that
makes use of an n-state lead-lag compensator within
the BESS’s d–q axis control structure. A Wide Area
Measurement System (WAMS) provides inputs to
support this signal, allowing for quick, precise, and
precisely focused damping performance.

� Thorough Validation: MATLAB Simulink time-
domain simulations are used to assess the dynamic
response of the suggested method under various
dynamic and disturbed conditions, and eigenvalue
analysis is used to confirm small-signal stability.

Table 1 presents a comparative overview of current meth-
ods and the innovative contributions of this study.

1.3 Paper structure

This paper is organized as follows: The system setup based
on the IEEE First Benchmark Model (FBM) is shown in
Section 2. The suggested BESSDC for reducing SSR and
torsional oscillations is explained in depth in Section 3,
along with specific design enhancements and the UPSO
algorithm’s application. The simulation findings, a thor-
ough study of system performance, real-world applications,
and wider implications, are presented in Section 4. The
work is finally concluded in Section 5, which also discusses
potential directions for further research.

2 Study system modeling

2.1 System configuration

The system under investigation, shown in Figure 1, is mod-
ified from the recognized IEEE FBM for SSR study [27]. It
comprises a 100 MW wind farm connected to a strong AC
grid (represented as an infinite bus) via a 161 kV transmis-
sion line. The wind farm is aggregated from 67 individual
1.5 MW DFIG units. To analyze the SSR phenomenon,
the series compensation is provided by a fixed capacitor
bank (XC) located at the midpoint of the transmission line.
The system parameters, including the transformer impe-
dances (RT, XT), transmission line resistance (RL) and
inductance (XL), and the generator parameters are consis-
tent with standard FBM values.

To mitigate SSR-induced oscillations, a Battery Energy
Storage system is incorporated into the network. A conven-
tional BESS comprises a set of battery banks, a step-up
coupling transformer, and a DC–AC voltage source con-
verter (VSC) equipped with appropriate filters [28]. In this
work, a 200 kW BESS is directly connected to Bus 2 of the
161 kV FSC line, as depicted in Figure 2. The DC–AC con-
verter of the BESS is employed as the primary control inter-
face to damp SSR oscillations through an optimized SDS
integrated into its active power control loop.

The architecture of the proposed BESSDC, depicted in
Figure 3, consists of four major functional blocks: (i) the
SDS generation unit, (ii) the power control block, (iii) the
inner current control loop, and (iv) the Pulse Width Modu-
lation (PWM) unit. The consequent damping signal, repre-
sented as U, is overlaid on the active power reference of the
power control block after the SDS unit receives angular
speed deviation data collected via WAMS employing pha-
sor measurement units (PMUs). This method provides an
adaptive damping response under transient situations,
effectively suppressing oscillations caused by SSR. The
inner current controller receives reference currents calcu-
lated by the power control block. Using the PWM method,
the inner current control loop controls the VSC’s AC-side
current [29]. In order to increase dynamic performance, this
block continually compares the measured currents with
their corresponding reference values. PI controllers that
have been strengthened by feed-forward decoupling analyze
the resultant error signals. Before being sent to the PWM
unit to produce the necessary gating pulses, the reference
voltage vector that the inner controller produces is con-
verted into the synchronously spinning reference frame.
An LCL filter coupled via a coupling transformer is used
at the AC side of the inverter to provide high-quality out-
put with low harmonic distortion [30]. Because of its inte-
grated architecture, the BESS can effectively improve
system stability and mitigate SSR under a variety of oper-
ating situations by providing both real power support and
active dampening. The data [4] available in Appendix
Tables A1 and A2.

2.2 Mathematical modeling of system components

A detailed small-signal model is developed to analyze stabil-
ity. The system is modeled in the synchronous dq-reference
frame and linearized around a specific operating point. The
overall system state-space model is given by:

_X ¼ AX þ BY ; ð1Þ
where X is the state vector, A is the state matrix, B is the
input matrix, and Y is the input vector. The state vector
X is a composite of the states from all subsystems:

X ¼ XDFIG XShaftXTL XDCXBESS½ �T : ð2Þ

2.2.1 DFIG model (XDFIG)

The DFIG is represented by a 4th-order model, capturing
the dynamics of both the stator and rotor fluxes in the
dq-frame:

d
dt

wds

wqs

wdr

wqr

2
6664

3
7775 ¼ f V ds;Vqs;Vdr ;Vqr ;xr . . . :ð Þ; ð3Þ

where w represents flux linkages, the subscripts d and q
denote the direct and quadrature axes, and s and r denote
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stator and rotor quantities, respectively. xr is the rotor
angular speed. The detailed equations given in [27].

2.2.2 Shaft system model (XShaft)

The mechanical drive train, comprising the turbine, gener-
ator, and the connecting shaft, is modelled as a 3rd-order
two-mass system [4]:

2Ht
dxt

dt
¼ Tm �Ktg ht � hg

� ��Dtg xt � xg

� �
; ð4Þ

2Hg
dxg

dt
¼ Ktg ht � hg

� �� Dtg xt � xg

� �� Te; ð5Þ

dhtg
dt

¼ x0 xt � xg

� �
; ð6Þ

Where Ht and Hg are the turbine and generator inertia con-
stants, xt and xg are their angular speeds, htg is the torsion
angle, Ktg and Dtg are the shaft stiffness and damping coef-
ficients, Tm is the mechanical torque, and Te is the electro-
magnetic torque.

2.2.3 Series-compensated transmission line model
(XTL)

The transmission line with series compensation is modeled
as a 4th-order RLC circuit in the dq-frame [31]. The state
equations for the line current (ILd, ILq) and capacitor volt-
age (VCd, VCq) are:

LL
dI Ld
dt

¼ Vd1 �VCd � RLI Ld þ xLLI Lq ; ð7Þ

LL
dI Lq
dt

¼ Vq1 � VCq � RLI Lq þ xLLI Ld ; ð8Þ

Table 1. Comparison between existing state-of-the-art SSR mitigation techniques and the proposed BESSDC,
emphasizing their key limitations and the novel contributions introduced in this study.

Technique Main features/control
strategy

Key limitations Distinctive advantages of
proposed BESSDC

Conventional stabilizer
& filter-based methods
(PSS, phase-shifting
stabilizers, notch/band-
pass filters) [4, 8]

Introduces phase lead or
lag to counter

subsynchronous modes;
low-cost and simple to

implement.

Limited bandwidth;
requires precise tuning;
ineffective under variable
wind speeds; may induce
new oscillatory modes if

detuned.

BESSDC uses adaptive
UPSO-tuned parameters
and WAMS-based SDS,
providing broadband
damping without

retuning.
DFIG converter-
integrated controls
(RSC/GSC-based LQR,
LQG, H1, fuzzy, lead–
lag) [13–18]

Embeds damping within
DFIG converters using
advanced control laws;
reduces dependency on

external devices.

Increases converter stress
and computational load;
performance degrades
under wide operating
range; lacks global

optimization.

BESSDC offloads
damping duty to the

BESS system,
minimizing stress on

DFIG converters while
ensuring robust multi-
condition stability.

BESS-based damping
(existing studies) (basic
frequency or power
damping control) [6, 25]

Utilizes BESS active
power modulation for
oscillation suppression
and flexible control.

Conventional tuning has
a narrow emphasis on

SSRs, is only useful for a
single operating point,
and lacks eigenvalue-
based robustness

evaluation.

The suggested BESSDC
ensures reliable SSR and
torsional damping under
various grid situations
by offering eigenvalue-
based multi-condition

evaluation and optimum
tuning via UPSO.

Proposed BESSDC (this
work)

UPSO-optimized BESS
controller with m-state
lead–lag SDS integrated

into d–q axis; uses
WAMS feedback for
global observability;
dual-purpose damping
for SSR and droop-
induced oscillations.

– ✔ Integrated reduction
of SSR and torsional

oscillations.
✔ Strong multi-

condition stability (via
UPSO). ✔ Mitigation of

converter stress.
✔ Economical and

scalable. ✔ Confirmed
using eigenvalue and
time-domain analysis.
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C
dVCd

dt
¼ I Ld þ xCVCq; ð9Þ

C
dVCq

dt
¼ I Lq þ xCVCd : ð10Þ

2.2.4 DC-link model ðXDCÞ
The dynamics of the DC-link capacitor between the RSC
and GSC are represented by a 1st-order model [31]:

Cdc
dVdc

dt
¼ PRSC � PGSC : ð11Þ

where PRSC and PGSC are the powers at the RSC and GSC
sides, respectively.

2.2.5 BESS model (XBESS)

The BESS is connected to the Point of common coupling
through a VSC and a step-up transformer. The VSC is con-
trolled using a standard vector control strategy in the
dq-frame. The state equations for the converter output cur-
rents (id, iq) and the DC-link voltage (VdcB) are [30, 32]:

Ls
did
dt

¼ xLsiq þ Vdref � Vsd ; ð12Þ

Ls
diq
dt

¼ �xLsid þVqref � Vsq ; ð13Þ

CdcB
dVdcB

dt
¼ 1

VdcB
VBdiBd þVBqiBqð Þ: ð14Þ

The power controller, which generates the reference cur-
rents (idref, iqref), is typically implemented with PI con-
trollers. The state equations for the power controller
integrators are also included in the XBESS state vector.

2.3 Assumptions and limitations

The modeling and analysis in this study are developed
based on several key assumptions and are therefore subject
to certain inherent limitations:

2.3.1 Assumptions

� The wind farm is represented as a single aggregated
DFIG model, assuming all turbines operate under
identical wind speeds and conditions. This is standard
practice for small-signal stability studies.

� The transmission line is modeled as a lumped RLC cir-
cuit with FSC, neglecting distributed parameters and
frequency-dependent line characteristics.

� The PLL is assumed ideal with instantaneous phase
tracking, as justified for the strong grid conditions
considered.

Figure 1. Modified IEEE FBM used for SSR analysis [28].
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� The pitch angle controller is excluded because all oper-
ating points are below rated wind speed (6–11 m/s),
where pitch angle remains constant.

� The BESS is represented as a perfect DC voltage source
with a VSC, disregarding internal battery dynamics (such

as state of charge fluctuations and aging effects) as the
emphasis is on short-term oscillation damping.

� Communication delays in the WAMS are assumed
negligible, as the PMU signals are transmitted via
high-speed fiber optic links.

Figure 2. Proposed system model designed for mitigating SSR.

Figure 3. BESSDC controller for the SSR mitigation.

The Author(s): Science and Technology for Energy Transition 81, 18 (2026)6



2.3.2 Limitations

� The aggregated model might fail to account for
dynamic changes amongst turbines in an enormous
wind farm.

� The results are confirmed for the IEEE FBM parame-
ters; extension to other system topologies necessitates
further testing.

� The analysis excludes imbalanced grid failures and
harmonic disturbances.

� The PLL dynamics, pitch controller, and internal bat-
tery dynamics are recognized as critical areas for fur-
ther enhancement.

� The cyber-security aspects of WAMS-based control
are discussed qualitatively but not quantitatively
modeled.

3 The proposed enhanced control
methodology

As shown in the flowchart in Figure 4, the suggested tech-
nique is a synergistic mix of a sophisticated optimization
algorithm and an advanced control strategy.

3.1 Enhanced BESSDC

The traditional BESS works to maintain the power balance.
Damping of SSR oscillations is an additional capability
added by the improved BESSDC. This is accomplished
by adding an SDS to the VSC’s active power control loop.

3.1.1 Supplementary damping signal (SDS) design

Figure 5 displays the SDS’s block diagram. It is made up of
the following elements:

� Wide-Area Input Signal: The generator rotor’s
angular speed deviation (Dx), which is recorded in
real time by a PMU and sent via a WAMS, is the
input to the SDS. The electromechanical oscillation
is directly measured by this signal.

� Gain Block (K): This block determines the magni-
tude of the damping effort.

� Washout Filter: To prevent the SDS from interfer-
ing with the steady-state power setpoint, a high-pass
filter is used to block steady-state deviations and only
permit transient oscillations.

� Band-Pass Filter (BPF): This filter is adjusted to
the crucial SSR frequency range, which is usually
between 10 and 45 Hz for a system operating at 60
Hz. Extracting the precise torsional mode that
requires damping makes the controller efficient and
selective.

� Phase Compensation Block (Lead-Lag Blocks):
This is the most crucial part. Between the torque gen-
erated by the BESS and the recorded speed variation,
the electrical system causes a phase lag. The phase
compensator, typically one or two stages of a

lead-lag block 1þsT1
1þsT2

� �
, is designed to compensate for

this lag. The objective is to ensure that the torque
applied by the BESS is in direct opposition to the
speed deviation, providing pure damping torque.
The time constants T1 and T2 are calculated based
on the phase angle required at the SSR frequency.

The output signal ‘U’ from the SDS is added to the
active power reference (Pref) of the BESS. Thus, the BESS
modulates its active power output in proportion to the
rotor speed deviation, effectively damping the torsional
oscillations.

3.2 Upgraded particle swarm optimization algorithm

The performance of the BESSDC is highly sensitive to the
selection of its gain parameters (K1, K2Þ. Manual tuning is
impractical for achieving robustness across multiple operat-
ing conditions. Therefore, we employ an UPSO algorithm
for optimal tuning [33, 34]. The standard PSO is improved
in three significant ways:

3.2.1 Chaotic initialization using Skew Tent Map
(STM):

Instead of randomly initializing the particle positions (po-
tential solutions for K1, K2), we use a chaotic map to ensure

Figure 4. Flowchart illustrating the layout of the Enhanced
BESSDC.
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a more uniform distribution across the search space. This
enhances the algorithm’s exploration capability. The Skew
Tent Map is defined as [34]:

c kþ1ð Þ ¼
c kð Þ
a if 0 � c kð Þ � a

1�c kð Þð Þ
1�að Þ if a � c kð Þ � 1

8<
: : ð15Þ

where c(k) is the chaotic variable at iteration k, and a is a
control parameter set to 0.5. The sequence generated by
this map is used to initialize the particle positions.

3.2.2 Adaptive inertia weight and learning factors

In standard PSO, the inertia weight (xi) is often linearly
decreased. We propose a non-linear, second-order decreas-
ing function for a more effective search:

xi kð Þ ¼ xi;end þ xi start � xi endð Þ � 1� k
Tmax

� �2
" #

; ð16Þ

where k is the current iteration number and Tmax is the
maximum number of iterations. This ensures that xi (k)
decreases smoothly from xi_start to xi_end without
exceeding the intended range.

Furthermore, the cognitive (c1) and social (c2) accelera-
tion coefficients are dynamically adjusted based on the iner-
tia weight to balance the influence of the particle’s own
experience and the swarm’s best experience:

c1 kð Þ ¼ c1;start þ c1;end � c1;startð Þ � k
Tmax

; ð17Þ

c2 kð Þ ¼ c2;;start þ c2;end � c2;startð Þ � k
Tmax

; ð18Þ

where c1,start = 2.8, c1,end = 2.2, c2,start = 2.2, c2,end = 2.8.
These values ensure that c1 + c1 = 5.0 > 4 throughout the
optimization, satisfying the convergence condition for the
constriction factor described next.

3.2.3 Enhanced velocity update with constriction factor

The velocity and position update equations modified to
include a constriction factor (v) that guarantees
convergence:

vkþ1
ij ¼ v vkij þ c1r1 pbestkij

�
xkij

� �
þ c2r2 gbestkij � xkij

� �h i
xkþ1
ij

¼ xkij þ vkþ1
ij :

ð19Þ

The constriction factor v is calculated as:

v ¼ 2

2� ; �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
;2 � 4;

p			 			 ;where ; ¼ c1 þ c2 and ; > 4:

ð20Þ
The constriction factor v is adopted from [34] to guarantee
convergence. The condition ; > 4 ensures that the eigenval-
ues of the dynamic system governing particle trajectories lie
inside the unit circle. With the chosen coefficients, ; = 5.0
satisfies this requirement.

3.3 Optimization problem formulation

The goal of the UPSO is to find the optimal gain parame-
ters K1 and K2 that maximize the damping of the critical
SSR mode across a set of N predefined operating conditions
(combinations of wind speed and compensation level).

Objective function: The objective is to maximize the
minimum damping ratio (n) among the critical oscillatory
modes across all operating scenarios. The damping ratio
for the ith (ki = ri ± jbi) eigenvalue is given by:

ni ¼
�riffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ri2 þ bi2

p : ð21Þ

A higher n indicates better damping. The objective function
f is formulated as a minimization problem:

Minimize f ¼ �
XN
j¼1

dj :min ni;j
� �

: ð22Þ

Subject to:

K 1;min � K 1 � K 1;max ; ð23Þ

K 2;min � K 2 � K 2;max : ð24Þ
In this case, ni,j represents the ith mode’s damping ratio un-
der the jth operating state. For such a case, the worst-
damped (most critical) mode is found using the term
min(ni,j). Each operational condition is given a weighting
factor called dj, which represents its relative relevance or
probability of occurring. For instance, situations that are
more susceptible to SSR, such as lower wind speeds and
greater compensation levels, may be given a larger dj.

The UPSO method computes the objective function f,
computes the eigenvalues, and linearizes the system model
at all operating conditions in order to iteratively assess pos-

Figure 5. Block diagram illustrating of the supplementary damping signal.
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sible solutions (K1, K2). Until convergence is reached, the
procedure is repeated.

4 Results and discussion

This section presents a comprehensive evaluation of the
proposed Enhanced BESSDC optimized using the UPSO
algorithm. The results are structured to validate the four
key contributions of this work: the dual-purpose damping
capability, the advanced optimization framework, the inte-
grated controller design, and its performance under a wide
range of operating conditions.

4.1 Small-signal stability and robustness across multiple
operating conditions

A primary research gap identified was the lack of explo-
ration into the small-signal stability of BESS-based damp-
ing controllers across a wide range of operating conditions
[6]. To address this, an eigenvalue analysis was conducted
for four distinct wind speeds (6, 7, 9, and 11 m/s), repre-
senting varying levels of power generation and system
stress. As observed in Table 2, without the BESSDC, the
system is unstable, with positive real parts (r > 0) and neg-
ative damping ratios for the SSR mode across all wind
speeds. The application of any BESSDC successfully stabi-
lizes the system by moving all eigenvalues into the left half
of the complex plane (r < 0). Crucially, the UPSO-opti-
mized BESSDC consistently achieves the most negative real
parts and the highest damping ratios across all four operat-
ing conditions. For instance, at the critical low-wind-speed
condition of 6 m/s, where SSR is most severe, the proposed
controller improves the damping ratio by 3.6% over the
conventional PSO and 15.2% over the unoptimized
BESSDC.

This demonstrates that the UPSO algorithm effectively
finds a robust parameter set that ensures small-signal sta-
bility not just for a single nominal point but across the
entire considered operating range, directly addressing the
research gap.

4.2 Superior performance of the UPSO optimization
framework

The second research gap pertained to the suboptimal tun-
ing of controller parameters using conventional methods.
Figure 6 illustrates the convergence characteristics of the
conventional PSO versus the proposed UPSO algorithm.
The UPSO algorithm demonstrates a faster and more
stable convergence towards a superior objective function
value. While the conventional PSO stagnates after approx-
imately 50 iterations with a final objective value of 0.018,
the UPSO continues to refine the solution, converging to
a better value of 0.012 in just 35 iterations. This 33%
improvement in the final objective function value and the
avoidance of premature convergence validate the UPSO
as a more effective optimization framework for this com-
plex, multi-modal problem. The resulting controller param-

eters (K1, K2) from the UPSO are not merely
mathematically optimal but are tuned for robust perfor-
mance, as evidenced by the eigenvalue analysis.

4.3 Dynamic performance validation under SSR
disturbance

To validate the integrated controller design and its dynamic
performance, time-domain simulations were conducted for a
base case of 9 m/s wind speed and 55% series compensation.
A disturbance was applied to excite the SSR mode.

Figure 7 clearly demonstrates the efficacy of the pro-
posed Enhanced BESSDC. Without any damping con-
troller, the system exhibits sustained and growing
oscillations in active power, torque, and DC-link voltage,
confirming instability. The unoptimized BESSDC provides
damping but leaves significant residual oscillations with a
long settling time. In contrast, the UPSO-optimized
BESSDC rapidly dampens the oscillations, achieving a set-
tling time 40% faster than the unoptimized BESSDC and
reducing the peak-to-peak oscillation amplitude by over
75%. The clean, swift recovery of the DC-link voltage to
its reference of 1150 V further underscores the controller’s
ability to maintain overall system stability.

4.4 Dual-purpose damping: mitigation of torsional
oscillations

A key novelty of this work is the proposal of a BESSDC
capable of mitigating both SSR and torsional oscillations.
To demonstrate this, the system’s response was compared
with the BESS damper designed by Chiu et al. [6] for tor-
sional mode suppression.

Figure 8 provides a powerful visual synthesis of the dual-
purpose capability.While the control objectives are different
– SSR is an electrical network phenomenon manifesting in
active power, while torsional oscillations are a mechanical
drivetrain issue manifesting in generator speed – the under-
lying principle is the same: using the BESS to inject a coun-
ter-oscillation signal. Our Enhanced BESSDC successfully
damps the violent 2.9 Hz SSR oscillations in the active
power, as shown in Figure 8a, just as the dedicated BESS
damper in [6] successfully damps the 2.92 Hz torsional oscil-
lations in the generator speed as depicted in Figure 8b. This
confirms the proposed controller’s conceptual versatility.
Furthermore, by sourcing the damping power from the
BESS instead of derating the wind turbine (as in [6]), the
proposed method avoids the conflict between frequency sup-
port and torsional stability, allowing the DFIG to provide
uninterrupted frequency regulation services.

4.5 Robustness against varying series compensation
and wind speed

The robustness of the proposed UPSO-optimized BESSDC
is evaluated under varying series compensation levels
(40%, 55%, and 60%) and wind speeds (7 m/s, 9 m/s,
and 11 m/s), as illustrated in Figure 9. These conditions
represent critical operating scenarios that significantly
influence the severity of SSR. Figure 9a shows the active
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Figure 6. Convergence characteristic of the conventional PSO and the proposed UPSO.

Table 2. Eigenvalues and damping ratios of the dominant SSR Mode under varying wind speeds.

Wind speed 6 m/s 7 m/s 9 m/s 11 m/s

Eigenvalues Without BESSDC 1.64 ± 187.90i 1.55 ± 187.84j 1.48 ± 187.73j 1.28 ± 187.51j
With BESSDC �1.45 ± 229.1j �1.50 ± 229.2j �1.54 ± 229.2j �1.61 ± 229.42j

BESSDC with PSO �1.45 ± 230.01j �1.60 ± 230.01j �1.70 ± 230.02j �2.01 ± 230.05j
BESSDC with UPSO �1.51 ± 230.2j �1.67 ± 230.05j �1.72 ± 230.08j �2.10 ± 231.01j

Damping ratio Without BESSDC �0.00872 �0.00825 �0.00788 �0.00682
With BESSDC 0.00632 0.00654 0.00671 0.00701

BESSDC with PSO 0.00630 0.00695 0.00739 0.00873
BESSDC with UPSO 0.00655 0.00725 0.00747 0.00909

Figure 7. Dynamic response of the DFIG under 55% FSC and 9 m/s wind speed: (a) Active power, (b) Electromagnetic torque,
(c) DC-link voltage, (d) Quantitative performance comparison.
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power response at a high series compensation level of 60%
FSC, where the system is highly susceptible to instability.
In the absence of adequate damping, the system exhibits
sustained oscillations with large amplitudes. The unopti-
mized BESSDC reduces the oscillation magnitude but fails
to achieve rapid stabilization. In contrast, the proposed
UPSO-based BESSDC effectively suppresses oscillations
with a significantly reduced settling time and minimal resid-
ual oscillations, demonstrating superior damping capability
under severe compensation conditions. Figure 9b presents
the electromagnetic torque response at a low wind speed
of 7 m/s, a condition under which system damping is inher-
ently weak. The results indicate that the proposed con-
troller rapidly attenuates torque oscillations compared to
conventional approaches, thereby ensuring stable operation
even under low-generation scenarios. To provide a compre-
hensive assessment, Figure 9c summarizes the system per-
formance across different operating conditions in terms of
settling time and oscillation reduction. It is observed that
the proposed controller consistently achieves lower settling
times and higher oscillation reduction (exceeding 90%)
across all scenarios, indicating reliable and uniform perfor-
mance. Furthermore, Figure 9d presents a comparative
evaluation of robustness and performance consistency
among different control strategies. The UPSO-optimized
BESSDC achieves the highest robustness score and main-
tains near-uniform performance across all tested conditions,
confirming that the controller is not tuned for a single oper-
ating point but is optimized for multi-condition stability.

Overall, the results in Figure 9 clearly demonstrate that
the proposed UPSO-based BESSDC provides robust and
consistent damping performance under varying network
and operating conditions, effectively mitigating SSR and
enhancing system stability.

4.6 Comparative analysis with state-of-the-art

A direct comparison with the conventional PSO-based
BESSDC and the concept from Chiu et al. [6] is presented
in Table 3.

The proposed UPSO-BESSDC outperforms other meth-
ods in key metrics. It provides the highest damping and
fastest response for SSR mitigation. More importantly, it
uniquely offers a dual-purpose functionality, being concep-
tually capable of addressing both SSR and torsional oscilla-
tions, unlike the specialized controllers in [6] and other
single-objective optimizations. While the pole-assignment
method used in [6] is computationally efficient; it is typi-
cally a point design, whereas our UPSO framework explic-
itly optimizes for robustness across multiple conditions,
yielding a more versatile and resilient solution.

4.7 Practical applications and broader implications

The proposed enhanced BESSDC not only provides a tech-
nical solution for SSR mitigation but also aligns with sev-
eral key aspects of modern power system development. In
terms of smart grid integration, the controller’s reliance

Figure 8. Comparative damping performance: (a) SSR mitigation via active power (This work), (b) Torsional oscillation.

Table 3. Comprehensive performance comparison of different damping strategies.

Performance metric Unoptimized
BESSDC

BESSDC with
PSO

Proposed
UPSO-BESSDC

BESS damper [6]

Avg. SSR damping Ratio 0.00665 0.00734 0.00759 N/A
Settling time (s) 1.2 0.9 0.7 �1.5 (Torsional)
Oscillation reduction (%) 70% 82% 92% �85% (Torsional)
Multi-condition robustness Low Medium High Medium (point design)
Computational efficiency High Low Medium-HIGH High (Pole Assignment)
Functional scope SSR only SSR only SSR & Torsional Torsional only
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on WAMS for real-time rotor speed signals exemplifies a
core smart grid function, enabling coordinated, data-driven
control across geographically dispersed assets. This facili-
tates its integration into wide-area monitoring and control
systems, enhancing overall grid situational awareness and
stability. Regarding hybrid energy storage alternatives,
while this study utilizes a BESS for its rapid power
response, the control architecture is adaptable. The damp-
ing signal could be dispatched to a hybrid storage system,
where, for instance, a supercapacitor handles the highest-
frequency oscillation components and the BESS manages
sustained power modulation, thereby optimizing the lifes-
pan and performance of both storage technologies. We
acknowledge the ethical and environmental concerns associ-
ated with battery storage, primarily related to the lifecycle
impacts of battery production and disposal. The environ-
mental justification for this application rests on its role in
enabling higher penetration of renewable energy, which pro-
vides a net environmental benefit. Ethically responsible
sourcing of materials and adherence to a circular economy
for battery recycling are imperative for sustainable deploy-
ment. Furthermore, the dependence on WAMS introduces
a critical need for cyber resilience. The system design must
incorporate robust cybersecurity measures, including com-
munication channel encryption, intrusion detection sys-
tems, and data integrity checks for PMU signals, to
prevent malicious attacks that could manipulate damping
signals and destabilize the grid. Finally, the practical appli-
cation of this research provides grid operators with a cost-
effective, retrofit solution to enhance the stability of exist-
ing wind farms connected to series-compensated lines,
ensuring compliance with grid codes without compromising
the mechanical integrity of the turbines, thereby supporting
a more reliable and secure transition to a renewable-domi-
nated energy mix.

5 Conclusion

This study presents an advanced BESSDC designed for a
DFIG-based wind power system linked via a series-compen-
sated transmission line to alleviate SSR. The suggested
BESSDC incorporates an SDS into the d–q axis control
loops to improve system damping and stability. A hybrid
method integrating eigenvalue analysis with a UPSO algo-
rithm was used to properly adjust the SDS gain coefficients
for effective damping across diverse operating situations.
The comparative investigation revealed that the UPSO
method surpasses the traditional PSO and BESS damper
for convergence speed and robustness. This enhanced opti-
mization results in more efficient adjustment of the
BESSDC parameters, hence markedly boosting its damping
performance and augmenting overall system stability.
Time-domain simulations performed in MATLAB/Simu-
link validated the efficacy of the suggested control tech-
nique across various operating circumstances, illustrating
that the improved BESDC significantly enhances the
dynamic responsiveness and stability of series-compensated
DFIG-based wind power systems.

Future study will concentrate on many potential path-
ways to propel this work into actual implementation. This
entails the incorporation of the BESSDC with hybrid
energy storage systems, amalgamating batteries with super-
capacitors to enhance performance and durability. More-
over, examining the cyber-physical resilience of the
WAMS-dependent control system against cyber threats
and verifying the controller via Hardware-in-the-Loop
(HIL) testing are essential subsequent actions. Expanding
the optimization framework to provide the concurrent
delivery of several grid services, including integrated SSR
damping and frequency control, is a notable avenue for
future research. Furthermore, while the current study con-

Figure 9. Dynamic performance and robustness of the proposed UPSO-based BESSDC under varying conditions: (a) Active power
at varying FSC, showing suppression of SSR oscillations; (b) Electromagnetic torque at varying wind speed (m/s), indicating
improved damping; (c) Performance comparison in terms of settling time and oscillation reduction; (d) Robustness and consistency
comparison among unoptimized, PSO-based, and UPSO-based BESSDC.
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centrates on sub-rated wind speeds with a fixed pitch angle,
further research will integrate the dynamics of the pitch
angle controller to evaluate torsional oscillations under
super-rated situations. This would facilitate the examina-
tion of possible relationships between pitch activity and
drivetrain modes, together with the coordinated damping
efficacy of the proposed BESS-based controller.
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Table A1. System parameters of DFIG.

Rated parameter Rating

Individual Aggregated

Rated power 1.5 MW 100 MW
Rated voltage 575 V 575 V
Rated frequency 60 Hz 60 Hz
RS 0.023 0.023
XlS 0.18 0.18
Rr 0.016 0.016
Xlr 0.16 0.16
XM 2.9 2.9
DC-link voltage 1150 V 1150 V
DC-link capacitor 10000 lF 67*10000 lF

Table A2. Parameters of fixed series compensated
transmission line.

Parameter Rating

Transformer ratio 575V/161 kV
Base power 100 MVA
RL 0.02
XL 0.50
XC at 50% compensation 64.8 X
XT 0.14
Xsys 0.060
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