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Summary

Mitigating inter-area low-frequency oscillations is a significant concern in

multi-machine power systems due to their adverse effects on system stability.

These oscillations are intricately linked with power oscillations. So appropriate

power modulation through the Battery Energy Storage System (BESS) can be

an effective strategy for preserving system stability. In this paper, the maximal

of all minimal residue indices under variations in power system operating con-

ditions is utilized as the index for identifying the location for installation of the

BESS, the damping control loop, and the feedback signal. A fixed-structure H∞

scheme-based wide-area damping controller (WADC) is proposed for the

BESS, providing sufficient damping of inter-area oscillation modes. A modified

IEEE 39-bus system is simulated using a real-time digital simulator as a test

system in this work. The simulation results confirmed that the proposed

WADC could effectively damp various inter-area oscillation modes. Further-

more, it offers robust damping performance over contingencies associated with

the system's various operating scenarios as well as the uncertainty associated

with fixed and variable communication delays in the feedback signal of WADC

and the integration of solar photovoltaic systems. Moreover, a comparative

analysis of the proposed WADC is carried out with a BESS-based wide-area

power system stabilizer, which is found to be more effective in mitigating sys-

tem inter-area oscillations.
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1 | INTRODUCTION

1.1 | Background

A major problem in modern power systems is transferring large amounts of power across long transmission lines from
one region to another due to rising power demand. In order to improve the transient stability of the power system,
nonlinear components such as fast automatic voltage regulators are frequently being integrated. On the other hand,
incorporating such devices gives rise to developing low-frequency oscillations (LFOs) at frequencies below 2 Hz,1 which
are sustained in the system. When synchronous generators (SGs) oscillate against one another at a frequency of 1–2 Hz
in a single geographical area, local oscillation modes are triggered in a power system. On the other hand, inter-area
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oscillation modes are observed when a set of SGs in one area swings against a group of SGs in another area. The LFOs
are detrimental and must be damped out as soon as possible to keep the system stable and reliable.

Consequently, power system stabilizers (PSSs) are used in multi-machine systems to enhance the comprehen-
sive damping for the local oscillation mode of SG rotor oscillations by employing supplemental stabilizing signals.
Conventional lead–lag PSSs employ the phase compensation method, which may require parameter adjustments
for widespread operating scenarios. To address these challenges, Liu et al.2 introduces a heuristic-dynamic
programming-based solution for phase compensation-based PSSs. Nevertheless, these controllers might not ade-
quately damp inter-area oscillation modes due to the limited observability of local signals.3 These inter-area modes,
often weakly damped and dominant, necessitate efficient damping to ensure consistent power transfer. Within this
context, energy storage systems (ESSs) play a significant role in substantially enhancing power system reliability.
In,4 using an energy storage device with optimal feedback control schemes is suggested to improve power dynamic
performance, encompassing enhanced power flow through inter-area lines and effective frequency regulation dur-
ing varying loading conditions. So, this study proposed the fixed-structure H∞ control-based Wide-Area Damping
Controller (WADC) for Battery Energy Storage Systems (BESS) to alleviate power system LFOs under the change in sys-
tem operating conditions.

1.2 | Literature review

Existing research has investigated various strategies for mitigating the power system LFOs, predominantly utilizing
local signals in the design of damping controllers. However, these local signals often lack the necessary observability
for addressing inter-area modes effectively. In such scenarios, the design of damping controllers for inter-area oscilla-
tions leans towards preferring wide-area feedback signals. Addressing the prior concern of limited observability in local
signals, incorporating wide-area signals from phasor measurement units (PMUs) introduces a challenge, as these sig-
nals inherently experience communication time delay that might adversely impact the performance of WADC. The
time delay duration is impacted by network distance, communication link type, transmission protocols, and more,
potentially spanning tens to several hundreds of milliseconds.5 Thus, considering time delay in feedback signals
becomes vital in WADC design. The Padé approximation6 is frequently employed as the prevailing approach to address
time delays, often involving the consideration of a fixed first or second-order time delay.

Moreover, the proposed scheme in Beiraghi and Ranjbar7 suggests adaptive delay compensators to mitigate commu-
nication time delay effects on WADC. However, these schemes necessitate additional components linked with the
WADC, leading to increased system complexity and cost. In contrast, this work eliminates the requirement for a dedi-
cated time delay compensator. The WADC design process here inherently encompasses the potential minimum and
maximum communication time delay limits within the feedback control loop, thus providing the WADC with inherent
robustness to time delays. As a result, it diminishes the total cost of the proposed WADC scheme.

Existing literature offers numerous techniques for designing WADC that will reduce inter-area oscillations in
the power system. The wide-area PSS is proposed in Prakash et al.,5 with its parameters fine-tuned using hybrid
algorithms like teacher-learner-based optimization and particle swarm optimization. The WADC scheme based on
Bellman's principle and the Loewner Interpolation Method is presented in Paternina et al.8 to mitigate LFOs in
power systems. A coordinated approach-based WADC for wind generation is outlined in Kumar and Bhadu,9 with
the WADC parameters optimized using the multi-objective gray wolf optimizer algorithm. The wide-area output
feedback controller is presented in Alghamdi et al.10 that takes into account time-varying delays for converter-
based resources and conventional generators, thereby enhancing oscillation damping in a low-inertia power net-
work. The concept of harnessing coherent group generators for designing WADC is presented in Naguru11 for an
integrated power network. Further, multipliers-based WADC is established in Thakallapelli and Kamalasadan,12 as
is a WADC alternating direction technique. This method relies on coherency grouping, in which the entire power
system is separated into several areas and then constructed using a residue-based strategy. Nevertheless, it's worth
highlighting that the application of these damping controllers lacks validation on large power networks that
exhibit several LFO modes.

The WADC technique proposed in Zenelis and Wang,13 based on a modal linear quadratic regulator control scheme,
simultaneously improves power system LFOs' damping. The time-delayed feedback control approach-based WADC for
solar photovoltaic systems is presented in Kumar et al.14 to alleviate the power system LFOs. Furthermore, the H∞

damping controllers are the most extensively used controllers for suppressing the inter-area oscillation modes, as
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suggested in Banerjee et al.15 The power system LFO mode damping enhancement through location and controller
parameters for BESSs are optimized using the mixed-PSO technique presented in Zhu et al.16 The capacitive ESS, asso-
ciated with a fractional-order proportional tilt integral derivative plus one controller, is discussed in Choudhary et al.17

to control the power system frequency and mitigate the power required by load fluctuations. Moreover, a resilient
WADC utilizing a multiple-controller switching scheme is presented in Zhao et al.18 to suppress the cyber attack on the
power system network and enhance damping in inter-area modes.

1.3 | Research gap and motivation

The existing literature lacks a clear understanding of the appropriate location for deploying BESS into multi-machine
power networks to mitigate system LFOs and enhance system stability effectively. The appropriate location of a BESS
in a multi-machine power system is essential for enhancing the damping performance of inter-area oscillations. Proper
placement ensures that the BESS can manage power flows, effectively stabilize the system, and synchronize with other
control mechanisms, thereby improving overall system reliability and stability. Additionally, there is a notable absence
of discussion regarding selecting an effective damping control loop of BESS, such as an active power control loop or
reactive power control for installing the supplementary damping controller. The current literature also lacks a compre-
hensive investigation into the design of damping controllers for BESS-integrated power systems, particularly in wide-
area scenarios involving various system uncertainties. These uncertainties include variable communication delays in
the feedback loop, nonlinearities in the damping control loop, and the integration of renewable sources such as solar
PV systems. Hence, this study aims to address these gaps by utilizing BESS as an actuator to mitigate system LFOs
across diverse operating conditions scenarios because it can provide both active and reactive power support with high
precision and speed. This dual capability enhances the damping of power system oscillations, including local and inter-
area modes, thereby improving overall system stability.

1.4 | Challenges

Designing a fixed-structure H∞ control-based WADC for BESS to alleviate power system LFOs presents significant chal-
lenges. These include accurately capturing the complex dynamics of wide-area power systems, managing uncertainties
in system parameters and communication delays, and integrating BESS effectively into the control framework.

1.5 | Contribution

In this paper, the dynamics of the DC-to-DC bidirectional converter, along with the DC voltage controller, and the
dynamics of the VSC associated with primary and secondary control loops, such as power and current control loops,
are included in the modeling stage of BESS to analyze the impact of system LFOs. Furthermore, the appropriate place-
ment of BESS in the power system and the suitable control loop, whether active or reactive power control, for placing
the damping controller are determined using modal analysis, respectively. A reduced-order model-based fixed-structure
H∞ scheme-based WADC is proposed to enhance the damping performance for system LFOs. The damping perfor-
mance of the proposed WADC is validated under different operating conditions and various uncertainties, including
variable and fixed communication delays in the feedback signal of the damping controller and the penetration of
renewable energy sources into the system. In these contexts, the following are the main contributions of this article:

1. The application of BESS in multi-machine power systems in the context of frequency stability and oscillation
damping, as discussed in Calero et al.19 and Datta et al.,20 does not discuss the appropriate location of BESS to inte-
grate into the system. As a result, in this paper, the selection strategy for determining the appropriate BESS place-
ment in the power system is based on the maximum of all minimal residue indices using modal analysis under
varying system loading conditions. This strategy is employed to choose the best location for the BESS, the appropri-
ate feedback signal, and the suitable damping control loop (i.e., active or reactive power control) for placing a sup-
plementary damping controller.

2294 KUMAR ET AL.
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2. A fixed-structure H∞ scheme-based WADC is proposed for BESS to mitigate power system inter-area oscilla-
tions. The robustness of this control scheme is verified against several system contingencies. These include dif-
ferent loading conditions, various fault locations, uncertainties related to the nonlinearity in the output of the
damping controller, integration of renewable sources, and communication time delays (fixed and variable) in
the feedback loop.

3. In this study, we conducted an extensive simulation analysis to thoroughly evaluate the impact of the proposed
WADC on the system's damping performance. Our investigation specifically focused on understanding how the
WADC, when interconnected with the active and reactive control loops of the BESS, affects the damping characteris-
tics of the system across different operating scenarios.

1.6 | Paper organization

The remaining sections of this work are structured as follows: Section 2 discusses power system modeling, BESS model-
ing, and small-signal analysis. The BESS selection approach is covered in Section 3. Section 4 discusses the design of
the proposed fixed-structure WADC for BESS. The proposed method is verified on the modified New England
10-machine benchmark system in Section 5. Moreover, real-time validation is carried out on real-time digital simulator
(RTDS) in Section 6. Lastly, Section 7 concludes this work.

2 | POWER SYSTEM MODELING

This study delves into the impact of BESS and BESS-based WADC on the inter-area oscillation modes within a multi-
machine power system. The power system comprises essential components such as SGs, exciters, local PSS, transmis-
sion networks, and loads. Each SG is represented as a 6th-order sub-transient model equipped with an IEEE Type I
excitation system and a Type I governor. Transmission networks and loads are modeled using Π models and constant
impedance, respectively. The forthcoming subsection provides a detailed discussion of BESS modeling.

2.1 | BESS model

The BESS integrated into the power system comprises the battery pack, power conditioning system (PCS), filter, and
transformer. The PCS is a group of power converters that work together to keep the power and voltage output at the
desired levels. The PCS for the BESS consists of a DC-to-DC bidirectional converter for battery charging/discharging
control and a voltage source converter (VSC) for power network integration with required power output and voltage.
The elaborate block diagram structure of BESS with the associated controller is shown in Figure 1.

2.1.1 | Battery pack model

The DC-to-DC converter connects the battery cells in the battery pack module in series and parallel to produce the
desired power and voltage. The battery is represented as a controlled DC source in series with an internal resistance Rb

based on the generic model.21

2.1.2 | DC-to-DC bidirectional converter model

In this study, the average model of a bidirectional converter in discharging mode operate in discontinuous conduction
mode, and the magnitude of the DC-link current represents the VSC load Idc. The weighted average dynamics model of
the bidirectional converter in discharging mode across the switching period TC is written as22
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dIL
dt

¼ 0�V1

L
� 1�α1ð Þ

L
Vdc

dV 1

dt
¼� IL

C1
� V1

C1Rb
þ Vb

C1Rb

Vdc

dt
¼� 1�α1ð Þ

C2
ILþ Idc

C2

8>>>>>><
>>>>>>:

, ð1Þ

where V1 is the battery pack terminal voltage, IL is the inductor current, Idc is the dc-link current, Vdc is the dc-link
voltage, Vb is the battery cell voltage, Rb is the battery's internal resistance, bidirectional converter duty cycle is denoted
by α1, and its capacitance and inductance are designated by C1, C2, and L, respectively.

2.1.3 | VSC model

The dynamics of the VSC, transformer, and filter reactances, respectively, that connect the VSC to the grid can be repre-
sented using the dq equations:

LV
dIcd
dt

¼ Vcd�Vsd�RVIcdþω0LVIcq
� �

LV
dIcq
dt

¼ Vcq�Vsq�RVIcq�ω0LVIcd
� �

8>><
>>: , ð2Þ

where the VSC's dq reference frame voltages are Vcd ¼ 0:5mdVdc and Vcq ¼ 0:5mqVdc. md and mq are the modulation
index of VSC in dq reference frame. Vs, Vc, and Ic represent the grid voltage, VSC voltage, and current, respectively.
The aggregated inductance and resistance of the VSC, transformer, and filter are LV ,RV .

2.1.4 | Control approach for grid-integrated BESS

The commonly employed two-level control approach for grid-integrated BESS is depicted in Figure 2. The primary level
control is responsible for sustaining the constant DC-link voltage Vdcð Þ and the voltage level Vsdð Þ at the coupling point.
The dq-axis reference current Idqref

� �
generating for the primary-level control is given as

FIGURE 1 A grid-connected battery energy storage system with integrated control

2296 KUMAR ET AL.
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Icdref ¼ Psref �Psþupc
� �

KppþKip

s

� �

Icqref ¼ Qsref �Qsþuqc
� �

KpqþKiq

s

� �
8>>><
>>>:

, ð3Þ

where upc and uqc are the damping control signal of the WADC and Kpp, Kpq, Kip, and Kiq are the PI controller gain
coefficients of the primary level controller of the BESS.

The primary goal at the secondary level of the control strategy is to control power at the BESS integration point.
This control is achieved by adjusting the VSC's modulation index mdq

� �
. Voltage-oriented control (VOC), which is one

of the control methods, is demonstrated in Wu et al.23 VOC operates to convert the three-phase (abc) signal stationary
frame to the dq0-axis synchronous reference frame and vice versa. A phase-locked loop (PLL) is used to measure angle

θpll ¼ tan�1 Vsd
Vsq

� �
, at the point of BESS integration. So that Vsd ¼Vs and Vsq ¼ 0, direct axis voltage Vsd is then aligned

with the grid voltage Vs to accomplish VOC. Now, the grid's active and reactive power that BESS delivers may be calcu-
lated as

Ps ¼ 1:5 VsdIcdþVsqIcq
� �¼ 1:5VsdIcd

Qs ¼ 1:5 VsqIcd�VsdIcq
� �¼�1:5VsdIcq

(
: ð4Þ

Under the lossless condition, active power received at the AC side of the VSC should be equivalent to active power
delivered from the dc side of the VSC. Ps ¼ 1:5VsdIcd ¼VdcIdc; thus, current injected by DC-to DC bidirectional con-

verter is Idc ¼ 1:5 VsdIcd
Vdc

� �
. The currents along the q and d axis are cross-coupled, which means that the Icq depends on

the Icd and vice versa. Thus, as seen in Figure 2, the decoupled controller came into the picture.

2.2 | Small-signal analysis

This work aims to design a WADC for a BESS to improve the damping performance of LFO in the power system. Power
flows in each transmission network are considered the system's outputs, while the BESS primary level controllers, Psref

FIGURE 2 Control strategy for battery energy storage system

KUMAR ET AL. 2297
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and Qsref , are chosen as inputs. The entire system, including the BESS, is linearized for these inputs and outputs at the
stable equilibrium point, and the state-space model of the system is described as follows:

dΔX
dt

¼AΔXþBiΔui
Δyi ¼CiΔX

8<
: , ð5Þ

where the system state, output, and input vectors are x �ℜe�e, yi �ℜg�e, and ui �ℜe�f , respectively. The system input,
output, and state matrices are Bi �ℜe�f , Ci �ℜg�e, and A�ℜe�e, respectively. The number of state variables is e, the
number of input signals is f , and the number of output signals is g.

2.2.1 | Time delay in feedback signals

The 2nd-order Pad'e approximation is used in this study to describe time delays, and it is given as24

G Tdð Þ sð Þ¼ �2Tdsþ6
s2T2

dþ4Tdsþ6
¼

�2
Tds

þ 6
T2
d

s2þ 4
Tds

þ 6
T2
d

, ð6Þ

where time delay is represented by Td and the state-space model from the above transfer function can be obtained as

dΔXTd

dt
¼ATdΔXTd þBTdΔuTd

ΔyTd
¼CTdΔXTd

8<
: , ð7Þ

where the time delay models of system input, output, and system matrices are BTd , CTd , and ATd , respectively.
The without time delay system model in (5) is cascaded with the with time delay system model in (7) to determine

the complete time-delayed modal of the power system as follows:

dΔX
dt

¼AiΔXþBiΔui

Δyi ¼CiΔX

8<
: , ð8Þ

where x is the time-delayed system's state vector and the relevant system, input, and output matrices are given by

Ai ¼
A 0

BTd ATd

� 	
,Bi ¼

Bi

0

� 	
,Ci ¼ 0 CTd½ �: ð9Þ

3 | APPROACH FOR CHOOSING THE LOCATION, CONTROL LOOP, AND
FEEDBACK SIGNAL FOR BESS

3.1 | Residue index

It is worth mentioning that residue analysis is well established in the literature to address damping controller position
and feedback signal selection in the context of power system LFO study. However, the residue index is not discussed for
power system operating condition variations. This paper aims to determine the best position for BESS and its damping
control loop. The residue index is exploited for subsequent analysis.

2298 KUMAR ET AL.
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The plant model's residue matrix can be derived using (5) the transfer-function representation,25 as per the
following:

G sð Þ¼C sI�Að Þ�1B¼
Xe

i¼1

Ri

s� λi
, ð10Þ

where Ri is the residue index of G sð Þ associated with LFO mode i, at eigenvalue λi, which may be further written as

Ri ¼CMiN
T
i B, ð11Þ

where NT
i and Mi are the left and the right eigenvector matrices related to the eigenvalue λi, respectively. Both are the

ith element of the modal matrix and are associated with the state matrix stated in (5).

3.2 | BESS selection approach

In a conventional approach, the location of the BESS installation, the feedback signal, and the control loop are
selected26 as follows:

Mp ¼Max Ri ρ,γ0ð Þð �,½ ð12Þ

where ρ is the set of each candidate's installation positions, feedback signals, and control loops; Mp is the consequence
of the choice; Mp � ρ; and γ0 is the steady-state operating condition.

The residue index will vary under various operating scenarios even though the installation position, feedback signal,
and control loop are all the same. Therefore, (12) isn't always the perfect approach under a changing operating
scenario.

To overcome the problem of the conventional approach described in (12), an alternative approach is proposed in
this work for choosing the BESS installation position, feedback signal, and control loop under the variation of system
operating conditions as follows:

Mp ¼Max min Ri ρ,Φ γð Þð Þð Þ½ �, ð13Þ

where Φ γð Þ is a collection of various operating conditions, such as an increase or decrease in load and a change in net-
work configuration. Depending on the inter-area oscillation mode of interest, there is a minimal magnitude of residue
index under various operating conditions for each element of ρ. The operating condition γp that results in minimum
residue magnitude is considered optimal operating condition. Mp (i.e., optimal BESS location, feedback signal, and con-
trol loop) is decided based on maximal of minimum residues under different values of ρ for the optimal operating
condition γp. The selection results from Mp corresponds to least efficient damping in the ith inter-area mode at the
operating condition γp �Φ γð Þ, according to (13). As a result, if we select γp as the operating condition in the system to
design the BESS-based damping controller, an efficient design at Mp can confirm its efficacy for all other operating con-
ditions in Φ γð Þ. Therefore, (13) is a robust approach for choosing the BESS installation position, the feedback signals,
and the control loop.

4 | DESIGN OF WADC USING FIXED STRUCTURE CONTROL SCHEME

4.1 | Framework of fixed structure control scheme

The fixed-structure controller, the standard form model, is shown in Figure 3 and consists of two primary components:

1. All non-tunable (fixed) blocks in the control system are combined in the linear time-invariant plant model P sð Þ.

KUMAR ET AL. 2299
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2. A structured controller that combines all tunable elements of the controller is K sð Þ=Diag K1 sð Þ,…,KN sð Þð Þ. It is
assumed that each control element Kj sð Þ is linearly time-invariant and has a predetermined structure.

The system's external inputs, such as disturbances and reference signals, are collected in w, while its performance-
related outputs, such as error signals, are collected in z. The linear fractional transformation yields the closed-loop
transfer function from w to z, denoted Fl P sð Þ,K sð Þð Þ, as follows27:

Tzw ¼Fl P,Kð Þ¼ PzwþPzuK I�PyuK
� ��1

Pyw: ð14Þ

4.2 | Fixed-structure H∞ controller synthesis

The fixed-structure H∞ control scheme for BESS is shown in Figure 4. The design objective is to minimize the H∞ norm
of Fl P sð Þ,K sð Þð Þ. The solution objective for optimal H∞ problem is to identify an internally stabilizing controller K sð Þ,
where kFl P sð Þ,K sð Þð Þk∞ is reduced.27

PSS is considered a fixed-structure damping controller, including a controller gain, a washout filter, and a phase
compensation filter. Using parametric models for such components is only reasonable, given that our strategy is
optimization-based. For instance, six scalars Kc, Twc, T1c, T2c, T3c, and T4c can be used to parameterize a PSS as

K sð Þ¼Kc
sTwc

sTwcþ1

� �
sT1cþ1
sT2cþ1

� �
sT3cþ1
sT4cþ1

� �
: ð15Þ

FIGURE 3 Fixed-structure controller standard form model

FIGURE 4 Fixed-structure H∞ control scheme for BESS

2300 KUMAR ET AL.
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The optimization problem of fixed-structure H∞ controller is solved using nonsmooth optimization. The objective is
to identify optimal fixed-structure controller K sð Þ design parameters that minimize the H∞ norm considering all inter-
nal stability constraints.28

minimize
K sð Þ

kFl P sð Þ,K sð Þð Þk∞ ,
minimize

x �ℜk
max
ω 0,∞½ �

σ Fl P jωð Þ,xð Þð Þ , ð16Þ

where the vector x collects all the tunable parameters in fixed-structure controller K sð Þ. The nonsmooth optimization-
based control problem is solved using MATLAB-based hinfstruct function.

4.3 | Procedure to design fixed-structure WADC

1. Linearize the entire power system at robust operating condition γp.
2. Small-signal analysis is used to identify the system's inter-area oscillation modes, and the dominant inter-area oscil-

lation modes are then determined based on frequency and damping ratio.
3. Use residue analysis to identify the appropriate feedback signal with a time delay for the dominant inter-area oscilla-

tion mode.
4. The full-order power system is converted to a reduced-order system model using the Schur model reduction

method29 to design WADC for BESS.
5. The reduced-order system is converted into the standard model form, which has a non-tunable block (plant model),

and tunable sections (structured controller), in the fixed-structure control design problem.
6. In this study, PSS is regarded as a fixed-structure, and parametric models are used to characterize the structure of

each tunable element of fixed-structure controller K sð Þ.
7. The fixed-structure controller K sð Þ design parameters minimize the H∞ norm kFl P sð Þ,K sð Þð Þk∞ <1 while adhering

to internal stability constraints.
8. The fixed-structure controller K sð Þ parameters are tuned using the hinfstruct function in MATLAB.
9. Validate the proposed WADC system's performance in various operating scenarios.

4.4 | Flowchart of the proposed scheme

The flowchart in Figure 5 shows the proposed scheme and usage details to be presented in the subsequent sections.

5 | VALIDATION ON MODIFIED NEW ENGLAND 10-MACHINE
BENCHMARK SYSTEM

5.1 | Study system description and small signal analysis

The modified IEEE-39 bus benchmark power system is depicted in Figure 6. This test system consists of 10 SGs,
39 buses, 46 transmission lines, 21 loads, 12 transformers, and six inter-area tie lines, with a total generation capacity of
6,248.9 MW. The system base is set at 100 MVA and 60 Hz, with the power ratings of each generator being different, as
discussed in Hiskens.30 The primary and secondary voltage ratings of each transformer connecting the generator buses
in the IEEE 39-bus system are 11.3 and 345 kV, respectively. Additionally, each bus connected to the transmission lines
operates at a voltage rating of 345 kV. This test system is divided into three areas: SG1–SG3 are in Area 1, SG4–SG7 are
in Area 2, and SG8–SG10 are in Area 3. Moreover, every excitation system of SGs equipped with local PSS, excluding
SGs G1, G5, G7, and G8, has a gain that is 25 times greater than the PSS data obtained from Hiskens.30

In this work, we differentiate between two configurations in a multi-machine power system: one without BESS, ter-
med the base case (BC), and the other incorporating BESS, known as Case 1 (CS1). The main objective is to assess the
system's damping ability to mitigate inter-area oscillations across various operating conditions. Table 1 provides a
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comprehensive overview of the various operational conditions explored in this study, identified as γp1, γp2, γp3, and γp4,
respectively. The small-signal analysis is conducted for the base case configuration of the study test system to examine
the prominent inter-area oscillation mode under different operational scenarios. The results are summarized in Table 2,
focusing primarily on the dominant inter-area oscillation mode, while other LFO modes are not listed.

Furthermore, the SGs in Area 3 actively participate in the dominant inter-area oscillation mode in the base case
under different operating conditions, as shown in Figure 7. So, at Bus 27 (Area 3), a 50 MW BESS rating is incorporated
with the study test system to provide power requirements under any additional loading scenario. The parameters of
BESS are taken from Calero et al.19 In this simulation analysis, BESS operates in discharging mode, with the initial state
of charge (SOC) of BESS being taken as 80%. Under normal operating conditions, a BESS is integrated on Bus 27, and

FIGURE 5 Flowchart of the proposed scheme

FIGURE 6 Single-line diagram of the IEEE 39 bus system integrated with BESS

2302 KUMAR ET AL.
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this system has an inter-area mode present as (). Furthermore, for Case 1, Table 2 comprehensively presents the domi-
nant inter-area oscillation mode and the residue index of the system across various operating conditions, providing
valuable insights into the system's dynamic behavior.

In Table 2, in the base case, we observe that the damping ratio of mode M1 is obtained as 4.70%, which is increased
to 5.61% in case1 under γp1 operating condition. However, in operating condition γp2, the damping ratio of mode M2 is
obtained as 6.26%, which is reduced to 5.96% in Case 1. The damping ratios of Modes M3 and M4 are obtained as 6.54%
and 6.46% in base case under operating conditions γp3 and γp4; these ratios again increased to 6.87% and 6.45% in Case
1. So it can be observed that the damping performance in Case 1 exhibits a marginal improvement when compared to
the base case for the dominant inter-area mode across different operating conditions.

As shown in Table 2, the minimal magnitude of the residue index (0.0018) is obtained under the operating condition
γp4. Therefore, in this research, operating condition γp4 is chosen for designing the WADC for the BESS.

5.2 | Frequency response of study system

The frequency response (Bode plot) of the study system under steady-state condition, both without and with BESS, is
shown in Figure 8A,B, respectively. In the system without BESS, a gain margin of 32.4 dB is observed at a phase cross-
over frequency of 16.1 rad/s, along with a phase margin of 49� at a gain crossover frequency of 0.892 rad/s. Conversely,
the system with BESS exhibits a gain margin of 45.6 dB at a phase crossover frequency of 20.4 rad/s and a phase margin

TABLE 1 Power system operating conditions

Φ γp

� �
System operating conditions description

γp1 Active and reactive power of loads at Area 1 (Buses 31 &39) increases by 10%

γp2 Active and reactive power of loads at Area 2 (Buses 20 & 23) increases by 10%

γp3 Active and reactive power of loads at Area 3 (Buses 25 & 29) decreases by 10%

γp4 The permanent outage of the inter-area line between Buses 2 & 3

TABLE 2 Damping ratio of the study system in the base case and case1 for different operating conditions

Φ γp

� �
Mode Damping ratio in base case Damping ratio in Case 1 Residue index of Case 1

γp1 M1 �0:252� i5:366 (ξ¼ 4:70%,f ¼ 0:85 Hz) �0:230� i4:095(ξ¼ 5:61%,f ¼ 0:65 Hz) 0:0189∠∓13:34 ∘

γp2 M2 �0:339� i5:408(ξ¼ 6:26%,f ¼ 0:86 Hz) �0:305� i5:116(ξ¼ 5:96%,f ¼ 0:81 Hz) 0:0042∠ �103:72 ∘

γp3 M3 �0:352� i5:376(ξ¼ 6:54%, f ¼ 0:85 Hz) �0:269� i3:910(ξ¼ 6:87%,f ¼ 0:62 Hz) 0:0210∠ �146:35 ∘

γp4 M4 �0:353� i5:452(ξ¼ 6:46%, f ¼ 0:86 Hz) �0:33� i5:154(ξ¼ 6:45%,f ¼ 0:82 Hz) 0:0018∠∓48:16 ∘
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FIGURE 7 Participation factor of synchronous generators in the dominant oscillation mode in the base case under various operating

conditions
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of 107.5� at a gain crossover frequency of 0.796 rad/s. These results indicate that incorporating BESS increases both the
gain and phase margins of the system. Consequently, the damping performance and overall stability of the system are
enhanced compared to the system without BESS.

5.3 | Choice of BESS installation position, feedback signal, and damping control loop

The candidate group Ω ρð Þ is chosen in this work, as shown in Table 3, for analyzing the impact of grid-connected BESS
in system inter-area oscillation mode under the variation of power system operating conditions.

Under the operating condition γp4, the residue index magnitude of the system is depicted in Figure 9. From
Figure 9, the maximal magnitude of the residue index is 0.0795 at candidate group ρ9 (i.e., reactive power control loop).
The candidate group ρ9 is the best choice by the conventional approach according to (12); in this case, the BESS instal-
lation position at Bus 4 (Area 1), the feedback signal is the power flow over an inter-area tie line P15�14 (between Areas
2 and 3), and the damping control loop is the reactive loop of BESS.

From Figure 9, the maximal of all the minimal magnitude of residue index is 0.0054 at candidate group ρ4
(i.e., active power control loop). The candidate group ρ4 is the best choice by the robust approach according to (13); in

(A)

(B)

FIGURE 8 Bode plot of the study system: (A) without BESS and (B) with BESS

TABLE 3 Candidate group of study system

Candidate group Ω ρð Þ Collection of candidate groups

Candidate BESS location Bus 4 (Area 1), Bus 22 (Area 2), & Bus 27 (Area 3)

Candidate damping control loops Active & reactive power control loops

Candidate feedback signals of the
damping controller

Power flow through lines P26�27,P27�17 (between Areas 3 and 2), P1�39 (between Areas 3 and 1),
P15�14 (between Areas 2 and 1), & rotor speed deviationΔω4�8 (Areas 2 to 3)

2304 KUMAR ET AL.
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this case, the BESS installation position is at Bus 4, the feedback signal is the power flow over an inter-area tie line
P15�14, and the active power loop of BESS is the damping control loop.

According to Figure 9A–C, we draw conclusions about this analysis.

1. The robust choice between each candidate in Ω ρð Þ is the candidate group ρ4. The minimal magnitude of the residue
index of the candidate group ρ4 is the maximal in each lower residue index magnitude of candidates in Ω ρð Þ. Thus,
candidate group ρ4 is the best choice found based on (13), which states that the BESS should be placed at Bus 4; the
feedback signal is the power flow over an inter-area tie line P15�14; and the active power loop of BESS is the damping
control loop.

2. BESS installation on Bus 4 is superior to Buses 22 and 27.
3. The feedback signal P15�14 is superior compared to the feedback signals P26�27, P27�17, P1�39, and ω4�8.

5.4 | Design of BESS-based WADC

The first stage in designing the proposed WADC for BESS is selecting the damping controller location and the appropri-
ate feedback signal to improve the system's damping performance under various operating conditions. The damping
control loop and feedback signal are selected using the robust selection approach outlined in Section 3.2. From
Figure 9, it is determined that the active power control loop of the BESS is the optimal location to position the WADC.
Furthermore, the power flow through the inter-area line P15�14 is the appropriate feedback signal for designing the
WADC for the BESS. It is considered that the PMU is deployed on Bus 15 of the test system to get the WADC feedback
signal, and the PMU utilizes IEEE C37.118.2 protocol for real-time data streaming. PMUs capture voltage, current, and
frequency at high sampling rates (240 samples per second) to monitor the dynamic behavior of the IEEE 39 practical
system.

In this research, we have also accounted for the communication delays in the feedback signal, i.e., minimum
and maximum time delays of 100 and 150 ms, respectively. With P15�14 as the output of the plant model and Psref as
the input for the operating condition γp4 with a 100ms time delay in feedback signals, the order of the system
is found to be 139. This higher order system is further reduced to a 12th-order system using the Schur model
reduction approach29 for case CS1 to reduce the WADC design's complexity. The frequency response of the 12th-order
reduced system is approximately the same as the full-order system in the frequency range of (0.1–2) Hz, as shown in
Figure 10. The reduced order system contains the significant inter-area oscillation mode M4 under the operating
condition γp4.

5.4.1 | Design of fixed-structure H∞ scheme-based WADC for BESS

The design procedure for the fixed-structure H∞ scheme-based WADC is provided in Section 4.3. This study designs the
proposed WADC for the BESS under the operating condition γp4 in the candidate group ρ4, where the WADC is linked
to the active power control loop of the BESS. The objective is to increase the damping ratio of the relevant inter-area
oscillation modes, M1 to M4, of the study system in case CS1. The hinfstruct function in MATLAB is used to tune the

(A) (B) (C)

FIGURE 9 Residue index of study system under operating condition γp4. (A) BESS installed on Bus 4, (B) BESS installed on Bus 22, and

(C) BESS installed on Bus 27

KUMAR ET AL. 2305
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parameter of the fixed-structure damping controller (i.e., PSS). After almost 31 iterations, the H∞ program based on
nonsmooth structure optimization converges to its optimum closed-loop gain value of 1.31, which means that the H∞

norm is almost satisfied. The damping controller's tuned parameters are Kc ¼ 0:851, Twc ¼ 10, T1c ¼ 0:654, T2c ¼ 0:0134,
T3c ¼ 0:567, and T4c ¼ 0:0135, respectively.

Moreover, in this study, the fixed-structure H∞ WADC designed for the BESS under the operating condition γp4 in
the candidate group ρ9 (i.e., WADC is linked to the reactive power control loop of BESS) is compared with the proposed
WADC in the candidate group ρ4. The H∞ norm is not satisfied since the nonsmooth structural optimization-based H∞

program does not converge to a solution. The best closed-loop gain value of 2.31 after around 47 iterations with parame-
ters of the damping controller is obtained to be Kc ¼ 1:738,Twc ¼ 10,T1c ¼ 0:451,T2c ¼ 0:0252,T3c ¼ 0:456, and
T4c ¼ 0:0247, respectively.

5.4.2 | Performance evaluation of WADC

The proposed fixed-structure H∞ scheme-based WADC's damping performance for the BESS is evaluated through
modal analysis on the modified IEEE 39 bus system. The main objective is to evaluate the damping performance of the
system in inter-area modes under various operating conditions. The damping performance of the dominant inter-area
oscillation modes of the system wherein the WADC is associated with the candidate groups ρ4 and ρ9 of BESS are,
respectively, shown in Tables 4 and 5. The BESS-based wide-area power system stabilizer (WAPSS) is a single-input,
single-output (SISO) structure that utilizes P15�14 as a feedback signal. This stabilizer is connected to the secondary con-
trol loop of the BESS and is referred to as the BESS-based WAPSS throughout the study. This WAPSS scheme is
implemented on the candidate groups ρ4 and ρ9 of BESS to evaluate the damping performance in the practical study
system inter-area oscillation modes under the operating condition γp4.

The 10% damping ratio is the threshold value to assess the proposed controller's effectiveness in the study system
inter-area modes under different operating conditions. The damping ratio in the inter-area mode M4 with the 100 ms
time delay in the feedback signal in BESS-based WAPSS25 in candidate group ρ4 is less than 10%, as depicted in Table 4.
The damping of the concerned inter-area oscillation modes M1 to M4 is improved beyond 10% by the proposed fixed-
structure H∞ WADC. When the proposed WADC is installed on the candidate group ρ9, the damping ratio of con-
cerned inter-area oscillation modes M1 to M3 is higher than 10%, except the single case of the inter-area oscillation
Mode M4 with 150ms time delay in feedback signal, where the damping ratio is slightly lower than 10%. The BESS-
based WAPSS25 is installed on the candidate group ρ9; the damping ratio of concerned inter-area oscillation modes M1
to M4 is lower than 10% (see Table 5).

In the presence of operating condition contingencies and uncertainty associated with communication time delays in
the feedback signal, the proposed fixed-structure H∞ scheme-based WADC functions robustly for the designed

(A)

(B)

FIGURE 10 Frequency responses of the modified IEEE 39 bus system of full-order and reduced-order system under operating condition

γp4
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parameters. When time delay constraints are taken into consideration, the proposed WADC for BESS is capable of
maintaining at least a 10% damping ratio in prominent inter-area oscillation modes. In contrast, the BESS-based
WAPSS25 is incapable of providing enough damping for critical inter-area oscillation modes.

5.5 | Computational burden of study system

This study uses MATLAB 2020a software to solve the linear analysis of the IEEE 39 bus system and design a fixed-
structure H∞ control scheme-based WADC for BESS. This analysis is carried out on a personal computer, an Intel(R)
Core (TM) i7-8700 CPU @ 3.20GHz with 8 GB of installed RAM 64-bit operating system. Several factors contribute to
the computational burden in terms of time to solve the proposed WADC for BESS to mitigate system inter-area oscilla-
tions, including system complexity, control structure complexity, and the complexity of H∞ control optimization prob-
lem. The computation times are as follows: 160.406 s for the IEEE 39 bus system with PSS, 196.234 s for the IEEE
39 bus system with BESS, 424.625 s for the IEEE 39 bus system with BESS associated with WAPSS,25 and 402.578 s for
the IEEE 39 bus system with BESS combined with proposed WADC. It is observed from results that proposed approach
requires less computational burden compared to WAPSS proposed in Qi et al.25

6 | VALIDATION OF DYNAMIC SIMULATION ON THE REAL-TIME
DIGITAL SIMULATOR

The dynamic simulation of the modified IEEE 39 bus system with proposed fixed-structure H∞ WADC for BESS is car-
ried out on RTDS using the graphical user interface of RSCAD FX 1.3. The Real-Time Digital Simulation framework is
depicted in Figure 11.

TABLE 4 Eigenvalue of system inter-area oscillation modes with WADCs in the candidate group ρ4 of BESS

Φ γp

� �
Mode Td msð Þ BESS-based WAPSS Proposed fixed structure WADC

γp1 M1 100 �0:441� i3:677 (ξ¼ 11:93%) �0:553� i3:654(ξ¼ 14:98%)

150 �0:415� i4:069 (ξ¼ 10:16%) �0:527� i3:749 (ξ¼ 13:92%)

γp2 M2 100 �0:443� i3:993 (ξ¼ 11:03%) �0:560� i3:739 (ξ¼ 14:81%)

150 �0:455� i4:063 (ξ¼ 11:14%) �0:538� i3:707 (ξ¼ 14:38%)

γp3 M3 100 �0:465� i3:667 (ξ¼ 12:59%) �0:537� i3:789 (ξ¼ 14:05%)

150 �0:448� i3:978 (ξ¼ 11:19%) �0:556� i3:715 (ξ¼ 14:80%)

γp4 M4 100 �0:371� i3:751 (ξ¼ 9:85%) �0:511� i3:617 (ξ¼ 14:01%)

150 �0:530� i5:081 (ξ¼ 10:37%) �0:527� i3:749 (ξ¼ 13:92%)

TABLE 5 Eigenvalue of system inter-area oscillation modes with WADCs in the candidate group ρ9 of BESS

Φ γp

� �
Mode Td msð Þ BESS-based WAPSS Proposed fixed structure WADC

γp1 M1 100 �0:476� i4:936 (ξ¼ 9:61%) �0:420� i4:039 (ξ¼ 10:36%)

150 �0:469� i4:956 (ξ¼ 9:425%) �0:371� i3:528 (ξ¼ 10:46%)

γp2 M2 100 �0:346� i4:147 (ξ¼ 8:33%) �0:450� i3:854 (ξ¼ 11:6%)

150 �0:443� i4:960 (ξ¼ 8:71%) �0:439� i3:685 (ξ¼ 11:84%)

γp3 M3 100 �0:368� i4:027 (ξ¼ 9:10%) �0:384� i3:619 (ξ¼ 10:55%)

150 �0:359� i3:838 (ξ¼ 9:32%) �0:373� i3:469 (ξ¼ 10:71%)

γp4 M4 100 �0:406� i4:939 (ξ¼ 8:19%) �0:400� i3:942 (ξ¼ 10:19%)

150 �0:420� i4:946 (ξ¼ 8:47%) �0:359� i3:838 (ξ¼ 9:32%)
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The dynamic simulation of the studied test system is carried out to verify the efficacy of the proposed WADC for
BESS and evaluate its performance in different operating scenarios. The different scenarios are simulated under follow-
ing contingency cases:

• Scenario 1 (S1): a three-phase fault is applied at Bus 20 in Area 2 at t = 3 s for 100 ms.
• Scenario 2 (S2): a double line to fault is applied at t = 3 s for 100 ms on the transmission line between Buses 29 and

37 and considering the permanent outage on the transmission line between Buses 27 and 17 as well as Buses 3 and 4.
• Scenario 3 (S3): considering the variable communication time delay in the WADC feedback signal P15�14, a line-

to-ground fault is applied to the transmission line between Buses 16 and 19 at t= 3 s for 100ms.
• Scenario 4 (S4): the integration of the solar photovoltaic system on Bus 20 and the three-phase fault is applied at Bus

38 at t = 3 s for 100 ms.

Except for Scenario S3, the simulation case for each scenario considers 100 ms communication time delay in the
proposed WADC's feedback signal P15�14 into account.

6.1 | Scenario 1 (S1)

In this scenario, we evaluated the damping performance of proposed WADC for BESS in candidate groups ρ4
(i.e., active control loop) and ρ9 (i.e., reactive control loop) by conducting simulations under various operating condi-
tions (see Table 1, γp1 to γp4) of the practical study system. In this simulation scenario, the three-phase fault is applied
at Bus 20 in Area 2 at 3 s with a fault duration of 100ms to generate dynamic oscillations in the system.

The dynamic simulation response of the rotor speed deviation between SGs 4 and 2 and the DC link voltage Vdcð Þ
of the BESS with the proposed WADC for BESS as well as for the WAPSS25 in candidate group ρ4 under different oper-
ating conditions are depicted in Figure 12. This simulation response reveals that the SG rotor oscillation and BESS DC
link voltage oscillation are better damped after the occurrence of a fault, reducing peak overshoot and settling time of
the rotor oscillation and DC link voltage oscillation, compared to the BESS-based WAPSS.25 In each operating condition
(γp1 to γp4), the settling time of the SG rotor oscillation and DC link voltage oscillation of BESS is less than 8 s by the

FIGURE 11 Framework for real-time simulation

2308 KUMAR ET AL.
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proposed WADC. Further, the peak overshoot of both the SG rotor oscillation and the DC link voltage of the BESS
effectively reduced, as shown in Figure 12.

Additionally, Figure 13 illustrates the dynamic response of the proposed WADC as well as of WAPSS25 for BESS in
candidate group ρ9. This simulation response includes the rotor speed deviation between SGs 4 and 2 and the DC link
voltage of the BESS under various operating conditions. The proposed WADC for BESS demonstrates superior damping
performance compared to the BESS-based WAPSS.25 However, in candidate group ρ9, the rotor oscillation and BESS
DC link voltage oscillation settling time are slightly increased compared to candidate group ρ4. Unlike the WADC for
BESS in candidate group ρ9, the proposed WADC for BESS in candidate group ρ4 effectively damps the prominent
inter-area oscillations of the study system under various operating conditions.
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FIGURE 12 Dynamic response of the study system with a WADC for BESS in candidate group ρ4 under various operating conditions:

(A) Δω4�2 under γp1, (B) Vdc under γp1, (C) Δω4�2 under γp2, (D) Vdc under γp2, (E) Δω4�2 under γp3, (F) Vdc under γp3, (G) Δω4�2 under γp4,

and (H) Vdc under γp4
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6.2 | Scenario 2 (S2)

In this scenario, the practical study system is simulated with a double line fault applied at t = 3 s for a duration of
100 ms on the transmission line between Buses 29 and 37. The simulation aims to assess the damping performance
of the proposed WADC, which is linked to candidate groups ρ4 and ρ9 of the BESS under operating condition γp1. The
dynamic simulation responses, including the rotor speed deviation between SGs 4 and 2, the power flow through line
P4�14ð Þ, the BESS active power, and the DC link voltage of the BESS, are depicted in Figure 14.

From this simulation response, it is revealed that the proposed WADC provided adequate damping to mitigate the
SG rotor oscillation, power oscillation in the transmission line, BESS active power oscillation, and BESS DC link voltage
oscillation, performing more effectively compared to the BESS-based WAPSS.25 The settling time of the rotor oscilla-
tion, power oscillation in the transmission line, BESS active power oscillation, and the DC link voltage oscillation of

(A) (B)

(C) (D)

(E) (F)

(G) (H)

FIGURE 13 Dynamic response of the study system with a WADC for BESS in candidate group ρ9 under various operating conditions:

(A) Δω4�2 under γp1, (B) Vdc under γp1, (C) Δω4�2 under γp2, (D) Vdc under γp2, (E) Δω4�2 under γp3, (F) Vdc under γp3, (G) Δω4�2 under γp4,

and (H) Vdc under γp4
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FIGURE 14 Dynamic response of the study system with a WADC for BESS in candidate groups ρ4 and ρ9 under operating condition

γp1: (A) Δω4�2 under ρ4, (B) Δω4�2 under ρ9, (C) P4�14 under ρ4, (D) P4�14 under ρ9, (E) Ps under ρ4, (F) Ps under ρ9, (G) Vdc under ρ4, and

(H) Vdc under ρ9

FIGURE 15 Variable communication time delays
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BESS in scenario S2 is slightly increased compared to the dynamic simulation response in Scenario S1 under operating
condition γp1. The damping performance of the WADC linked with candidate group ρ4 is better than that with candi-
date group ρ9 of the BESS, as shown in Figure 14.

6.3 | Scenario 3 (S3)

This simulation scenario assesses the robustness of the controller's performance against the variable communication
time delay uncertainty in the feedback signal P15�14 of the proposed WADC, as shown in Figure 15. This analysis
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FIGURE 16 Dynamic response of the study system with a WADC for BESS in candidate groups ρ4 and ρ9 under operating condition

γp1: (A) Δω4�2 under ρ4, (B) Δω4�2 under ρ9, (C) P1�39 under ρ4, (D) P1�39 under ρ9 (E) Ps under ρ4, (F) Ps under ρ9, (G) Icdref under ρ4, and

(H) Icdref under ρ9
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employed variable communication delay range from 100 to 300ms. The practical study system, incorporating the pro-
posed WADC linked with BESS candidate groups ρ4 and ρ9, is simulated under operating condition γp1. During this
simulation, a line-to-ground fault is applied to the transmission line connecting Buses 16 and 19, lasting for 100ms
starting at t= 3 s. The dynamic simulation response encompasses the rotor speed deviation between SG 4 and 2, the
power flow through the inter-area line P1�39ð Þ, BESS active power, and the d-axis reference current of the VSC for
BESS, as depicted in Figure 16.

The results depicted in Figure 16 show that with WADC for BESS in candidate groups ρ4 and ρ9, the SG rotor oscil-
lation, power oscillation in the inter-area line, BESS power oscillation, and d-axis reference current of the VSC for BESS
are effectively damped. However, under the system operating condition γp1, these oscillations have slightly longer set-
tling times than Scenarios S1 and S2. The proposed WADC damping performance outperforms the BESS-based
WAPSS25 regarding variable communication time delay uncertainty.

6.4 | Scenario 4 (S4)

This scenario integrates a solar photovoltaic (PV) system into the modified IEEE 39 bus system. The solar PV system,
with a power capacity of 50 MW, is placed randomly on Bus 20 of the study system, as depicted in Figure 17. In this
simulation scenario, the solar PV system is configured with 115 solar cells connected in series and 8,200 solar cells con-
nected in parallel. Each solar cell operates at its maximum power point condition, generating 17.4 V voltage and 3.05 A
current, thus achieving the desired power capacity for the solar PV system. Moreover, under this scenario, the solar PV
system is simulated with solar irradiances fixed at 1,000 W/m2 while maintaining a consistent temperature of 25�C
throughout the analysis.

The dynamic simulation response of rotor speed deviation between SGs 4 and 2 and active power across the inter-
area line using WADC for BESS in candidate groups ρ4 are depicted in Figure 18A,B, respectively. These dynamic
responses reveal that the proposed WADC provides superior damping performance compared to BESS-based WPSS,25

effectively mitigating the rotor oscillations as well as power oscillation through the inter-area line. The increased set-
tling time of SG rotor oscillations in Scenario S4 compared to Scenarios S1–S3 under operating condition γp1 can be
attributed to the lower inertia of converter-based resources compared to conventional generators. Additionally, solar
PV systems provide less inherent damping, leading to a sluggish response to disturbances. Consequently, this leads to
longer settling times for rotor speed oscillation.

FIGURE 17 Modified IEEE 39 bus system with WADC for BESS and integrated solar PV system on Bus 20
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Further dynamic responses of the d-axis reference current of grid-side VSC and DC-link voltage between the boost
converter and grid-side converter are depicted in Figure 18C,D, respectively. These dynamic responses elucidate that
the settling time and peak overshoot in the d-axis reference current of the grid-side VSC and the DC-link voltage
between the boost converter and the grid-side converter are adequately damped subsequent to a severe contingency in
Scenario S4. As a result, it is evident that the proposed WADC offers effective damping compared to the WAPSS25 con-
trol scheme in a renewable integration scenario.

The dynamic simulations performed under different Scenarios (S1 to S4) confirm the efficacy of the proposed fixed-
structure H∞ WADC for BESS. This control approach demonstrates robust damping performance across various contin-
gencies, encompassing varied system operating conditions, different fault types and locations, uncertainties associated
with constant and variable communication time delays in the feedback loop, and integrating renewable sources.
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FIGURE 18 Dynamic response of the studied system integrating BESS and a PV system under operating condition γp1 with WADC for

BESS in candidate group ρ4: (A) Δω4�2, (B) P1�39, (C) Idref�PV of GSC in PV system, and (D) Vdc�PV of PV system

FIGURE 19 WADC with nonlinearity for BESS
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6.5 | Effect of nonlinearity on proposed WADC for BESS

The proposed WADC for BESS includes nonlinearity, such as actuator saturation of output of the damping controller,
as shown in Figure 19. The impact of system damping performance, including nonlinearity on the damping
controller, is discussed in Maddela and Subudhi.31

In this simulation case, the actuator saturation limit, characterized by a nonlinear gain function, is applied to the
output of the proposed WADC for BESS in candidate group ρ4. This saturation limit includes a lower gain of 0.5, an
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FIGURE 20 Dynamic response of the study system with a WADC linked with nonlinearity for BESS in candidate ρ4 under operating

condition γp1: (A) P1�39, (B) Ps, (C) Vdc, and (D) Icdref
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FIGURE 21 Dynamic response of the study system with a WADC linked without and with nonlinearity for BESS in candidate ρ4 under

operating condition γp1: (A) P1�39, (B) Ps, (C) Vdc, and (D) Icdref
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input threshold value of 0.1, and an upper gain of 2. In this case, a three-phase fault is applied on the transmission line
between Buses 16 and 19 at 3 s for 100ms, and the study system is simulated under operating condition γp1.

The simulation responses of the study system, such as the power flow through inter-area line P1�39, the active power
of the BESS, the DC link voltage between the DC-DC bidirectional converter and the VSC of the BESS, and the d-axis
reference current for the VSC of the BESS, are shown in Figure 20A–D, respectively. These results demonstrate that the
oscillations occurring after a severe disturbance in the system are reduced compared to the WAPSS suggested in.25

Additionally, the simulation response of the study system with the proposed WADC for the BESS, including with and
without nonlinearity, is depicted in Figure 21. From this simulation response, it is observed that the WADC with non-
linearity effectively reduces the peak amplitude of oscillations in the inter-area line power flow, the output power of the
BESS, the DC link voltage of the VSC of the BESS, and the VSC current of the BESS, providing superior damping per-
formance compared to the WADC without nonlinearity. Consequently, the presence of nonlinearity in the damping
controller notably reduces the system's oscillation response, enhances its overall damping performance, and prevents
excessive control actions during severe disturbances.

7 | CONCLUSION

In this study, a fixed-structure H∞ scheme-based WADC is designed for the BESS integrated power system. The loca-
tion for installing BESS and the appropriate damping control loops, such as feedback signal and control loop (i.e., an
active or reactive loop of BESS) to link the damping controller, are identified using the maximal of all minimal residues
indices under various operating conditions of the system. This study unveils that the BESS active power control loop
exhibits superior damping performance compared to the reactive power control loop in mitigating dominant inter-area
oscillations under varying system operating conditions. The superiority of the proposed controller is confirmed by com-
paring the proposed WADC to the fixed-structure H∞ WADC placed in the reactive power control loop, as well as a
BESS-based WAPSS linked into active and reactive power control loops. The proposed fixed-structure H∞ WADC is
implemented in RTDS to assess its viability in a real-time environment. The outcomes of dynamic simulation and
small-signal analysis validate the effectiveness of the proposed WADC in a multi-machine power system and are found
to be superior.

Regarding the future aspect, the proposed design methodology encompasses packet drop considerations for remote
data transfer and can address cybersecurity challenges in power system networks. Furthermore, a robust centralized
mixed H2=H∞ control scheme could be designed for multiple BESS.
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