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This study proposes an optimal control strategy for battery energy storage
systems to support frequency regulation in power systems with high renewable
energy penetration. The algorithm generates a sinusoidal reference signal for
the pulse-width modulation scheme of the direct current/alternating current
converter, adjusting it based on voltage magnitude and phase set points. The
control system integrates multiple loops to manage frequency, voltage, active
and reactive powers, charge, and current controllers on the d- and g¢-axes.
It limits frequency deviations and improves the rate of change of frequency.
An adaptive nonlinear droop control method, combined with state-of-charge
(SOCQ) feedback, regulates active power-frequency control to enhance grid sta-
bility. The SOC feedback mechanism enables dynamic charge and discharge
operations, ensuring that frequency remains within operational limits. Simu-
lation results, validated using modified Vietnamese Tay Nguyen 500/220 kV
and IEEE 39-bus systems with DIgSILENT /PowerFactory, show that the pro-
posed method outperforms the conventional CBEST model in scenarios involv-
ing sudden generation outages or fluctuating renewable energy output. This
method meets the frequency stability requirements set by the Circular No.
25/2016/TT-BCT of the Vietnamese Ministry of Industry and Trade, ensur-
ing that the system operates within a stable frequency range of 49.5-50.5 Hz
under 120 s and recovers to 49.8-50.2 Hz within 300 s.
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1. Introduction coal. With the increasing urgency of addressing

climate change, nations worldwide are transition-

The future of electricity generation lies in renew-
able energy sources (RESs). Among these, solar
photovoltaic and wind power are the most signif-
icant and promising due to their inexhaustibility,
cleanliness, and global accessibility. Many coun-
tries are focusing on the rigorous implementation
of RES-based output goals, reducing greenhouse
gas emissions, and decreasing reliance on oil and
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ing to renewable energy to protect the environ-
ment. Over the past decade, wind and solar en-
ergy have seen substantial growth and are now
top priorities in energy planning.

For instance, in 2023, Germany generated
around 40% of its electricity from renewable
sources, with wind energy playing a significant
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role. This is supported by reports from the Ger-
man Federal Ministry for Economic Affairs and
Energy. According to the National Energy Ad-
ministration, in 2023, renewable energy accounted
for approximately 30% of China’s total electric-
ity capacity, with substantial contributions from
both wind and solar power. In the United States,
RESs contributed about 20% of total electricity
production, as reported by the United States En-
ergy Information Administration. In Denmark,
over 50% of electricity was generated from wind
energy in 2022, according to the Danish Energy
Agency. In Spain, wind and solar energy together
contributed about 30% to total electricity produc-
tion. India aimed to achieve 175 GW of renewable
energy capacity in 2022, including 100 GW from
solar and 60 GW from wind, as reported by the
Spanish grid operator Red Eléctrica de Espana.
In Turkey, the total electricity capacity reached
97.7 GW, with over 53% of it generated by RESs.!

As the adoption of solar photovoltaic and
wind energy increases, the reliance on fossil fu-
els for electricity generation decreases, bringing
both economic and ecological benefits. However,
there are significant challenges and risks due to
the ongoing reconfiguration of power system oper-
ations. Consequently, the power system faces sta-
bility challenges. Many of these RESs do not pro-
vide the same inertia as synchronous generators,
which reduces the system’s ability to maintain fre-
quency stability after a fault. Additionally, these
sources may struggle to provide stable reactive
power, weakening voltage stability, and leading
to potential voltage problems. Furthermore, the
output from these renewable sources is weather-
dependent, causing fluctuations in power gener-
ation and complicating prediction and control.
The integration of multiple renewable sources also
requires more complex management and control
systems to ensure coordination and optimization
across the entire power system.

A typical example of frequency fluctuations
caused by a generation outage of up to 1800 MW
is shown in Figure 1.2 The rate of change of fre-
quency (RoCoF) represents how quickly the fre-
quency drops. RoCoF is directly proportional
to the disturbance and inversely proportional to
the system’s inertia constant. Maintaining the
load frequency at its nominal value is crucial to
ensuring the safe and reliable operation of the
power system. Frequency regulation is achieved
through primary frequency control (PFC), sec-
ondary frequency control, and tertiary frequency
control loops, depending on the frequency devi-
ation range. The PFC is a rapid-response con-
trol loop that operates in the first 30 s after a
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disturbance.? It is automatically provided by the
inertia of synchronous generators and motors di-
rectly connected to the grid, which resist sud-
den frequency changes. This control is also sup-
ported by the speed governor systems. The sec-
ondary frequency control follows the PFC when
a large frequency deviation persists for a longer
period, typically between 30 and 1800 s. It is pro-
vided by automatic generation control and man-
ual actions.* The tertiary frequency control is an
emergency control strategy that must be imple-
mented if the frequency drops below the required
threshold after a significant event. It requires an
optimal solution to restore stability.” Therefore,
each stage corresponds to different time scales and
transient phenomena, each requiring specific sup-
port measures.

Wind and solar power plants use inverters,
which lack the inertia characteristic of synchro-
nous generators. The variability of wind and solar
resources complicates the maintenance of supply-
demand balance. Wind turbines, in particular,
may experience higher errors when tracking the
voltage phase angle during faults, further com-
plicating frequency regulation and stabilization.
Traditionally, frequency control in systems with
integrated renewable RESs has relied on thermal
and hydropower plants.® However, when a sub-
stantial amount of renewable energy and power
electronic equipment are integrated into the grid,
the power system exhibits weak damping and low
inertia, making it difficult to maintain frequency
stability.” As a result, this conventional approach
becomes less effective, leading to frequency fluc-
tuations that fall outside the permissible network
frequency range.®

Battery energy storage systems (BESS) are
essential technologies for energy management and
storage and are increasingly being proposed as
a key alternative for frequency stabilization. In
addition to the numerous benefits of BESS, such
as enhancing frequency dynamics performance,’
storing, and releasing energy over short periods,'°
improving grid stability, reducing energy costs,
and providing backup power,'! and selecting the
appropriate control method remains a significant
challenge. Numerous studies have focused on in-
tegrating BESS with existing synchronous gen-
erators to support automatic generation control
(AGC) and restore system frequency to its nom-
inal value. For example, Xie et al.'? proposed
the model predictive control method to optimize
BESS operation. The study presented experimen-
tal or simulation results demonstrating that us-
ing BESS in AGC systems can greatly enhance
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Figure 1. Frequency fluctuations resulting from a generation outage of up to 1800 MW. Adapted from Teng

et al.?
Abbreviation: RoCoF, rate of change of frequency.

grid frequency stability and improve the opera-
tional efficiency of coal-fired thermal power plants
in China. Beyond China, BESS is also deployed
as an auxiliary service, including AGC, in power
systems across countries such as Denmark, Japan,
and in some parts of Africa.!3"1°

In recent years, BESS has been deployed and
installed at various locations within the grid for
support applications. Among these, frequency
support for wind and photovoltaic (PV) systems
has been widely discussed due to their fast re-
sponse and high ramp rate. Gulzar et al.'® in-
troduced a BESS that balances energy and sta-
bilizes frequency in hybrid PV, wind, and fuel-
cell systems. The BESS is controlled using the
proportional-integral (PI) method. Taghvaei et
al.!™ also proposed the PI method to control
the BESS and improve the frequency stability of
large-scale PV and wind farms. In the study,
the authors use the Particle Swarm Optimization-
fuzzy method to tune the main parameters of the
PI controller. While this method enhances control
performance, it increases computational complex-
ity, leading to delays in the response of large real-
time operating systems and affecting the transient
response of the BESS during frequency regula-
tion. A control algorithm based on adjustable
state-of-charge (SOC) limits was developed by
Mercier et al.!® However, this approach combines
BESS sizing optimization without addressing the
determination of optimal SOC limits. To the
best of the authors’ knowledge, BESS sizing op-
timization is typically based on predefined con-
ditions, but sudden changes in load or renewable
energy output are highly unpredictable. An adap-
tive synthetic inertia control based on the voltage
source converter for primary frequency control of
the BESS was proposed by Gu et al.'® to enhance
system frequency stability. However, the study

only considered a power system with wind en-
ergy and a simple grid, making the method less
applicable to complex grids with multiple energy
sources due to factors such as latency, noise, and
complex operational conditions. Islam et al.?C
introduced a frequency control method for the
BESS based on available PV power in the net-
work. These approaches centralize the frequency
stability of the system, particularly in systems
with wind or PV energy, by controlling the BESS.

Several studies have been conducted on
the operation and optimization of BESS grid
connections.? 2% El-Bidairi et al.2! developed a
method based on the grey wolf optimizer to de-
termine the optimal BESS size. This technique is
centralized to examine the worst-case growth in
frequency fluctuations in electrical generation and
consumption. However, the algorithm requires
significant computation, especially for complex
systems with many variables, making it difficult
to deploy on a large scale or in real-time operat-
ing systems. A multi-objective evaluation method
was proposed by Teh et al.?? to optimize BESS
capacity. While the algorithm is highly effective,
it has not been applied to real-world power grid
scenarios, which could limit its applicability un-
der different operating conditions. A BESS model
was developed using Python and OpenDSS to im-
prove operational efficiency and economic benefits
in low-voltage grids.?3 Although this model aimed
to optimize economic benefits, its ability to in-
tegrate with complex economic models, such as
electricity price simulations, energy policies, and
market factors, may be constrained in Python and
OpenDSS without appropriate tools or data. The
meta-heuristic artificial bee colony (ABC) algo-
rithm was used to optimize BESS size and min-
imize frequency deviation by Das et al.? Like
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other swarm algorithms, the ABC method can be-
come trapped in local optima rather than finding
the global optimum, leading to suboptimal BESS
sizing. Additionally, the algorithm is highly sen-
sitive to input parameters, and incorrect adjust-
ments can adversely affect the optimization re-
sults. Alsharif et al.?® proposed an alternative
method for determining the size and placement
of the BESS to maintain frequency stability in re-
lation to system generation and demand was pro-
posed. However, this method assumes the inter-
nal resistance of the BESS and batteries to be
constant, whereas, in reality, these parameters
vary with SOC and temperature. Furthermore,
the method is only applicable to the IEEE 39-bus
grid.

As discussed in some related works above,
the impact of uncertainties related to generation
output, load, and intermittent generation sources
has been considered. BESS devices are proposed
to improve frequency stability; however, exist-
ing approaches mainly focus on determining op-
timal location and capacity. This article intro-
duces a new algorithm that utilizes voltage mag-
nitude and phase set points through control loops,
including frequency, voltage, reactive and active
powers, charge, and d- and g¢-axes current con-
trollers for the BESS. The proposed method im-
proves frequency stability and controls the power
flow on inter-domain transmission lines under var-
ious conditions and adverse situations in the grid
by integrating multiple RESs. From the authors’
perspective, this issue has not been fully ad-
dressed in the literature. The main contributions
of this method are summarized as follows.

(i) A detailed analysis of the impact of BESS
in supporting frequency regulation in power
systems with a high penetration rate of
RESSs.

Modeling the BESS as a storage system
with a direct current (DC)/alternating cur-
rent (AC) converter that can replace the
existing synchronous generators to accom-
modate the increasing penetration of wind
and PV units.

Proposing the BESS system to provide pri-
mary frequency control by supplying stored
power to the grid during disturbances (such
as cloud cover, generator tripping, or power
output shortages), while also acting as a
secondary frequency controller by absorb-
ing excess power to reduce grid frequency
and restore its initial energy level.
Proposing a solution to use BESS equip-
ment to improve frequency stability and en-
sure compliance with the conditions set by

(i)

(iii)
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Circular No. 25/2016/TT-BCT, dated No-
vember 30, 2016, from the Ministry of In-
dustry and Trade of Vietnam, regulating
transmission power systems.

The remainder of this paper is organized as
follows: Section 2 presents the theoretical foun-
dation of the problem and the basis for devel-
oping the proposed method. Section 3 outlines
the details of the proposed control strategy for
the BESS. Section 4 provides an analysis and in-
terpretation of the simulation results for the test
systems used. Finally, Section 5 provides the con-
clusion of this paper.

2. Formulation of the problem

Figure 2 shows the generalized load frequency
control for the power system in which the RESs
and BESS are connected. The parameters are de-
noted as mathematical symbols and defined as fol-
lows: Pg,is the generating power of the ¢th gener-
ator Gy, Y P is the sum of load power, Ppgss is
the BESS power, Y  H is the sum of the iner-
tia constant of all rotating machines, including
wind turbines, fiof is the reference frequency, fs
is the system frequency, D; is the nth droop coef-
ficient of the ith generation system G;, Hpgss is
the droop coefficient of the BESS, and P,ind+pv
is the sum of the generated power of all RESs,
including the generated sources of wind and PV,
and can be determined as follows?% 27 in Equation

(1):

1
Pyinda+pv = iﬂvagcp +nApvG

——
Pyind

(1)

Ppy

where P4 is the wind power, Ppy is the solar
power, p is the air density, v is the wind speed, A,
is the swept area of the blades, C), is the power
coefficient, 7 is the efficiency of the solar panel,
Apy is the area of the solar panel, and G is the
solar irradiance.

The impact of RESs on the power system fre-
quency refers to the effects that variable RESs,
such as wind and solar power, can have on the bal-
ance between power generation and consumption
in an electrical grid. When the power output from
RESs fluctuates, it can cause variations in the grid
frequency. This is because RESs like wind and so-
lar power are intermittent and variable, meaning
their output can change rapidly due to changes
in weather conditions. The impact of RESs on
power system frequency can be significant, par-
ticularly if the grid is not designed to handle the
variability of these sources. This impact can be
assessed as follows in Equation (2).
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in which Af is the frequency deviation, which is
the change in the power system’s frequency when
there is a change in power, AP is the power devi-
ation, which refers to the difference between the
generated power and the consumed power, includ-
ing changes in power from wind and solar sources,
H is the system inertia constant, a quantity that
reflects the power system’s ability to resist fre-
quency changes, depending on the characteristics
of the generators and loads, and S is the system’s
rated power, which is the maximum stable power
that the power system can supply. This equation
illustrates the relationship between power changes
and frequency variations in the power system.
When the generated power and consumed power
are not balanced, the system frequency will fluc-
tuate. A system with high inertia will be better
able to resist frequency changes.

The system frequency must always remain
within the allowable range under varying load
conditions, which requires generators to tem-
porarily compensate for any deviation by using
their stored kinetic energy. The frequency re-
sponse of the power system from the governor
of the ith generator, considering the connected
RESs, can be defined as follows in Equation (3)2%:

%: frcf
dt 25 H

<zn: Pg; — ZPL + ZRuind +Pv> (3)

From Equation (3), it can be seen that the
grid frequency will fluctuate due to the constantly
changing output of RESs. This can lead to an
unstable electrical system due to irregular power
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supplies, potentially damaging equipment, caus-
ing interruptions, and even resulting in power out-
ages. To mitigate the impact of RESs, it is es-
sential to find technological solutions that main-
tain stability and enhance grid reliability. The
BESS device offers an ideal solution. It can store
excess energy from RESs and supply it to the
grid when RES power is low, helping to stabilize
grid frequency. When the BESS is connected to
the power grid, the grid frequency response from
the rotor dynamic equation is given as follows in
Equation (4):

% _ fref

dt Hppss +2> . H

| )¢

where Hpgsg is the inertial constant of the BESS
that demonstrates the ability to respond when
controlling the frequency. When the BESS is ap-
plied to provide inertial support during frequency
fluctuations, its required reference power is ad-
justed according to the system’s response capac-
ity. It can be evaluated as given in Equation (5),%
in which Péeégls and PéeEfgos are the reference pow-
ers with and without controlling the frequency,
respectively.

Pepss+» Po,— Y PL+ Y Puina +pv

i=1

ref 1 _
Pgggs =

Pﬁeé’sosHBEssfs% (5)

The BESS is used to store excess energy from
RESs and release this energy when needed to re-
duce the frequency fluctuations. However, the
performance of the BESS depends on the control
strategy. The detailed model and controller of the

BESS are discussed in the next section.
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Figure 3. The structure and control strategy of the battery energy storage system (BEES)
Abbreviations: AC: Alternating current; DC: Direct current; SOC: State-of-charge.

For the frequency response model of the
BESS, the structure and control strategy of the
BESS in this study are detailed in Figure 3, in-
cluding a battery energy storage system, buck-
boost DC/DC converter, three-phase AD/AC in-
verter, and control system.

2.1. Mathematical modeling of the
battery energy storage

The lithium-ion battery model for the proposed
BESS is illustrated in Figure 4.3 Figure 4a
shows the topology using a controlled voltage
source. This model assumes that the charging and
discharging cycles exhibit similar characteristics.
The typical characteristics for both charging and
discharging are presented in Figure 4b and c, re-
spectively. The output of the terminal voltage is
calculated as follows in Equations (6) and (7).

Uy = Uep, — Ryl

(6)

Uy = Udisch — Lpip

(7)
where Ry is the internal resistance of the battery,
1p is the battery current, and wu,. is the voltage
source that is primarily determined by the ac-
tual SOC of the battery, while also being influ-
enced by other factors such as polarization. In
MathWorks,?? a general method for determining
this voltage source has been proposed and vali-
dated by comparing the model with actual bat-
teries. The calculation is determined under the
charge and discharge models. For the charging
model (sel = 1 in Figure 4a) with the condition
i; s < 0 and for the discharging model (sel = 1
in Figure 4a) with the condition 7; f < 0, the ob-
tained battery voltage under the discharge and
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charge models can be expressed by Equations (8)

and
)

U, = (u —k <Q
oc-ch 0 [iydt +0.1Q
_ k( ) /ibdt—l— Ae(*Bfibdt)
(8)
D

_Q
Q — [ipdt
Uoc._disch = (uo -k (
—k< >/ibdt+ Ae(=B [ ivdt)
(9)

where ug is the battery a constant voltage, k is
the polarization constant, @) is the maximum ca-
pacity, 4;_y is the low-frequency current dynamics,
A is the exponential voltage, B is the exponential
capacity, and R} is the internal resistance of the
battery.

The value of the SOC is determined by ap-
plying the most common ampere-hour method as
follows in Equation (10).

_ @
Q—f’ibdt
_Q
Q—fibdt

it
SoC =1- [ ©at (10)
Q
2.2. Direct current/direct current
converter

The buck-boost DC/DC converter is used as a
bidirectional power converter. It is designed
to regulate the battery’s output voltage, which
varies according to the SOC. Charging power is
applied when the buck converter is active, and dis-
charging occurs when the boost converter is used.
The current control method is employed to man-
age the charging and discharging of the battery.
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Figure 4. The battery model. (a) Equivalent model, (b) typical charge characteristics, and (c) typical

discharge characteristics.

The injected power to the DC-link is as follows in
Equation (11)3%:

Pb = mbUdCIb (11)

in which, m; is the duty cycle and can be deter-
mined as follows in Equation (12).

Py
b,
U, °

*

LA

Jonaf (¢

myp = Kp,b < ,

)dt (12)
where P is the reference value injected into the
power of the DC-link, and K, ; and K;; are the
proportional gain and integral time constant, re-
spectively.

2.3. Direct current/alternating current
converter

The DC/AC converter is used in the BESS to
interface between the buck-boost DC/DC con-
verter and the grid through the AC filter. In this
paper, the DC/AC converter is implemented as
a voltage source converter (VSC), which gener-
ates an AC voltage from a DC source. Typically,
the VSC uses six insulated-gate bipolar transis-
tors, which operate based on pulse-width mod-
ulation (PWM) with switching control. These
insulated-gate bipolar transistors are usually con-
trolled through PWM to regulate power flow.
The active and reactive power delivered from the
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DC/AC converter to the grid can be obtained as
follows in Equation (13)3%:

UgpssU U?
PBESS — ( BES% PCC COS(S _ }2?0

) cos By
+7UBES§UPCC sin d sin 0
f

; (13)
(BESS = ( UZ?C

— UsessUpcc gip § cos 0
Zs !

UBES%UPCC cosd —

) sin 0y

where Upgss is the output voltage of VSC, Upco
is the voltage at the point of common coupling
(PCC), ¢ is the power angle, Z; is the filter
impedance and is defined as Zy = Ry +jX; , 0,
is the impedance angle, Ry is the filter resistance,
and X is the filter reactance and is considered
based on the filter inductance Ly.

3. Proposed control

To enhance the frequency stability of the system,
the converter control strategy for the BESS was
considered in this work, as shown in Figure 5.
This control system provided the voltage mag-
nitude and phase set points to generate a sinu-
soidal reference signal for the PWM scheme of the
DC/AC converter. The voltage magnitude and
phase set points were determined using the ref-
erence voltage and frequency, which were derived
through the outer and inner control loops. For
frequency stability, the BESS was used to support
active power. Therefore, the d-axis reference was
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Figure 5. The proposed detailed control technique for the battery energy storage system

designed to regulate frequency, while the g¢-axis
reference was designed to regulate voltage. The
overall structure of the controller is organized into
the following segments.

3.1. Active power-frequency droop control

As seen from Equation (3), the system inertia
decreases when a power-frequency drop occurs,
leading to instability in the power system. The
adaptive nonlinear droop control with SOC feed-
back strategy was used to determine the nonlinear
droop reference power of the converter based on
the frequency error between the grid and the nom-
inal frequency. Its value is as follows in Equation
(14):

1 1
* _ - — P — | K¢K, (14
ref <f ref fs> Kf ref KES fhr ( )
Af
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From Equation (14), we obtained the trans-
fer function of the reference power to the BESS
in response to the frequency deviation, as defined
in Equation (15). This transfer function is repre-
sented as a first-order low-pass filter.

Pres _  KiPppsy
Af Ty KRR (15)
where Pgpgs is the rated power of the BESS, Ky

is the BESS storage capacity, A f is the frequency
deviation between the reference frequency f..r and
the grid frequency f;, and Ky is the conversion co-
efficient between the SOC and the grid frequency
for the SOC feedback, and is defined as follows in
Equation (16):

K= f0f57max - fofs,min

1
SOChy; (16)
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in which fofsmae and forsmin are the maxi-
mum and minimum offset frequencies, respec-
tively. SOCY, is the SOC control range, and K,
is the primary droop gain and can be expressed
as follows in Equation (17):

1 1
K, =K K¢ |Af — — Pt ——
r AL f f Kf ref KES (17)
ASOC

ASOC,et
=|Af = for(s)| Ka

where K 4 is the amplifier gain and f,¢s is the offset
frequency. In this study, for the reference point
corresponding to the frequency is 50 Hz and the
BESS power is zero, the offset frequency used for
changing the droop characteristic is as follows in
Equation (18).

SOC — S0Cen
fofs SOCtot (fofs,max fofs,mm) ( 8)

in which the SOC¢, is the center of the SOC
range, and in this study, it was chosen to be 50%.

Observing from Equation (17), it can be noted
that the primary droop gain is linearly propor-
tional to the absolute value of Af. This also
means that the converter output power in Equa-
tion (14) is proportional to the square of Af,
and the reference power is also limited by the
real-time power as Ppa: = Upco Iimaz, in which
Upcc is the voltage magnitude at PCC and 1,4,
is the maximum current of the d-axis.

Q”Lf‘

max
BESS

Normal operating condition

1.1Upcc
] 1 / A Umax ;
. o - |
A Umm 0.9 Up('(' UP( C | AU
Ko A |

Figure 6. Reactive power—voltage droop
characteristics

3.2. Reactive power—voltage droop control

When the power system operates under weak
grid conditions, non-synchronous technologies are
needed to manage voltage through reactive power
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control after abnormal voltage fluctuations oc-
cur. The amount of reactive power injected or
absorbed by the BESS device in response to a
given voltage change must comply with grid code
requirements. The reference reactive power con-
trol signal is generated based on the voltage er-
ror between the voltage at PCC and the refer-
ence voltage, following the droop control method.
In this study, the droop control method was ap-
plied from the perspective of the Australian En-
ergy Market Operator (AEMO), and the droop
characteristic of voltage variation corresponding
to reactive power is shown in Figure 6. The refer-
ence reactive power control signal can be obtained
as follows in Equation (19):

Qref = I;Q (Uref - UPCC) (19)
where U, is the reference voltage, and Kg is
the reactive power—voltage droop parameter. As
shown in Figure 6, the normal operating condition
is the voltage deviation between 0.9 Upce and 1.1
Upcc. In this study, for each 1% voltage drop, 4%
of the reactive power was injected into the grid,
and for each 1% voltage rise, 6% of the reactive
power was absorbed into the grid. The BESS was
activated to inject or absorb the reactive power
into or from the grid when Upgc was at a value
smaller or larger than its values of 90% or 110%,
respectively. In case the voltage deviation is less
than AUpnyi,, then the BESS was injected into the
grid with Qmax corresponding to the capacity of
the BESS-converter; otherwise, the BESS was ab-
sorbed from the grid with Qua.x when the voltage

deviation is greater than AUpax.

3.3. The active and reactive powers
control loop

The control strategy based on the d-axis is shown
in Figure 5, which includes the first-order fil-
ter, the PI controller, and the lead-lag controller.
The error between the reference power obtained
from Equation (15) and the measured BESS ac-
tive power at the PCC is passed through the filter.
The error between the output of this filter and
theAl; signal from the charge controller is then
passed through the PI controller. The output sig-
nal from the PI controller is processed through
the lead-lag compensation, washout, and limiter
blocks in sequence. The resulting output signal,
denoted as Iy ,_,.,, was used as the input signal
to the battery charge controller. In this paper,
the BESS was designed to reduce oscillations by
absorbing excess energy and providing additional
energy during transient oscillations to minimize
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transient energy shortages. This process is en-
tirely dependent on the charging and discharging
of the battery, controlled by limiting the battery’s
SOC level. Therefore, the output signal of the
battery charge controller can be obtained based
on the following conditions in Equation (20):

o

where the battery charging and discharging op-
erations are carefully managed to maintain the
SOC within the optimal range of SOC, and
SOC max->? In this study, SOCmin and SOC pax
were selected at 10% and 100%, respectively.?*
The I; signal was passed through the current lim-
iter to regulate the reference active current in the
d axis of Iy e, which is limited by the maximum
current value of the absolute. The difference be-
tween the current of I ,.; and the current of I;
is that the feedback signal of Al; was considered
the input signal of the active power control loop.

On the contrary, the control strategy based
on the g-axis is shown in Figure 6 using the re-
active power control loop. It is the same as the
active power control loop; the first-order filter,
PI controller, and lead-lag controller were con-
sidered. The error between the obtained refer-
ence reactive power from Equation (19) and the
measured BESS reactive power at PCC is passed
through the filter. The error between the output
signal of this filter and the Al, signal from the
charge controller was passed through the PI con-
troller. The output signal from this PI controller
was passed through two lag and lead compensa-
tions, a washout, and a limiter block, respectively.
Then, the output signal denoting I, WAS passed
through the current limiter to regulate the refer-
ence active current in the g-axis of Iy ,.f, which
is limited by the maximum current value of the
absolute. The difference between the current of
I, rey and the current of I, to be the feedback
signal of Al was considered the input signal of
the reactive power control loop.

The grid input capacity of BESS depends on
the DC/AC converter capacity. Therefore, the
total current on the d- and g-axes must be equal
to the DC/AC converter’s rated value to avoid
overloading it. The limit between the obtained
reference d- and ¢-axes currents is determined as
follows in Equation (21):

if SOChin < SOC < SOChax

otherwise

Z.d,p,re f

’ (20)

Imax
szkwumﬁ (21)
I
Iy ref = f_ﬁm /| ({g) dt
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where I,,4, is selected equal to 1 per unit and
I is determined as follows in Equation (22):

max
[Tmax|?
Lo = / (|Imax|2 - I§> e (22)
0

3.4. The current controller

The main purpose of the applied current con-
troller in BESS is to regulate reactive and active
powers. Its structure is demonstrated in Figure 5.
From this figure, the Iy and I, measured currents
at the PCC. The voltage angle at PCC is deter-
mined using the phase-locked-loop to calculate I
and Iy of the d and ¢ reference frame from the
abc global reference frame. The error between the
Iq ref and I op reference currents from the damp-
ing controller and the I;; and I, measured cur-
rents are passed through the PI controller to cre-
ate the d- and g-axes modulation indexes of my
and myg, respectively, which were the input of the
PWM.

4. Displayed mathematical equations
4.1. Introduction to test systems

The feasibility of the proposed BESS control
method for frequency stability, particularly with
high levels of renewable energy, was evaluated us-
ing both the IEEE 39-bus system and the Viet-
namese Tay Nguyen 500/220 kV system. In the
modified IEEE 39-bus system, as shown in Figure
7, three synchronous generators at buses 2, 25,
29, and 23 were replaced with three solar farms
(PV1, PV2, and PV3) and one wind farm, with
rated powers of 250 MW, 1200 MW, 600 MW, and
1,000 MW, respectively. Details are provided in
Table 1. For the Vietnamese Tay Nguyen 500,220
kV system, depicted in Figure 8, it is projected
that by 2025, the total generating capacity in
the area will reach 5521.5 MW. Of this, 4255.5
MW will come from renewable sources, including
2435.5 MW from PV and 1820 MW from wind
turbine generators. Thus, renewable energy will
account for approximately 77% of the region’s to-
tal electricity generation.

The models for the PV and WT systems are
based on previous studies.?6:3%:36 All dynamic
models in the system, such as those for the syn-
chronous generators, excitation systems, trans-
mission lines, and loads, are implemented using
the DIgSILENT PF simulation environment. The
reference response was evaluated through time-
domain simulations conducted in DIgSILENT PF
2021. The parameters for the IEEE 39-bus system
were sourced from Thanh et al.,>” while the pa-
rameters for the Vietnamese Tay Nguyen 500/220
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Figure 7. The modified IEEE 39-bus system integrating solar farms, wind farms, and the battery energy

storage system

kV system were provided by the Vietnamese Na-
tional Load Dispatch Center.

The BESS model was developed from the orig-
inal BESS model in the DIgSILENT PF appli-
cation manual. The control system has been
modified to align with the objectives of this re-
search, and all parameters for the proposed con-
trol method, as shown in Figure 5, are listed in
Table 2.

4.2. Test case 1: Applying the IEEE
39-bus system

For this case, the simulation was performed based
on consideration of two scenarios as follows:

(i) Large cloud cover that can vary the inten-
sity of solar energy radiation and cause sig-
nificant fluctuations in the output power of
the two solar farms of PV1 and PV2.
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(ii) Generator G6, with a capacity of 650 MW,
experiences a fault and trips out of the
power system.

4.2.1. Scenario 1

This case is considered unfavorable. The PV1 and
PV2 power plants suddenly reduced their output
to the grid due to cloud cover affecting the solar
system for a period of 50 s. The sudden loss of a
large amount of solar-powered capacity in such a
short period can significantly impact the system
and cause frequency fluctuations. As shown in
Figure 9a, solar radiation drops sharply from 907
to 77 W/m? during the cloud cover within 20 s.
After the clouds disperse, solar radiation recovers
and jumps back to 998 W/m? as the sky clears
and the plants return to stable operation. This
scenario represents a negative situation inspired
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Table 1. Power distribution of the generating sources in the modified IEEE 39-bus system

Buses 2 6 10 19 20 22 23 25 29 39

Name PV3 G2 G3 G4 G5 G6 WT1 PV2 PVl Gl

Generators  po o (MW) 250 527 650 632 254 650 600 1200 600 1000

The total generating capacity of the system: ) Pg,s (MW) 6363
The total generating capacity of PV and WT: >~ Ppywr (MW) 2650
The total load of the system > Poeq (MW)38 6097

The proportion of renewable energy sources connected to the system % x 100%  41.65%
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Figure 8. The 500/220 kV Tay Nguyen power system in Vietnam

by a real-life event in Europe, where a signifi- PV2 solar farms, shown in Figure 9b, decreases
cant loss of solar power?® caused frequency oscil-  significantly when the cloud cover completely ob-
lations. The active power output of the PV1 and scures the PV1 and PV2 solar farms, resulting

636
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in a drop in solar radiation intensity and corre-
sponding power output. Specifically, at 100 s, the
power output of PV1 and PV2 drops abruptly
from 500 to 85 MW and from 900 to 333 MW, re-
spectively. At 150 s, the clouds begin to disperse,
and the clear sky allows for maximum solar ra-
diation, leading to an increase in power output,
which stabilizes at 1542 MW, with PV1 reaching
523 MW and PV2 reaching 1019 MW.

In such a negative scenario, it is evident that
the power system’s frequency will experience sig-
nificant oscillations. Figure 10 shows the fre-
quency response at several buses considered most
influential to the system. Upon observing this
figure, it is clear that the frequency fluctuations
at some buses do not meet the grid connection
requirements,*® with bus 25 being the most af-
fected. The frequency of bus 25 reaches 48.6283
Hz, which exceeds the allowed frequency limit of
49 Hz.

4.2.2. Scenario 2

This case involves a sudden lack of generating ca-
pacity. The tested IEEE 39-bus system includes
Generator 6, which has a capacity of 650 MW and
is connected to the nearby PV solar farms. In
this scenario, Generator 6 suddenly experienced
a fault and tripped out of the power system for
a period of 50 s. The frequency of some buses
in the system is depicted in Figure 11. Based on
this result, it is clear that bus 25 experiences more
significant frequency fluctuations than the other
buses, with a frequency decrease of 48.6046 Hz,
falling below the permissible frequency of 49 Hz.
Thus, in both scenarios, the system’s status
is at a dangerously unstable level. Therefore, a
specific solution is required to improve stability.
This paper proposes the installation of the BESS
at bus 25. The mathematical modeling and con-
trol strategy for the BESS are presented in Sec-
tion 4, with its control technique and parameters
detailed in Figure 6 and Table 2. Additionally, to
evaluate the effectiveness of the proposed method,
the CBEST method introduced by Yan et al.?* is
also referenced for simulation and comparison.
Figures 12 and 13 show the simulation results
for Scenario 1. Figure 12 illustrates the frequency
fluctuations on bus 25. As shown, the system fre-
quency drops from 50 Hz when cloud cover oc-
curs. The BESS’s active response is shown in
Figure 13a, where the BESS generates additional
active power for the grid to compensate for the
capacity loss caused by cloud cover affecting the
PV1 and PV2 solar farms. During this period,
the BESS receives the signal and switches from
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the “no transmission” state to active power trans-
mission, raising the frequency for about 30 s af-
ter the fault. The BESS then acts as the pri-
mary frequency controller, with a post-fault re-
sponse time of approximately 1 min. Once the
clouds cleared and radiation levels returned to
normal, the output power increased due to the
excess power transmitted from the BESS to the
grid, resulting in a slight increase in system fre-
quency.

Table 2. The parameters of the proposed control
method

Parameters Value Unit
1. The active power-frequency control

Ky 0.0154 -
Ky 4.837 -
Kg 0.219 -
Pz 1.0 pu
Pin —1.0 pu
Sav 1.0 pu
2. The active power control loop

Td 11 s
T4 0.7 s
T4 0.3 s
T¢ 0.2 s
T 0.1 s
T 0.4 s
T4 10 s
K 5,1 100 -
K ﬁ 1 46 -
Igmax 1.0 pu
T4 min —0.4 pu
Iy max 1.0 pu
I min —1.0 pu
3. The reactive power control loop

T f 0.2 S
T 2q 1.4 S
Ty 0.45 S
T} 0.3 S
T 5q 0.1 S
T 0.4 s
Td 9.0 S
K 3,1 2.0 -
K1, 85 -
4. The current controller

K 572 0.1 -
K7, 10 -
K, 2.5 -
K4, 200 -
ChargeCur 0.05 pu
SOCmin 0.1 %
SOCmax 100 %
AbsCurmax 1.0 pu
U threshold for I, preference 0.9 pu




Viet Thanh et al. / IJOCTA, Vol.15, No.4, pp.625-648 (2025)

Title of the manuscript 15
T T T T T T T T
1000
Ng \
= 800 998 1
e
2 600 i
=t
<
; 400 .
s
S 200 _
“ Solar irradiance
0 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 450 500
Time (s)
(a)
T T T T T
900
— 1000 =
=
> 800 1019 |
ot
2 600 .
1)
o 400 / AN |
B S0 523
Q -
< 200
Solar farm PV1
0F ~— 33 Solar farm PV2
1 1 1 1 1 1 Il 1
50 100 150 200 250 300 350 400 450 500
Time (s)
(b)

Figure 9. Impact of cloud cover on photovoltaic (PV)1 and PV2 solar farms. (a) Radiation intensity. (b)

Output active power

51

50.5
50.2

- - - - Required frequency range [40]
——BUS25

X 141.443
Y 48.6283

50
49.8

49.5

Frequency (Hz)

49

48.5 | 1 I I 1

50 100 150 200 250 300
Time (s)

350

400 450 500
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The SOC of the BESS is shown in Figure
13b. It demonstrates flexible reserve levels that
respond quickly to the system’s needs, discharging
deep reserves to raise the grid frequency during
cloud cover, and rapidly recharging excess energy
to stabilize the frequency. This process helps re-
store the initial reserve level of the BESS system.
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The simulation results for Scenario 2 are
shown in Figures 14 and 15. Figure 14 illustrates
the frequency fluctuations at bus 25. When the
time is 100 s, the system is interrupted with a
capacity of 650 MW from Generator 6. With-
out considering BESS, the frequency of 48.86 Hz
exceeds the minimum value of 49 Hz, leading to
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Figure 12. Frequency response at bus 25 of Scenario 1

system instability. The frequency response is im-
proved when the BESS, using the proposed or
CBEST method, participates in system frequency
regulation. The system frequency drops by ap-
proximately 30 s. From 130 to 165 s, the BESS
fully provides active power and raises the grid
frequency. During this time, the BESS system
works under the primary frequency control acti-
vated mode. In the period from 165 to 300 s,
there is a sharp increase in the grid frequency due
to the surplus of active power as generator unit
number 6 is reconnected to the grid. At this point,
the BESS is responsible for absorbing the excess
power and smoothing out the peak, returning the
frequency to the stable state. During this time,
the BESS system works under the secondary fre-
quency control activated mode. It can be under-
stood that the SOC is recovering. Figure 15 repre-
sents the active power of the BESS and SOC. The
BESS will increase its active power output in pro-
portion to the frequency deviation. When Gen-
erator 6 reconnects, restoring the system’s power
balance between supply and demand, the BESS
will reduce its active power output accordingly.

From the results obtained in Scenarios 1 and
2, the comparison of the frequency response on
bus 25 using different methods is summarized in
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Table 3. It is evident that the proposed method
outperforms the CBEST method, as follows:

(i) Frequency response: The proposed method
reacts faster when the frequency drops to
49.13 Hz, immediately activating the pri-
mary control mode. When the frequency
increases, it quickly switches to the sec-
ondary control mode, showing better per-
formance than the CBEST method.
Discharge state:  Using the proposed
method, the BESS discharges more deeply
than with the CBEST method within the
same period. This leads to a faster fre-
quency recovery while absorbing more ex-
cess active power, bringing the frequency to
a steady state.

Charging state: The BESS responds more
quickly and achieves deeper discharge when
applying the proposed method compared
to the CBEST method. This is primar-
ily because the proposed model tracks the
SOC and uses the K factor to establish a
relationship between the frequency differ-
ence and SOC, reducing response time to
frequency fluctuations and increasing the
BESS’s discharge capacity.

(iii)
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Figure 13. The battery energy storage system (BEES)
BESS. (b) State-of-charge (SOC) charging status

4.3. Test case 2: Applying the Vietnamese
Tay Nguyen 500/220 kV system

After applying the proposed method to the IEEE
39-bus system, its practicality is further evalu-
ated by testing it on the Vietnamese Tay Nguyen
500/220 kV system under the following two sce-
narios:

4.3.1. Scenario 3

This case is considered unfavorable. Xuan Thien-
EaSup and Srepok 3 solar farms suddenly reduced
their output capacity to the grid due to the im-
pact of cloud cover on the solar system for a pe-
riod of 50 s. The sudden loss of a large amount of
solar-powered capacity in a short period can sig-
nificantly impact the system and cause frequency
fluctuations. As shown in Figure 9a, the solar
radiation drops sharply from 900 to 0 W/m? dur-
ing the cloud cover within 20 s. After the cloud
disperses, the solar radiation recovers and jumps
back to 1000 W/m? as the sky clears and the
640

response for Scenario 1. (a) Active power of the

plants return to stable operation. This scenario
assumes a negative situation inspired by a real-
life event where Europe experienced a significant
loss of solar power,? resulting in frequency os-
cillations. The active power of the Xuan Thien-
EaSup and Srepok 3 solar farms, shown in Figure
16, when the cloud cover completely covers the
area of the Xuan Thien-EaSup and Srepok 3 so-
lar farms, results in a significant decrease in solar
radiation intensity and the corresponding power
output. Specifically, at 100 s, the power output of
the Xuan Thien-EaSup and Srepok 3 solar farms
suddenly drops from 495 to 18.67 MW and from
270 to 10.15 MW, respectively. At 150 s, the
clouds start to disperse. The clear sky allows for
maximum solar radiation, leading to an increas-
ing power output stabilizing at 867.11 MW, with
the Xuan Thien-EaSup solar farm reaching 561.05
MW and the Srepok 3 solar farm reaching 306.06
MW.
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Figure 15. The battery

energy storage system (BESS) response for Scenario 2. (a) Active power of the

BESS. (b) State-of-charge (SOC) charging status

Table 3. Response on the 25 bus when using

different methods

With such a negative scenario, it is evident
that the power system’s frequency will experi-

Scenarios

Non-battery
energy storage

ence significant oscillations. Figure 17a shows
the frequency response at some buses consid-
ered most influential to the system. Observing
this figure, we see that the frequency fluctuations

Methods
The The
CBEST Proposed

system method method ’ -
1 18,6983 18.09 1913 at some buses do not meet the grid connection
2 48.8046 49.20 49.24 law requirements,*® and the most notable is the
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Figure 17. The frequency response at various buses of the system. (a) Scenario 3. (b) Scenario 4

EaNam bus, which is the most affected, with a
frequency of 48.5538 Hz, exceeding the allowed
frequency of 49 Hz.

4.3.2. Scenario 4

The Dong Nai generator, with a capacity of 144
MW, experienced a fault and disconnected from
the power system. The frequency response of sev-
eral buses in the Vietnamese Tay Nguyen 500/220
kV system is depicted in Figure 17b. Based on
the results, the frequency response at the EaNam,
Pleiku, Pleiku 2, Pleiku 3, XuanThien-Easup,
KrongBuk, Serok 3, and NhonHoa buses failed to
meet the requirements set forth in Circular No.
25/2016/TT-BCT, dated November 30, 2016, by
the Ministry of Industry and Trade of Vietnam,
which regulates the transmission power system.33
The most notable is EaNam bus, which is the

642

most affected with a frequency of 48.7102 Hz, ex-
ceeding the allowed frequency of 49 Hz.

The frequency response at the EaNam bus,
comparing the proposed method in this paper
with the method introduced by Choi et al.,*!
is illustrated in Figure 18. The results indicate
that the frequency response of all buses complies
with the grid connection requirements previously
outlined.? Notably, the EaNam bus exhibits sig-
nificant improvements in both magnitude and re-
sponse time. As shown in Figure 18a and b, using
the proposed method, the frequency magnitude
values are 49.03 and 49.183 Hz, respectively. Em-
ploying the method by Choi et al.,*! the values
are 49.07 and 49.143 Hz; and without applying
BESS, the values drop to 48.5538 and 48.7102 Hz
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Figure 18. The frequency response at the EaNam bus. (a) Scenario 3. (b) Scenario 4

under Scenarios 3 and 4, respectively. Addition-
ally, the system’s restoration time from the mo-
ment of the fault is 340 s. The comparison of
the frequency response on bus 25 using different
methods is summarized in Table 4.

Table 4. Response on the 500 kV EaNam when
using different methods

Methods
Non-battery The The

Scenarios energy storage proposed CBEST

system method method
3 48.5538 49.07 49.03
4 48.7102 49.143 49.183

Observing the results obtained in Scenario 3,
the system frequency drops from 50 Hz when
cloud cover occurs. The BESS’s active response is
shown in Figure 19a, where the BESS generates
additional active power for the grid to compen-
sate for the capacity loss caused by cloud cover
affecting the Xuan Thien-EaSup and Srepok 3 so-
lar farms. During this period, the BESS receives
the signal and switches from the “no transmis-
sion” state to active power transmission, raising
the frequency for about 30 s after the fault. The
SOC of the BESS at the 500 kV EaNam bus for
Scenario 3 is shown in Figure 19b. It demon-
strates flexible reserve levels that respond quickly
to the system’s needs, discharging deep reserves
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to raise the grid frequency during cloud cover and
rapidly recharging excess energy to stabilize the
frequency. This process helps restore the initial
reserve level of the BESS system.

In Scenario 4, similar to when the time is 100
s, the system is interrupted with a capacity of
144 MW from the Dong Nai generator. With-
out considering BESS, the frequency of 48.7102
Hz, as shown in Figure 17b, exceeds the min-
imum value of 49 Hz, leading to system insta-
bility. The frequency response is improved when
the BESS, using the proposed or CBEST method,
participates in system frequency regulation. The
system frequency drops by approximately 30 s,
as shown in Figure 18b. From 130 to 165 s,
the BESS fully provides active power and raises
the grid frequency. During this time, the BESS
system works under the primary frequency con-
trol activated mode. In the period from 165 to
300 s, there is a sharp increase in the grid fre-
quency due to the surplus of active power as
generator unit number 6 is reconnected to the
grid. At this point, the BESS is responsible for
absorbing the excess power and smoothing out
the peak, returning the frequency to the sta-
ble state. During this time, the BESS system
works under the secondary frequency control acti-
vated mode. It can be understood that the SOC
is recovering. Figure 20a represents the active
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Active power of the BESS. (b) State-of-charge (SOC)

power of the BESS, and Figure 20b represents
the state of the SOC charging status. The BESS
will increase its active power output in propor-
tion to the frequency deviation. When the Dong
Nai generator reconnects, restoring the system’s

charging status

power balance between supply and demand, the
BESS will reduce its active power output accord-

ingly.

Therefore, based on the two testing scenar-

ios for the Vietnamese Tay Nguyen 500/220 kV
644



Advanced frequency control strateqy for power systems with high renewable energy penetration

system, the proposed BESS control method fully
satisfies the power system’s flexibility require-
ments under various conditions and outperforms
the CBEST method.*! Furthermore, this control
algorithm enables the BESS to participate in both
primary and secondary frequency control, thereby
enhancing the stability and efficiency of the power
system.

5. Conclusion

This paper proposed a control method for the
BESS to support frequency regulation in power
systems with a high penetration of RESs. The
study analyzed the theoretical foundation of fre-
quency response in power systems from the gov-
ernance of generators while considering the im-
pact of connected RESs. Based on this analysis,
a frequency regulation strategy for the BESS was
designed to limit the maximum frequency devia-
tion and improve the maximum RoCoF. The pro-
posed strategy was implemented using a direct-
current vector control method within a nested-
loop control structure. The structure integrates
controllers for frequency, voltage, reactive and ac-
tive powers, SOC, and d- and g¢-axis currents.
These controllers collaboratively generated a si-
nusoidal reference signal for the PWM scheme of
the DC/AC converter, ensuring precise and effec-
tive frequency regulation.

The effectiveness of the proposed method was
validated on the IEEE 39-bus standard system.
Simulations were conducted to compare the pro-
posed BESS model with the conventional CBEST
model in PSS/E under two scenarios: a sudden
loss of generating capacity and a sharp decrease
in renewable energy output. The results demon-
strated the proposed algorithm’s ability to effec-
tively manage the SOC of the BESS, stabilizing
system frequency during oscillatory events. Fur-
thermore, the new model exhibited superior per-
formance in terms of rapid response to distur-
bances, deep charging and discharging capabili-
ties, and timely frequency control compared to
the widely used CBEST model.
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