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ABSTRACT

This paper proposes a control method for battery energy storage systems (BESS) connected to
a 220 kV transmission network to enhance grid stability when renewable energy sources (RES),
such as wind and solar, are integrated. This problem leads to significant issues developing for
grid stability, including frequency instability, transmission line overloads, and grid failures. The
research mainly focuses on the 220 kV transmission line between the 500 kV Pleiku and Dak
Nong substations in Vietnam's Tay Nguyen area. Using PSS®E and DigSILENT Power Factory
modeling tools, the findings reveal that combining three BESS units, each with a rated power
capacity of 200 MW and an energy storage capacity of 673 MWh, effectively reduces grid
congestion and stabilizes frequency fluctuations. Simulation findings estimate a decrease of
2,057 MWh in surplus power production. in case with the BESS connection, the minimum
system frequency during rapid RES production increases to 49.17 Hz, up from 48.91 Hz without
BESS, ensuring that power flows remain within acceptable operating limits. These simulation
results illustrate the proposed method BESS, can enhance grid performance, decrease faults,
preserve frequency stability during RES fluctuation, and facilitate Vietnam's clean energy
transition, notably in the Tay Nguyen area. This proposed method also meets the frequency
stability standards outlined in Circular No. 25/2016/TT-BCT issued by the Vietnamese
Ministry of Industry and Trade.
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1. INTRODUCTION

Power systems worldwide are experiencing rapid increases in wind and solar generation, driven
by long-term decarbonization targets rather than by short-term policy adjustments alone. The
commitments announced at the COP28 conference in December 2023, which aim to triple
global renewable energy capacity to at least 11,000 GW by 2030 in support of the Paris
Agreement's 1.5 °C objective, are expected to accelerate this trend further. Consequently,
variable renewable energy (VRE), dominated by wind and solar power, is projected to account
for approximately two-thirds of global renewable electricity generation by 2030, compared with
less than 45% at present. This expansion is primarily attributed to the rapid scale-up of solar
capacity and the continued growth of onshore and offshore wind generation.

In Vietnam, the large-scale integration of wind and solar power has revealed practical
challenges in grid integration and regulatory coordination, temporarily constraining project
development. However, as market mechanisms and transmission infrastructure evolve, these
limits are projected to be gradually abolished by 2030. With this trend, Vietnam is well-
positioned to meet its renewable energy goals and continue to play a prominent role in the
ASEAN region, accounting for approximately 40% of the expansion in renewable capacity. As
a result, wind and solar photovoltaic generation are increasingly becoming dominant

contributors to the national electricity supply, as illustrated in Fig. 1.
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Fig. 1. Technological evolution in global electricity generation, 2000-2030
As wind and solar photovoltaic energy progressively contribute to the electricity supply, new
operational issues develop for power system stability. Although renewable energy deployment
delivers substantial environmental benefits, wind and solar resources are inherently variable
and are typically connected to the grid via power electronic interfaces, leading to non-

synchronous operation. This property minimizes effective system inertia. In traditional power
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systems, inertia is generally provided by synchronous generators and plays a crucial role in
controlling the pace and magnitude of frequency variations following unexpected power
imbalances. As the penetration of renewable energy sources (RES) increases, the loss of system
inertia makes the grid more prone to frequency excursions and oscillatory behavior. For the
case of severe disruptions, these effects may trigger under-frequency load shedding (UFLS)
systems, thereby posing a threat to overall system dependability.

The reduction of system inertia has shifted from a theoretical concern to a practical operating
issue in power systems with high renewable penetration. In this context, BESSs are not
introduced as general supporting technologies, but rather as controllable resources capable of
responding rapidly to power imbalances. From a system operations perspective, BESSs can
inject or absorb active power quickly, making them suitable for supporting frequency dynamics
and facilitating the integration of renewable energy.

The use of battery energy storage systems (BESS) has developed rapidly. According to data
from the International Renewable Energy Agency, BESS installations globally increased from
around 0.1 GWhin 2010 to over 95.9 GWh in 2023, as shown in Fig. 2. Newly installed capacity
was over three times more than that of the previous year, most significantly in China and the
US. Furthermore, the cost of installing this equipment also decreased significantly; the average
project cost dropped from almost 2,700 USD/kWh in 2010 to 273 USD/kWh in 2023, indicating

that the cost barrier for installation is not a major issue for large projects.
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Fig. 2. Year-by-year battery energy storage capacity additions and associated project cost levels
Vietnam's power system is structured across multiple voltage levels. The 500 kV transmission
line acts as the main circuit, connecting power sources and loads between the North, Central,

and South regions. Currently, renewable energy development is largely concentrated in the
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South Central Coast and Tay Nguyen areas, where a growing number of wind and solar plants
are being commissioned. Once renewable energy sources supply sufficient capacity, the
regional power system faces overload. The impact is most evident in Tay Nguyen, where a
significant share of renewable generation is connected directly to the 220 kV and 110 kV grids
rather than to the 500 kV backbone. Currently, this system is overloaded and requires attention
and concern from the transmission sector.

According to Decision No. 500/QD-TTg issued by the Prime Minister of Vietnam in 2023
(Vietnam-Prime-Minister, 2023), through the National Power Development Plan (PDPS),
energy storage has been explicitly defined as a solution for large-scale renewable energy
integration. Following this direction, the total installed storage capacity is projected to reach
roughly 2,700 MW by 2030, including around 2,400 MW of pumped-storage hydropower and
300 MW of pumped-storage energy systems (BESS). The planned deployment of BESS rises
dramatically from 2030 onwards, with total storage capacity predicted to reach the range of
30,650 - 45,550 MW by 2050. Thus, BESS is considered an operational solution to help
stabilize grid-connected renewable energy sources. Under this policy, BESS is considered
operational equipment, not equipment used for capacity expansion

Integrating BESS into the national grid is not a straightforward task and introduces several
practical technical challenges. From an operational perspective, these challenges are mainly
associated with control strategy design and site selection. To operate effectively with
intermittent wind and solar generation, BESS must be equipped with control schemes that
respond to rapid power fluctuations rather than relying solely on forecast-based scheduling. In
addition, grid-connected BESS requires coordinated synchronization with nearby renewable
plants to ensure stable and efficient operation under changing system conditions. The
deployment of BESS is also dependent on different factors, such as limited land availability
and non-uniform grid connectivity, which are particularly evident in rural and weakly
interconnected areas.

BESS has been investigated and deployed in power systems for several decades, initially for
load balancing and ancillary services. When the penetration of intermittent renewable energy
sources (RES) has increased, the role of BESS has gradually shifted toward supporting system
operation under variable generation conditions. In modern power systems, BESS is commonly
applied to enhance operational flexibility and to mitigate the variability associated with wind
and photovoltaic (PV) generation. Owing to their complementary production profiles, the joint
integration of wind and solar PV has attracted increasing attention in recent years. Recent

figures suggest that grid-scale installations integrating both RES resources have reached around
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41.84 GWh of power capacity and 104.67 GWh of energy capacity globally, which
demonstrates the increased dependence on storage-supported renewable generation (Frost &
Sullivan, 2024).

Legacy generating fleets offer a natural buffer via mechanical inertia, a trait lost in grids with
RES. To ensure frequency stability, the system increasingly depends on the speed and agility
of contemporary balancing assets. This is where BESS becomes essential. By capturing excess
energy during peak renewable windows and filling the gaps during low res intervals, these
systems act as the grid's primary stabilizer (Chen et al., 2015). To sharpen the system's dynamic
response, researchers have explored various methodologies, most notably virtual inertia
emulation, droop-based logic, and synergistic operation with res (Li et al., 2023). However, the
operational impact of BESS is inseparable from its physical scale and site selection, both of
which govern the trade-off between technical gains and financial outlay. To address this,
numerous optimisation algorithms and planning strategies have been formulated to tailor BESS
deployment to specific grid requirements (Alsharif et al., 2022; Khunkitti et al., 2022).

BESS efficiency depends on the capacity, placement, and control method together with state of
charge (SoC) management (Sadeq Al Khudairi & Vural, 2024). Because of this, many
optimization methods now exist in literature. Such as, some studies use math models to find the
best BESS locations for frequency stability (Lee et al., 2023). Others prefer swarm-based tools.
In particular, particle swarm optimization (PSO) helps tune parameters to stop frequency
swings during res surges or grid faults (Nguyen et al., 2024). Similarly, the grey wolf optimizer
1s used to size systems to handle big gaps between generation and load (El-Bidairi et al., 2020).
But these methods have a real problem. They take too much computing power. This makes it
hard to use them in large, real-world power grids where speed is everything.

Beyond frequency-oriented optimization, multi-objective assessment frameworks have been
introduced to maximize BESS capacity while accounting for technical and economic (Teh &
Lai, 2019). Other studies have focused on improving operational efficiency and economic
performance at the distribution level, for example, by implementing BESS models in OpenDSS
environments (Maeyaert et al., 2020). However, such approaches frequently rely on simplified
economic assumptions or lack compatibility with broader market-based simulation tools,
thereby restricting their applicability in realistic grid scenarios. Alternative swarm intelligence
techniques, such as the artificial bee colony optimization, have been explored to reduce
frequency deviations and size optimize (Das et al., 2020). Despite their effectiveness, these
methods are prone to local optima and are highly sensitive to tuning the parameter. More recent

placement and sizing strategies have attempted to link BESS deployment with system demand
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and generation profiles (Alsharif et al., 2022). Nevertheless, assumptions such as constant
battery internal resistance and fixed BESS parameters overlook practical variations caused by
temperature and SoC dynamics, and their validation has often been limited to benchmark
systems such as the IEEE 39-bus network.

After analyzing the studies above, it can be concluded that BESS connected to the electrical
system with multiple integrated PV sources can continuously control power, ensure stable
electricity generation, or perform load shifting, adjusting the electricity output according to
peak demand and reducing peak load pressure.  This study provides the usage of BESS to
relieve surplus power from the energy source by estimating capacity, location, and control
method.

The main contribution of this research is focusing on controlling the BESS device to stabilize
the 220 kV power grid when multiple renewable energy sources are integrated, with the aim of
minimizing overload and stabilizing voltage. The major purpose of the research is to maximize
the use of BESS to protect the stability of the grid during rapid swings in power output from
renewable sources. To achieve this purpose, the following goals are addressed:

1) Analysis of the power flow over time to estimate the influence of renewable energy sources
on Vietnam's 220 kV transmission system;

11) Development of the technology to detect location, compute capacity, and optimize control
of the BESS;

ii1) Evaluation and analysis of the operational capabilities of the transmission line after
connecting the BESS in diverse scenarios, such as power flow, the frequency effect when the
energy source unexpectedly falls in power production, and grid failures.

This paper is organized as follows: Section 2 describes the studied power system and outlines
the main operational challenges arising from renewable energy integration, with a focus on the
220 kV transmission network in Vietnam. Section 3 analyzes congestion issues in the 220 kV
grid caused by increasing wind and solar power output, particularly along heavily loaded
transmission corridors. Section 4 presents the method for determining capacity and designing
the control strategy of BESS. Section 5 analyses the simulation results and evaluates system
performance under other operating conditions. Finally, Section 6 summarizes the study's main

conclusions.

2. THE STUDIED TRANSMISSION NETWORK
2.1. Transmission network mode

Dak Lak is a province in the Tay Nguyen region of Vietnam, endowed with significant potential
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for developing medium and small-scale hydropower resources. The province's electricity
supply is primarily derived from medium and small-sized hydropower plants (HPs) within the
region. As of now, the total installed capacity of the 13 operational HPs in Dak Lak is 79.52
MW. Additionally, six large-scale hydropower plants with a combined capacity of 794 MW,
five solar power plants with a total capacity of 991.65 MWp, and rooftop solar systems with a
total capacity of 373.59 MWp connected to the medium and low-voltage grids, contribute
significantly to the electricity supply for the Tay Nguyen region and the national power grid.
The 220 kV transmission system, represented in the single-line scheme in Fig. 3, connects the
500/220 kV Pleiku with Dak Nong substation. This strategy has been devised to manage
challenges such as overloads. It includes of 735.03 kilometers of 220 kV transmission lines and
94.4 kilometers of 500 kV transmission lines. The system has four hydropower plants (HPs)
with a total capacity of 450 MW, namely Tua Srah (86 MW), Serepok 3 (220 MW), Serepok
4A (64 MW), and Serepok 4 (80 MW). It also includes six photovoltaic (PV) farms with a total
capacity of 1,280 MWp, namely Xuan Thien Ea Sup (820 MWp), Cu Knia (180 MWp), Xuyen
Ha (130 MWp), Serepok (50 MWp), Serepok 1 (50 MWp), and Quang Minh (50 MWp), as
well as five wind farms (WFs) with a total capacity of 820 MW, including Dak Hoa - Nam Binh
1 (50 MW), Buon Kuop (280 MW), Krong Ana 1 (160 MW), Cu Ne 1, 2 - Krong Buk 1, 2 (100
MW), and Ia Le (100 MW). This system is directly connected to Vietnam's 500/220 kV
transmission network.

To develop a calculation model based on the current status and investment plan for power
development in line with the objectives outlined above, this report constructs a 110 kV, 220
kV, and 500 kV power grid model for the entire country for the year 2025 using PSS/E software.
Subsequently, the power system data will be transferred to DIgSILENT software to create
detailed models of solar and wind power plants for the provinces of Binh Thuan, Ninh Thuan,
Khanh Hoa, Phu Yen, Binh Dinh, as well as the three provinces in the Tay Nguyen region (Gia
Lai, Dak Lak, and Dak Nong), utilizing the static generator model. The quasi-dynamic
simulation tool in PowerFactory DIgSILENT software will be employed for 24-hour
operational calculations. In addition, the paper focuses on two renewable energy sources that
are contributing a large amount of capacity to the grid under consideration, namely PV and WF,

which are modeled in Subsection 2.2.

2.2. Renewable Energy Source Models
1) Photovoltaic plant model, the PV farms utilize solar panels with the specifications as

maximum power output Pnax (330 W), open-circuit voltage U, (45.96 V), voltage at maximum
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power Uppp (39.11 V), short-circuit current i (8.91 A), current at maximum power Ly, (8.45
A), and panel efficiency 7 (17.1%). The design of the PV arrays is based on the inverter's
technical characteristics and the selected system configuration (Al-Jabari et al., 2022). Multiple
modules are connected in series to form high-voltage strings that minimize losses. The
maximum number of PV panels in a string is determined by the inverter’s maximum DC input

voltage (Umax(inverter,pc))- In any configuration, the string's voltage must not exceed the

inverter's minimum input voltage. The maximum number of PV panels (n,,,,) in a string is
calculated by

Uoc * max < Umax(inverter,nc)» (1)
when the number of PV modules in the string reaches the minimum allowable voltage for
system operation, it will be necessary to adjust the number of modules. If the string voltage
drops below the inverter’s minimum operating voltage, the system will fail to operate or will
function inefficiently. Therefore, the minimum number of PV modules (n,,;,) in the string is
adjusted to ensure with the following condition

Umpp * Tmin = Umin(inverter,min)- (2)
The inverter unit is used to convert DC to AC voltage, with a maximum input DC voltage of
1,500 V. The MPPT operating voltage range is 915 - 1300 V, while the output voltage is 630
V, with a rated power of 2550 kW/2550 KVA. The input standard is 16 terminals. The voltage
1s stepped up from 630 V to 220 kV through a step-up transformer to connect to the 220 kV

grid. The connection diagram of the PV farms is shown in Fig. 4.

Fig. 3. Single-line diagram of the 500/220 kV transmission corridor linking the Pleiku and Dak
Nong substations.
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The output power of solar PV plants is heavily dependent on solar radiation intensity (G) and
ambient temperature (T),). The relationship between these variables can be expressed using the
following equation (Alkahtani et al., 2024; Dhaked et al., 2023; Tripathi et al., 2018)
PPV:n'PSTC'é'(l_k'(TM_TSTC))a (3)

where Ppy, - output power of the PV plant, n - number of PV modules, Pgy. - maximum power
of a module under standard test conditions, G - incident irradiance on the modules (W/m?),
Gsrc - the irradiance under standard test conditions (1,000W/m?), k - the power-generation
temperature coefficient of PVs (%/°C), Ty - the temperature of the module (°C), Tsr¢ - the
reference temperature (25°C). The model incorporates hourly solar radiation data derived from
meteorological forecasts, as shown in Fig. 5. For instance, during peak solar hours
(11:00 - 14:00), the incident irradiance reaches approximately 923.9W/m?, leading to maximum

PV generation.
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2) Wind farm model, the wind farm model used in wind power plants is the type 3 wind turbine
model. The stator windings are directly connected to the power grid, while the rotor windings
are connected to the grid through back-to-back converters, consisting of a rotor-side converter
(RSC) and a grid-side converter (GSC), via slip rings. Therefore, the DFIG can both absorb and
deliver power from the grid through the rotor windings via the RSC and GSC, while power
injection into the grid occurs through the stator windings. The block diagram for the overall
control strategies of the DFIG-based Wind Energy Conversion System (WECS) is shown in
Fig. 6 (Alyousuf & Korkmaz, 2023; Dai & Tung, 2017; Le et al., 2016). The control system is
divided into two parts: the first part is the electrical control system of the DFIG, which involves
controlling both the RSC and GSC. The RSC's objective is to enable decoupled control of active
and reactive power or speed for the DFIG wind turbine, while the GSC's objective is to maintain
the DC-link voltage at a specified value, regardless of the magnitude and direction of the rotor
power. The second part is the mechanical control system of the wind turbine, with the primary
goal of maximizing wind power capture and minimizing transient low-speed shaft loads. All
wind turbines have a terminal voltage of 0.69 kV, 12 poles, and a power factor of 0.95. The
output voltage is stepped up to 22 kV and further stepped up to 220 kV via a step-up transformer
to connect to the 220 kV transmission line.

Wind speed is a stochastic variable used to forecast the generating capacity of wind farms. The
output power of a wind turbine is determined by the following equations (Kou et al., 2020;

Nishikata & Tatsuta, 2025)

01 Uy < Veut—in
P . _Yw—Vcut-in < <
P _ rated Vrated—Veut—i ’ Veut-in = Dy Vrated (4)
WT — cut—in
rated» Urated < Dy < Vcut—out
0' Vw > Veut—out

where v,, - the wind speed; Py ; is the output power of a wind turbine; P,.4¢04 - the rated power
of the turbine; v yt—in> Vrated> and Veyr—our - the cut-in, rated, and cut-out wind speeds,
respectively; Pyr - the output power of a wind turbine.
The output power of a wind farm can be calculated as

Pwr = Xiz1 Pwri (5)
where 7 - the number of turbines in the wind farm.
Fig. 7 illustrates the forecasted 24-hour wind speed profiles for several major wind farms in the
study area, with speeds ranging from 5.6 m/s to 13 m/s. This figure focuses on the wind speed
at Buon Kuop WF. It shows how the wind speed changes throughout the day. In the morning,

the wind speed is low due to cooler temperatures. As the sun rises and the land heats up, the
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wind speed increases, peaking around 5 PM when the temperature reaches its highest point.
Afterward, the wind speed gradually decreases in the evening as the temperature drops and the

atmosphere stabilizes.
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Fig. 7. The 24-hour speed of wind across the Buon Kuop wind farm

3. METHODOLOGICAL FRAMEWORK

With the geographical location of power source projects connected along the North-South
transmission axis, when renewable energy plants come into operation, they will create
transmission congestion points in the electrical system. The Tay Nguyen is an area that
concentrates a large amount of capacity from wind and solar energy (Thanh et al., 2025). This
will lead to internal grid congestion in the Tay Nguyen and also along the North-Central-South
transmission sections, which is unavoidable. To prevent this issue from occurring in the system,
multiple measures are needed. However, calculating the curtailment of renewable energy output

to the grid is an urgent necessity.
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Fig. 8. The typical 24-hour power generation profiles of RESs

The calculation of renewable energy curtailment in a system with wind and solar energy sources
needs to be considered from the perspective of overall coordination of the different operational
patterns between wind power plants and solar power plants, which vary daily. This study
presents typical results from regions significantly impacted by renewable energy sources. The
output capacity of renewable energy sources, as shown in Fig. 8, is considered for calculation.
In addition, the load of the three Tay Nguyen provinces, which has characteristics changing
inversely with the generation capacity of renewable energy sources, as shown in Fig. 9, is also
taken into consideration. Fig. 10 presents the calculation results for the 220 kV grid linking the
500 kV Pleiku 2 substation to the 500 kV Dak Nong substation on a typical day at 11 AM on
April 20, 2025, in a scenario without curtailment of capacity and without the installation of

BESS equipment.
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Fig.11 shows the power flow profiles at the Krong Buk and Pleiku 2 substations over a 24-hour
period. At 9:04 AM, the power flow at Krong Buk begins to exceed the power flow limit
(indicated by the dashed line), suggesting that the power generation from RES at this substation
1s approaching its maximum capacity. The power flow continues to rise and peaks at 12:01 PM,
with an overload of 132.42%, reflecting a significant increase in power generation during this
period. After the overload peak, at 1:51 PM, the power flow at Krong Buk decreases and returns
below the power flow limit, indicating that the power generation in the area started to stabilize.
The graph shows a decline in power flow, which could be due to reduced power generation. In
contrast, Pleiku 2 maintains a stable power flow throughout the day, staying within the power

flow limit, indicating that the power generation in this area is more stable and balanced.

140 T T T T T T T T
] ——Krong Buk substation
120 Pleiku 2 substation

100

80

60

40

Power flow through substation (%)

0 N T Y Y T Y T Y TN N TR N O N
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time (h)

Fig. 11. The typical 24-hour power flow profiles through substations with no BESS
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Fig. 12 presents the typical 24-hour power flow profiles on the 220 kV transmission lines of the
studied transmission network. The results indicate that the connection line between the Pleiku
2 and Krong Buk substations becomes overloaded when RESs generate peak power,
particularly on the Pleiku - Chu Se and Chu Se - Ia Le 220 kV transmission lines, with the
overload reaching 125.8 % at 11:00 AM. Specifically, the power flow exceeds the limit at
certain times, indicating that the power generation from RES is approaching its maximum
capacity. This figure also shows that the Dak Hoa - Dien Phan Nhom and Turah - Dak Nong
220 kV transmission is experiencing overload. This indicates issues with the transmission
capacity in this area. Other transmission lines, such as Buon Kuop - Xuyen Ha, maintain more
stable power flows and do not exceed the power flow limit throughout the 24-hour period.

Fig. 13 illustrates the variation in power generation from RES over a 24-hour period. The results
show that between 9:00 AM and 14:00 PM, power generation from RES, around 10,723 MWh,
exceeds the grid's capacity to manage it, resulting in an excess power situation of approximately
2,057 MWHh, as shown in the red diagonal area. This excess power needs to be reduced to
prevent grid instability or overload. The light gray background represents the stable power
range of about 8,667 MWh, which the grid can handle without any risk of overloading or system

disruption, ensuring optimal performance of the grid.
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4. THE PROPOSED METHOD
4.1. The BESS model
The BESS typically consists of three main components, as shown in Fig. 14. Firstly, the battery
array, which includes multiple batteries connected in series to form rows and parallel

connections between rows to form a cluster. Secondly, the power converter, which is a power



electronic converter that inverts DC current to AC for loads or the grid, or inverts AC current
to DC for charging the battery array, operating based on control signals from the control and

monitoring system. Thirdly, the control and monitoring system, which is the core of the BESS

Kufa Journal of Engineering, Vol. 17, No. 2, April 2026

for regulating voltage, frequency, and power changes.
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Fig. 14. The battery energy storage system (BESS) connected to the power grid

1) The battery model, which is a mathematical representation of a battery's behavior and

characteristics, as can be seen in Zoom-out and can be described through the no-load voltage

output as follows
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E=E,—K- % + A e BQ1-S00) 6)
in which (E, —K-1/SoC) - a voltage drop as battery’s state of charge decreases;
(A - e7B@(1=500)) _ an exponential behavior of the voltage with respect to the state of charge;
E, - the baseline or reference voltage of the battery when the state of charge is fully charged; K
- a constant that influences the voltage drop as the SoC decreases; SoC - the state of charge of
the battery, representing the remaining charge in the battery as a percentage (ranging from 0 to
1, where 1 means fully charged); Q - a parameter that influences the exponential term,
representing the battery's total charge capacity or another related factor, A - a constant that
affects the second term of the equation, linked to the exponential behavior of the battery voltage;

B - a constant affecting the exponential decay of the battery's voltage as SoC decreases. SoC is

calculated as follows (Saha & Haque, 2021)

Pgischarge(t)
77char,gepcharge(t)——g

SoC(t) = SoC(t—1) + ldischarge Ap o (7)

Crated

where Ncparge and Ngischarge - the efficiencies of the charge and discharge processes,
respectively; Peparge(t) and Pgiscnarge(t) - the charge and discharge powers at time t,
respectively; Cqteq - the rated energy capacity; At - the time step.
2) BESS control, that is very important for making power grids with a lot of renewable energy
more stable and efficient when it comes to transmission. BESS helps keep the grid stable during
abrupt power outages by providing inertial response and frequency response. This helps reduce
frequency fluctuations. The BESS control approach includes finding out how much power and
capacity are required, utilizing Prony analysis to locate the optimal spot to deploy the system,
and altering the charging and discharging according to how much demand there is for grid and
renewable energy. This lets us use as much renewable energy as possible without overwhelming
the grid. Fig. 14 shows that the BESS control system is made up of five independent parts. The
following is a thorough list of the content:
a) Frequency control, which is applied to generate reference active power injected into the grid,
utilizes a control loop based on frequency input signals, as shown in Fig. 15. The active power
injected into the network by BESS is determined as follows (Silva Jr & Assis, 2020)

Pyessrer = (Pir + Pprr) * SpESs » (®)
where Spgss - the rated power of BESS; p;r and ppgg - the active power signals obtained from
the Inertia response (IR) and the primary frequency response (PFR) loops, respectively. The IR

component provides rapid power injection/absorption proportional to RoCoF, while the PFR
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component provides sustained power proportional to the frequency deviation, ensuring

comprehensive frequency support. These control signals are given by (Knap et al., 2016)

k11 i)

Pir = Kir 1+5T; 1+sT, dt '’ )
p — (fsys_fref)

PFR fref'RBEss’

where K - a gain of the inertial response control and Rggss - the synthetic BESS droop.

The controller design for the BESS is based on a grid voltage imbalance event, as illustrated in
Fig. 15 (Akram et al., 2020). The frequency response in the grid following a fault consists of
several key stages. The first stage is the IR, which is the natural reaction of synchronous
generators within the first 10 s to mitigate the initial frequency drop. Next, the PFR adjusts the
frequency back to an acceptable level within 30 s using primary energy reserves. The magnitude
and duration of IR and PFR deployment determine the frequency nadir, the lowest point of the
frequency during recovery. The subsequent stage, secondary frequency response (SFR), further
enhances frequency stability over a period of several minutes to 15 minutes. Finally, the tertiary
frequency response (TFR) adjusts the output of energy sources over a longer period to fully
restore grid stability. Each stage plays a crucial role in maintaining stability and preventing the

risk of system collapse
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A I
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Fig. 15. Frequency response based on the European Network of Transmission System Operators

for Electricity
b) Active and reactive power controllers, which denoted as P and Q controllers, are
implemented to generate the dg-axis reference current components using proportional-integral
(PI) control, as illustrated in Figs. 16 (b) and (c), respectively. The reference power output
signal from the frequency controller, shown in Fig. 16 (a), is fed into the input of the active
power controller. This signal is compared with the measured BESS power output to generate
an active power error. This error signal passes through a low-pass filter and is combined with
the Aiy signal from the output of the charge controller in Fig. 16 (d). The combined signal is

then added as a feedback signal to the PI controller, and the output signal is the d-axis reference
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current, which serves as the input signal to the charge controller. Conversely, the voltage error
signal between the reference and measured signals at the BESS connection point is processed
in a similar manner. The error signal is passed through a low-pass filter and combined with the
Ai, signal from the output of the charge controller in Fig. 16 (d). This combined signal is fed
back to the PI controller, and the output signal is the g-axis reference current, which is provided
as an input to the charge controller.

¢) Charge or discharge controller, the charge or discharge logic ensures the BESS operates
within its SoC limits while meeting grid needs. Charging typically occurs during periods of
excess RES generation or low demand, while discharging supports the grid during generation
deficits or high demand (Yang et al., 2023). These actions can be governed by grid conditions,
such as transmission line loading (Yang et al., 2023).

The charging condition of the BESS occurs when the power from the RES exceeds the total
system power required, including the load and any losses. This indicates that there is surplus

energy from RES that can be stored in the battery. The charging condition is defined as follows:

PBESS(t) = min (Pmaxicharge' PRES(t) - Pload(t) - Ploss(t)) ’ (10)
and charging only occurs when meeting the following condition
PRES(t) > Pload(t) - Ploss(t)f (1 1)

where Ppyg(t) - the power from renewable energy sources; P, ,4(t) - the power required by the
load; Py, (t) - the power loss in the system; P,y charge - the maximum charging power of the
BESS; when the condition in Eq. 11 is satisfied, the system will charge the BESS with the
€XCcess power.

The discharging condition of the BESS happens when the power from RES is insufficient to
meet the load and losses. In this case, the system will discharge the battery to supply the grid.

The discharging condition is given by
PBESS(t) = —min (Pmax_discharge' Pload(t) + Ploss(t) - PRES(t))r (12)

and discharging occurs when the following condition is satisfied:

Pres(8) < Proaa(t) + Prog (), (13)
where P, gischarge - the maximum discharging power of the BESS; when condition in Eq. 13
1s met, the BESS will discharge energy to supply the load.
From the left side of Fig. 16 (d), the SoC of the BESS is critical in ensuring that the system
operates safely. The SoC must stay within the allowable limits, typically defined

(SoC,,;, < SoC < S0C,,,.). If the SoC exceeds the maximum or drops below the minimum, the
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system will stop charging or discharging to prevent damage to the battery.

d) Current control on the dq-axis, the right side of Fig. 16 (d) shows the dg-axis current in the
BESS system. The current controller on dg-axis was applied to manage the current on the dq-
axis, using the signals i, ,.rand i,,.s . It ensures that the current in the system stays aligned with
the reference values, which are calculated based on conditions like the battery's SoC. The PI
controllers were applied to maintain the system's current at values that match the reference
currents and generate control signals m; and m,, which are then modulated via PWM to control

the power components in the system.
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Fig. 16. BESS control: (a) Frequency control; (b) Active power controller; (¢) Reactive power
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4.2. BESS Sizing

The size of BESS has to be calculated, including its power and energy capacity to alleviate grid
frequency concerns. In grids with large amounts of RES, we determine the required capacity
to limit the RoCoF and steady-state frequency variation. This ensures the BESS can rapidly
inject or absorb power to stabilize the grid during sudden disruptions, such as the loss of a
generator. To guarantee frequency stability, sizing involves determining the BESS's power
rating and energy capacity (Liu et al., 2023; Rietveld et al., 2020). This process begins with

understanding the dynamics of grid frequency, which are governed as follows: :
2Hys df _ Pg=Pi _ AP

fO dt - Ssys - Ssys,

where H,,, - system inertia constant; f, - nominal frequency; (df /dt) - the rate of change of

(14)

frequency; F; and P, - the generation and load powers, respectively, represents system capacity;
AP - power imbalance. The system inertia constant Hy,,¢ - calculated as the weighted average

of the inertia constants H; of individual synchronous generators based on their rated capacities
S; and can be determined as follows (Peng et al., 2024):
Hiyys = En}l—;’s (15)

where S; and H; - the rated capacity and inertia constant of the i generator, respectively. High
RES penetration reduces Hg,g, making the system more vulnerable to large RoCoF and
frequency deviations (Liu et al., 2023). BESS counters this by providing synthetic IR and fast
PFR.

a) Sizing for inertial response, to prevent unwanted relay operations and ensure stability, the
RoCoF must be limited, typically to within £0.5 Hz/s (Knap et al., 2016). The minimum
aggregated inertial contribution required from BESS (Hpggs, Sprss) to meet the maximum
allowable RoCoF (RoCoF,,,,) following a maximum power contingency (AP,,,) is (Knap et

al., 2016):

APpaxf;
m maxJ0 n
Yit1 Hpgss;Spess; 2 2R0COF,.,  &i=1 H;S;, (16)

where m is the number of BESS units; Hgpgs,and Sgggs, are the i BESS inertia constant and
capacity, respectively; APpaxfo - maximum contingency power; (RoCoF, 4 = dfmax/dt) -
maximum allowable RoCoF . The IR power provided by a BESS is proportional to the measured
RoCoF and can be determined as Eq.9 (Knap et al., 2016):

b) Sizing for primary frequency response, BESS must also contribute to arresting the frequency
drop and minimizing the steady-state frequency deviation (Afgs). The steady-state frequency

deviation following a power imbalance AP depends on the aggregated droop response of all
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participating generators and BESS (Assery et al., 2023; Yoo et al., 2020):

AP
AfSS_ n SBESSl . m 1Sj.’ (17)
i:lRBESSifO' j:lefO'

where Rgggs; and R; - the droop constants of the it" BESS and j*"* generator, respectively. To

ensure the frequency remains above the minimum allowable limit (f,;,), the minimum PFR

contribution required from the BESS fleet by the following condition (Yoo et al., 2020):

m 1 SBESSJ' APy _3yn Si
1=

]=1RBESSJ~ fo — |fo—fminl LRifo

(18)

The PFR power delivered by a BESS is proportional to the frequency deviation from nominal
and can be determined as Eq. 9 (Assery et al., 2023; Yoo et al., 2020):

¢) Total power and energy capacity, the total instantaneous power required from the BESS is
the sum of its IR and PFR contributions as introduced in Eq. 8. The energy capacity must be
sufficient to sustain this power output for the duration required for slower-acting reserves to
respond, typically 10 - 30 s for IR and PFR roles, or longer depending on the application, such
as peak shaving. The following condition calculates this energy capacity (Assery et al., 2023).

Epess = Pnaxtauration (19)
where P, - the maximum required power output considering both p;p and pprr demands

during the contingency and ¢ y,qtion - the required response duration.

4.3. BESS Placement

The proper placement of BESS is crucial to maximise its impact. This study employs the Prony
approach to analyze grid oscillations and identify optimal locations where BESS deployment
can efficiently mitigate frequency fluctuations. Typically, these locations are situated near areas
with high RES integration or where frequency variations are most severe (Tee et al., 2022). The
optimal placement of BESS can provide its effectiveness in damping frequency oscillations,
particularly in high-res grids. The Prony approach is utilized for oscillation analysis, splitting
the frequency response signal into damped sinusoids (Xia et al., 2017; Nguyen et al., 2020)

Vo = 2P MelOiel@tiznfonts o = 0,1,2,...,N—1.  (20)
The eigenvalues A; is defined as

Ai = (a; + j2nfy). (21)
v, will be presented as
Vp = 2P HiehTs, (22)

The damping ratio for each mode is calculated as

ai

= —,
' al-2+(27rfi)2

(23)
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where ¥, - estimated signal of data sequence; p - model order; H; - the residue of the i output
includes the original input; M; and 6; - magnitude and phase at mode i, respectively; a; and
fi - the damping coefficient and frequency, respectively; T - the time interval of sampling; N -
the sampling number.

The process involves simulating a relevant contingency such as generator trip in the power
system model; recording the dynamic frequency response or other relevant signals like bus
voltage angles at candidate buses across the network; applying the Prony algorithm to the
recorded signals from each candidate bus to identify the dominant oscillation modes and their
characteristics, particularly the damping ratios and mode amplitudes; Identifying the mode with
the lowest damping ratios like the most vital, lightly damped modes; choosing the optimal buses
for BESS placement where the amplitude of the most critical mode is largest. Placing BESS at
these buses affords the largest control action to damp the oscillations, thereby strengthening

overall grid stability (Khunkitti et al., 2022).

4.4. Optimization and Simulation Workflow

The BESS has three basic components, including a battery storage system, an
inverter/converter, and a control system, in which the battery storage system comprises many
parallel and serial modules. Below is a complete description of the process as illustrated in
Fig.17, explaining each step extensively to guarantee the BESS is correctly sized and positioned
to sustain the grid during disturbances (Makarava et al., 2019).

Stat

Step 1, modeling the low-inertia grid with high-RES penetration.

Step 2, establishing performance criteria: maximum permissible RoCoF and steady-state
frequency deviation (Af gs).

Step 3, determining the needed BESS power and energy capacity using the sizing technique Eqs
14-19.

Step 4, running dynamic simulations of contingencies and using Prony analysis Eqs 20-23 to
determine suitable BESS positions for dampening key oscillations.

Step 5, deploying the BESS model with the selected size, location, and control approach

Step 6, modeling situations with the BESS included into the grid.

Step 7, verifying frequency stability and other operating characteristics (e.g., line loading).
Step 8, iterating on size or placement if stability conditions are not fulfilled.

End
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A 24-hour quasi-dynamic simulation is undertaken to examine the BESS performance under
various daily RES production and load profiles, capturing its efficacy in controlling grid

restrictions including transmission line and transformer overloads (Tee et al., 2022; Thanh et

al., 2023).
;
Optimize BESS location
via Prony Analysis  |€—
Model Low-Interia Egs: (20)-(23)
Grid with RES
Simulate contingencies
with/without BESS
Specify ¢ N
RoCoF/Nfyin/ Mss Evaluate Frequency
i Stability
Calculate BESS
size using IR/PFR 4fss< 0.2 Hz
Egs (14)-(19) RoCoF < 0.2 Hz/s
Y
End
Fig. 17. Optimization workflow for BESS size and location
5. RESULTS

5.1.  Simulation results for the power flow study with BESS

From the calculations in Section 3, it is evident that releasing capacity to the 500kV grid through
the two stations, Pleiku 2 and Dak Nong, will cause the 220kV lines near these stations to
become overloaded, such as the Dak Hoa - Luyen Nhom, Ia Le - Chu Se, Tua Srah - Dak Nong,
and Pleiku 2 - Chu Se transmission lines. The calculation results show a corresponding daily
output reduction of 2,057MWh, with the maximum required capacity reduction on this line axis
being about 600MW, and the storage time is approximately 3.36-hour. By applying the method
proposed in Section 4, it is calculated that three BESS units, each with a capacity of 200MW
and 673MWh of energy storage, should be located at three positions: Krong Buk, Buon Kuop,
and Tua Srah buses. The parameters related to the studied system are shown in Fig. 10, and the
parameters of the BESS controller are listed in Table 1 and illustrated in Fig. 16.

Fig.18 shows the power flow fluctuations through the Krong Buk and Pleiku 2 substations after
integrating three BESS substations. This result clearly demonstrates the effectiveness of the

BESS, as the power flow through both substations always remains below the 100% threshold
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for 24-hour. Continuous operation within the safety limit, together with a remarkably flat load
curve, confirms that the BESS has successfully absorbed excess energy during off-peak hours
and discharged it during peak hours. Technically, these results confirm that the BESS is a highly
effective solution to optimize grid operations, solve local overload problems, and enhance both
the reliability and safety of the power transmission system through improved energy
management. Fig. 19 shows 24-hour power flow trends on the 220kV transmission lines after
the integration of the BESS. The data reveals that power flows on all monitored lines stay
constant and consistently below the 100% operating level throughout the day. This illustrates
that the BESS effectively absorbs surplus energy during off-peak periods and supplies it during
peak-demand, thereby relieving localized overloading. Scientific and technical perspective,
BESS device can improve grid performance, safety transmission system, and permit more

flexible energy management.

Table 1. The parameters of the BESS controller

Parameters Value Unit Parameters Value Unit
The frequency controller The charge/discharge controller
Tq 0.004 s Lamin -0.4 pu
T, 0.0002 ] Lymin -1.0 pu
Kir 2.5 - limax 1.0 pu
Rpgss 1.0 pu lymax 1.0 pu
The active power controller S0Chin 0 %
Trp 0.01 ] SOChax 100 %
Kpp 10 - The current controller
Kip 2.5 - Kpia 0.1 -
Trq 0.1 ] Kiiq 10 -
Kpq 10 - Kpig 2.5 -
Kiq 75 - Kiiq 200 -
The reactive power controllers
Trq 0.1 ]
Kiia 47 -
K; 100 -

5.2.  Simulation results for the impact of cloud cover on the PV farm

This scenario analyzes the implications of rapid decreases in solar power generation due to
cloud cover. As demonstrated in Fig. 20 (a), the sun irradiance significantly reduces from 1,000
W/m? at 2 s to 500 W/m?at 3 s. It continues to decline to 200 W/m? at 4 s, and approaches a
full loss of coverage at 5 s. As the cloud cover disperses, the irradiance progressively rises to
800 W/m? at 30 s, and completely recovers to 1000 W/m? by 50 s. This scenario represents a
negative event inspired by real-world events, resulting in a considerable fall in solar irradiance
and, subsequently, a severe decrease in power generation from the six PV farms feeding the

grid, as illustrated in Fig. 20 (b). At 5 s, the active power output decreases dramatically from
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978 MW to 0.0 MW. After this, when the clouds dissipate, the clear sky permits maximum
solar irradiance, resulting in a rise in power production and stability at 50 s. When power from
the solar farms suddenly drops, the system frequency will decrease due to the power shortage.
As shown in Fig. 21, in the absence of BESS, the frequency will fluctuate and drop below 48.91
Hz, causing instability. However, when BESS is present, the energy storage system will
discharge electricity into the grid to compensate for the power shortage, helping to maintain a
stable frequency with a minimum value of 49.17 Hz, ensuring stable conditions (BCT, 2016).
and quickly recovering to 50 Hz.
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Fig. 18. The typical 24-hour power flow profiles through substations after connecting BESS
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As shown in Fig. 22 (a), when the power from the PV farms decreases due to cloud cover, the
BESSs start to discharge power to the grid to compensate for the power shortage. The discharge
power peaks at around 5 s, with 178 MW from the BESS at Buon Kuop, 174 MW from the
BESS at Krong Buk, and 169 MW from the BESS at Buon Tua Srah. All three BESS stations
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provide similar amounts of discharge power, with Buon Kuop contributing the highest amount.
After the PV power decreases and reaches 10 s, the discharge power from the BESSs starts to
decrease as solar radiation begins to recover. Once the PV power is fully restored, the BESSs
stop discharging and enter the recharge state to prepare for the next power shortage situation.

In Fig. 22 (b), the SoC of the BESS systems reflects the discharging and recharging process.
Initially, the state of charge is 90.5% for each BESS station. However, as the BESSs discharge
power to the grid to maintain stability, the state of charge drops to 79.9% at 28 s for Buon Kuop,
80.3% for Krong Buk, and 80.1% for Buon Tua Srah. After the PV power recovered and the
BESSs stopped discharging, the charge state began to recover, reaching 80.1% for Buon Kuop
bus, 80.4% for Krong Buk bus, and 80.2% for Buon Tua Srah bus at 50 s. This change in the
charge state shows the ability of the BESS at each station to supply and recharge energy while

maintaining the stability of the power system.
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Fig. 22. Time-domain responses of BESS units: (a) active power; (b) state of charge

5.3.  Simulation results during the grid fault
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The system dynamics during a three-phase short circuit to earth on the Krong Buk - Serepok 4
line. This problem happens at 1 s near the Krong Buk bus. The fault lasts for 200 ms, and the
line is then isolated to clear it. The voltage waveform at the short circuit location is illustrated
in Fig. 23. Fig. 24 shows the active power provided by the BESS systems at various substations
during a fault. At Krong Buk bus, the BESS provides -89.1 MW; at Buon Kuop, -105.4 MW;
and at Tua Sam, -187.6 MW, indicating the amount of electricity discharged into the grid.
These systems react promptly after the failure, with power outputs stabilizing within 1 - 2 s.
The BESS maintains a stable power supply, providing voltage and frequency stability, and helps
lessen the effect of the failure on the grid. This fast and persistent response highlights the
BESS's efficacy in stabilizing the system and facilitating the introduction of renewable energy.
For the case of a grid fault, as described in Fig. 23, the BESS immediately provides active
power to support the system, as shown in Fig. 24, helping stabilize both voltage and frequency.
Fig. 25 clearly displays the difference in frequency response with and without the BESS. In
the case without the BESS, the frequency moves a lot about 53.98 Hz and takes longer to go
back to normal. The BESS, on the other hand, keeps the frequency at 51.2 Hz and stabilizes it
rapidly, at around 2 s. This reduces oscillations and keeps the grid stable. So, the BESS's ability
to quickly provide power and stabilize frequency is very important for reducing the effects of

grid fault situations.
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Fig. 23. Bus voltage response at the short-circuit point
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6. CONCLUSIONS

Integrating utility-scale battery energy storage systems (BESS) into the 220 kV backbone is
proposed here as a decisive fix for the stability issues hitting Vietnam’s grid due to massive
solar and wind integration. The paper focused our analysis on the Pleiku - Dak Nong corridor,
a critical segment of the Tay Nguyen 220 kV network, where line overloads and frequency
swings are most acute. The proposed control method connects virtual inertia with main
frequency response, which is different from traditional setups. This allows the system to
instantly absorb or inject power, smoothing out the unpredictable spikes from renewable
sources.

To wverify this, this paper ran heavy-duty simulations in both PSS/E and DIgSILENT
PowerFactory. The data is clear; the BESS didn't just sit idle it handled a surplus of 2,057 MWh
and kept the grid from crashing during faults. Specifically, it saw the frequency nadir improve
from a dangerous 48.91 Hz to a much safer 49.17 Hz. These results prove the system can meet

strict grid codes while tackling the intermittency problem. Future research steps involve stress-
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testing this on the national scale and diving into grid-forming controls to see if the long-term

investment holds up.
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