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Abstract

Energy storage systems (ESS) have recently emerged as a prevalent solution for mitigating the
variability of intermittent renewable energy sources. One of the primary challenges associated with
ESS is their cost. This paper aims to explore methods for reducing the size of ESS without
compromising performance. Data was collected from a grid-tied 2MW PV unit in Malaysia over
several days, as many variables exhibit significant fluctuations from hour to hour due to solar
irradiation. Python code was developed to analyze the effects of varying ESS sizes on power grid
smoothing. Both high-power density devices and high-energy density devices were tested, and the
impact of changing output period durations was investigated. The output should remain stable for
no less than five minutes, which is the minimum acceptable timeframe. SIMULINK was utilized to
simulate the recommended ESS size, employing a vanadium redox battery (VRB) as the high-energy
density device and supercapacitors (SC) as the high-power density device.

Keywords: energy storage system (ESS); electrical power system; grid-tied PV; vanadium redox
battery (VRB); supercapacitors (SC)

1. Introduction

Malaysia’s average solar radiation remains consistent across various scenarios. However,
climate change can affect solar performance and infrastructure during the daytime due to extreme
temperatures and precipitation [1]. Solar systems, like other natural resources, are heavily influenced
by weather and seasonal changes [2]. Large Scale Energy Systems (LESS) are more significantly
impacted than Small Scale Energy Systems (SLES). In recent years, energy storage systems have been
employed to address the intermittent nature of renewable energy resources, particularly when
integrated with the power grid. These systems can be categorized into mechanical and
electrochemical batteries [3], with the latter being the primary focus of this paper. The cost of
implementing battery energy storage systems (BESS) remains the most significant challenge. The
approach proposed in this paper aims to minimize the size of the BESS while maintaining the
performance and efficiency of the LESS in managing intermittency.

Grid sizing of (ESS) is crucial in grid planning due to the high capital costs involved and their
significant impact on grid stability and efficiency [4]. Various methodologies can be employed to
determine ESS sizing, depending on the specific objectives. Optimization techniques, probabilistic
approaches, analytical models, and data-driven methods can be complex, largely due to the
unpredictable nature of weather changes. However, data analysis has the potential to yield effective
solutions. Several factors influence ESS sizing for renewable resources, including system
characteristics, costs, grid stability and reliability requirements, and environmental impacts. Batteries
are the most popular high-energy-density devices, while flywheels and SCs are commonly utilized
as high-power-density devices.

Many studies have attempted to address ESS sizing. For example, in [5], the optimal ESS size in
a microgrid was calculated with a focus on cost. Reference [6] consecrated on automatic generation
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control based on finite ramp rate control of PV peak, especially looking at smoothing of that ramp.
Other studies have approached sizing from different perspectives, such as [7] which aimed to solve
the issue of peak demand. Additionally, studies like [8]. have explored the probability of determining
ESS sizing, while the study in [9]. merged renewable sources sizing with ESS sizing. Reference [10]
joined optimizing the sizing and power management. Previous studies primarily examine sizing
from a financial perspective. This study, however, takes an electrical engineering viewpoint and is
based on real data and instruments in a hybrid system VRB with SC, which offers numerous
advantages [11]. It presents a case study based on data collected from tropical Malaysia. It took nine
days as an example since tropical climates repeat themselves, posing a challenge in their fast changes
throughout the day.

This topology illustrates the process of ESS sizing based on collected data. The flowcharts outline
the steps, using a hybrid VRB and SC were taken as an example of ESS. The type of ESS determines
the limitations in real-world applications, and reducing the ESS size without compromising energy
efficiency or the objective of utilizing ESS with renewable resources presents a significant challenge.
A straightforward method of control, employing filtering and effective averaging, supports size
reduction alongside other more efficient control methods. However, the technique derived in Equ 20-
used for averaging, can also be applied by other modern or advanced controllers.

A topology is developed based on testing real data taken from an actual plant of renewable
source. A Python code reads this data and trains it to determine the minimum ESS size that satisfies
smoothing over a certain period. The code takes into account the type of ESS and its limitations based
on market availability after checking its advantages. Finally, the ESS with the proposed size is
simulated using MATLAB Simulink to ensure success. A simple and effective control method was
developed in MATLAB Simulink to ensure storage system efficiency for grid stability, which can be
achieved by regulating the grid generator during the subsequent settlement period to an appropriate
level, allowing the (ESS) to maintain power output despite fluctuations in (PV) generation.

2. System Analysis

The system of this project consists of five parts -as shown in Figure 1: a) PV solar energy system,
which includes PV panels and inverters connected to the grid, b) The grid (Generator with droop
controller), c) Energy storage system ESS (Vanadium Redox BatteryVRB and supercapacitors), d)
Converters(bidirectional DC-DC and AC-DC), e) The load (residential network).

Storage System

y
<al——»| By directional |
< '
i Inverte :
| N ac T |
Residential Loads : DC !
Renewable Resource 3 capacitors ;
PV system ! !

By directional

i . Inverte

! Bl ac 7 e

i +

; VRB
Battery

A

Inverter
DC
- ~ o AC

A 4

Residential Loads

Figure 1. The system block diagram.
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2.1. Collected Data

The data collected for this case study came from a 30MW PV plant in Malaysia. However, the data
was collected usinga Fluke meter from a2MW plant inverter. Significant variables from the output side
of the three-phase inverter includecurrent, voltage, and power. While voltage changes are limited, the
current has wide fluctuations which result in powerchanges.

A Python program was used to read the power data; Figure 2 summarizes (a) the power
generated by the PV system between 30/June and 8/July/21, (b) the increase in generated power on
3/Jul, and (c) the average power generated within an 8-hour period. The total power generated was
98.3MW, with an average power of 501.2kW, and an averagepower of 1.503MW/h over an effective 8-
hour period each day. On 2/7/21, the maximum daily power generated was16.0MW, while the
minimum was 9.1MW.

During the peak power generation period of 2790.0 kW at 12:43 pm on 05/07/21, the maximum
increase within a minute was = 1437.0 kW, at 11:49 am on 01/07/21, and the maximum decrease was
1350.0 kW, at 11:08 am on 01/07/21. Changes greater than 420kW did not exceed 1%. The maximum
gap within six minutes was 2142.0kW at 3:25 on 01/07/21.

(a) Generated power by PV system (b) Generated power by PV system in 3/7/21
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Figure 3. (a) Power generated from the PV system in Malaysia between 30/June-8/July/21, (b) Expand of

generated power at 3/Jul, (c) the system with averaging power with 8 hours.

During the peak power generation period of 2790.0 kW at 12:43 pm on 05/07/21, the maximum
increase within a minute was = 1437.0 kW, at 11:49 am on 01/07/21, and the maximum decrease was
1350.0 kW, at 11:08 am on 01/07/21. Changes greater than 420kW did not exceed 1%. The maximum
gap within six minutes was 2142.0kW at 3:25 on 01/07/21.

2.2. Storage System

Batteries are versatile and widely used for electrical storage due to their high energy density,
rapid response time, and scalability. Despite this, lithium-ion batteries are the most popular.
However, the VRB offers several advantages when it comes to large-scale energy storage systems.
VRB and SC are often used as hybrid storage systems.
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2.2.1. Vanadium Redox Flow Batteries (VRFBs)

VRFBs (Vanadium Redox Flow Batteries) are a promising energy storage technology due to their
design flexibility, low manufacturing costs, long lifespan, and recyclable electrolytes [12]. VRB batteries
have along service life, which means that their chemical aging process is relatively slow compared to
alternative battery technologies. Figure 4 illustrates the VRB structure [15]. VRFB’s cell membrane
undergoes oxidation and reduction reactions during chargingand discharging:

V4-+ N V5+ +e” (1)

V3t +e” 5 V2t 2)

Figure 5 illustrates the equivalent circuit model. In this model, a voltage source represents the

stack voltage, a controlledcurrent source represents the current source, and a fixed loss resistance

represents the parasitic losses of the pumps. Based on Randles’ circuit, which describes battery

electrochemical properties [15], the terms “Resistive” and “Reaction” indicate the electrolyte solution

resistance and the charge transfer resistance, respectively. Figure 5 illustrates the equivalent circuit
for the VRB battery [14].

Ton-selective
Membrane

Electrolyte

Figure 4. Vanadium redox battery structure [13].
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Figure 5. Vanadium redox battery equivalent circuit.

State of charge (SOC) refers to the percentage of battery charge to its fully charged state [14,15].
It provides a direct indicator of state of energy (SOE) stored in a battery. When the SOC reaches its
upper or lower limits, typically defined as 80% and 20%, respectively [8], the inverter considers
battery lifetime and deterioration mitigation. Other references may extend this range to 10%-90% [9].
These limitations should match the size of the batteries.

The VRB model can be derived as [12], the Estack which determined the battery voltage can be
estimated by:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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€)

where n: number of cells, R: Universal gas constant (8. 144 JK-*.mol!), T: Ambient Temperature (K),
F: Faraday’s number, Eccu(at 50% SOC) : the cell equilibrium potential =1.39V.
The average DC output voltage from a 3phase full-wave rectifier is given by:

3v3 3v3

2RT soc
Estack(ocv) =M X {Ece”(amo%soc) + F In 1-— SOC}

Ve = —Vims = 400 x — = 660V (4)
DC T rms T
The number of cells in the stack (n) can be calculated to achieve 660V as flows:
Voe 000 . 476 cet
n= = ~ ce %)
Ece”(at 50% SOC) 1.39

The constant can be calculated at 30° degree as:

2RT _ 2 X 8.144 x 303

F 96485.3
The Estack model of Figure 5 can be derived in SIMULINK by using (n) from Equ. (5) and constant
from Equ. (6) Estack can be found on Simulink is shown in Figure 6.

Ecell_50%_SOC

= 0.051 (6)

E_Stack

SOC/(1-SOC)

Figure 6. Estack Estimator for the VRB.

The SOC can be estimated by the SOC Estimator derived in [15] as flows:
Current Energy in Battery

Soc =
Total Energy Capacity )
S0C =S0C(t—1)+ASoC (8)
ASOC — AE _ PStaCkTStep _ IStaCkVStaCkTStep (9)
Ecapacity Ecapacity PratingTrating
Tstep
“=p T _ 10
PrateTrate ( )

where: c: constant, T'step: simulation step time, Trate: Battery charge or discharge time, and Prate: Battery
power. From Equ. (8) the SOC can be the results of the integrator of ASOC the Simulink SOC Estimator
can be shown in Figure 7.

The Flow Pump model of the equivalent circuit of Figure 5 can be derived as [15], the electrolyte
flow rate (Q) is:

Istack 3 1
=— - 11
Q N x soC Cm sec (11)

where (Istack): the flow rate is directly proportional to Stack current and inversely proportional to SOC
and (N): electrolyte capacity.
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E_eq z soc
C
Change in SOC
Figure 7. SOC Estimator for VRB.
The Flow Pump current can be derived as:
Istack
Lyump = 0.0096 (W) (12)

The pump loss can be represented by a controlled current source (I_parasitic), a shunt resistance
(R_parasitic), and acombined resistance of the pump internal resistance and the auxiliary control
circuit resistance (13.889Q) [16].

Therefore, the Flow Q estimator for VRB on Simulink is shown in Figure 8. Calculations of VRB
parameters are based on an estimation of 15% internal losses and 6% parasitic losses. The cell stack
output power should be [17]:

Py
1-0.21

where: P is the rated power. The fixed losses are represented as a fixed resistance and the variable

P = (13)

losses are represented as a controlled current source. The losses are as follows [17]:

Istack)
= 14
b=t k(soc 14

where Py : The parasitic losses, k: is a constant value, in [17] assumed to be 1.011. The losses measured

in kw. The 250kWh product E22 Energy Storage Solutions Company produces can be considered a
storage device. Its typical characteristic, as shown Table 1Error! Reference source not found., is its
overload capability: 30% discharge within one hour when the SOC exceeds 60% and 25% charge for
45 minutes when the SOC exceeds 25%; this means that 30% should be supplied or absorbed in one
hour.

IBatt_rms = PBattary/V;‘ms = 250k/400 = 6254 (15)

where Ppq.ry: the instantaneous power of the battery, V,,,: is the nominal grid voltage.

N Cont
) wle | s
|_stack Cont

Change in SOC

- Flow Q

SoC Change in SOC1

Figure 8. Flow Q estimator for VRB.
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This value can be the current limitation of charging and discharging current for the constant c
in Equ. (10) whichdepends on total power (250kw), sampling (5ms), and rate time (4 hours), constant
c

c=5x10"3/(250kw X (4 X 3600)) = 1.389 x 10° (16)

The VRB model was simulated using SIMULINK, as shown in Figure 9. The charge and
discharge result -SOC change- within 4 hours for each is shown in Figure 10.

N ©
N
+ FB 0 —]
Riixed Cont | = Cont
\ I_stack
SOC [4— @

Ipump

Flow pump model

©

soc

| lem

c

<—| 5e-3/250e3/4 |

Rreaction

Ci

C

SOC Estimator

476

n
& E_Stack
» soC

Rresistive

E_Stack Estimator

Figure 9. VRB model simulated using SIMULINK.

Table 1. Product Specifications of used VRB.

Power rating 250kW

output

Overload Discharge: 30% 1 hour, SOC

capability is >60%
Charge: 25% 45 minutes,
SOC is <25%

Storage Duration | 2 to 8 hours

DC bus voltage 300 to 800V

Self-discharge 0.05%

%/day

sSocC

Power

kWh

o 1 2 3 4 5 6 7 8
Time (Hours)

Figure 10. VRB model output shows the SOC change with maximum power applied.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1910.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2025 d0i:10.20944/preprints202506.1910.v1

8 of 18

2.2.2. Super Capacitors (SC)

SCs are energy storage devices that can store and deliver energy more rapidly than batteries. By
integrating SC into systems alongside batteries, transient energy peaks can be mitigated, and the
lifespan of the batteries can be extended [14]. Additionally, SCs offer several advantages, including a
long lifespan characterized by numerous charge and discharge cycles. However, they also present
two notable disadvantages: high cost and a tendency to self-discharge, which is why they are often
utilized as secondary energy sources. Since SCs are responsible for managing the overcurrent
problem in VRBs, they must handle significant current absorption or supply. The current should be
approximately equal to the maximum PV supply current minus twice the maximum battery current:

ISC_max = IPV_max - 2IBatt_max (17)

where Ipy 4, : maximum PV DC current peak supplied by PV system, I, mq, : maximum VRB DC
current that can be supplied.

The MAXWELL TECHNOLOGIES" (BMODO0165 P048 BXX) model was selected as the SC
storage battery, as shown in Table 2. To obtain 660V DC voltage, 14 cells needed to be connected in
series. The 14x35 combination (490cells) was selected to achieve 660 V and 412.5F capacitance, or
490x53 = 26kw.

Table 2. Product Specifications of SC.

Rated Capacitance 165 F
Maximum ESR DC, 6.3 mQ)
initial

Rated Voltage 48V
Absolute Maximum 1,900 A
Current

Maximum Series 750V
Voltage

Stored Energy 53 Wh

2.2.3. Hybrid System (VRB) and (SC)

Hybrid systems, combining (VRB) and (SC), could provide a comprehensive energy storage
solution [19], combining the complementary advantages of both technologies. Each of the two
systems should be provided by at least DC-DC bidirectional converters, and the control process
should choose between them for charge and discharge based on their basic function as high-energy
and high-power density devices. The VRB serves as a long-term energy storage device, while the SC
response quickly due to its high-power density [11,18].

3. Renewable Energy Sources: Smooth Integration into the Grid

Various technical regulations and standards aim to ensure that electrical grids operate safely,
reliably, and efficiently.Voltage, frequency, and harmonics must adhere to grid limitations. Variable
Renewable Energy (VRE) generation forecasting helps address barriers to VRE grid integration. The
National Electricity Market (NEM) adopted a five- minute dispatch period, the shortest possible
timeframe. Due to limitations in metering and data processing, AEMC adopted a 30-minute
settlement period (AEMC, 2017b) [19]. There is a change in the tuning coefficients of the droop
controllers regularly (e.g., every 5 minutes). The paper focuses on the settlement periods of (5,10, and
15-min) and calculates the ESS size required to meet those periods.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4. Storage System Size

Even the largest PV generators can ramp down power from clear-sky nominal power to 20% in
seconds, faster than required by grid codes [19]. Other studies have calculated the optimal ESS
capacity to maintain grid stability at a minimum cost, such as [16]. However, this paper aims to
optimize the ESS size to be less than 20% of generated power, as done in previous works.

Storage systems should be designed to absorb and supply energy during intermittent renewable
energy sources. To smooth these fluctuations and allow time for the groove controller to adjust and
avoid network instability. Typically, at least five minutes in accordance with electrical code.
Malaysian code flows the international code [20].

The ESS sizing strategy is based on the law of conservation of energy. The ESS size should be
able to absorb all the energy above the expected average without reaching full charge state, or in
practice, without reaching the efficient limit of maximum storage. Additionally, the ESS size should
be able to provide energy to cover the leakage of energy below the expected average without falling
below the efficient limit of minimum storage energy.

The Python program begins with the assumption that the SOC is 50% and that the size of the
ESS is approximately only 5% of the renewable energy source produced. It calculates the losses by
accumulating the energy that the ESS should absorb when its SOC is at a maximum, and the energy
that the ESS should deliver when its SOC is at a minimum. In other words, the ESS must be able to
assist the system in providing the expected power. The program continues increasing the ESS size
until the losses become less than 1% of the total energy produced.

The energy losses were compared in ideal scenarios using Python code that excluded all
electrical and chemical losses as well as the battery size from these collected data. The SOC should
be between 20% and 85%. Figure 10 illustrates the relationship between the storage system size and
the percentage of energy loss in an ideal scenario.

Using 1% energy loss as a benchmark, Figure 11 shows that the minimum battery sizes for
intervals (5 minutes, 10 minutes, and 15 minutes) should be (195kW, 496kW, and 766kW)
respectively. Essentially, if the storage system is less than 200kW, it cannot be storing ramp rates
within 5 minutes. The VRB charging and discharging process should be regulated.

As a result of the PV system generating the next power level, the system will not require
intermittent power from theelectricity network during charging and discharging, thus reducing the
charging and discharging process. However, in practice, no exact expectation can be reached, so this
paper uses an easy-to-use low-pass filter to average the data; 15 minutes equals 900 seconds as the
cutoff for this project. The filter is as follows:

1
- - 18
F() = 5005 71 (18)
The discrete
0.001111
_ 19
F(z) = 559989 (19)

where the input of this filter is the I, (PV system produced current).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. The relation between the storage system size and theenergy loss percentage in an ideal case.

Based on the output of Equ. (17), the average current (I,py) for the following five minutes can be
accurately predicted.The storage system should absorb any current from the PV system (Ipy) that
exceeds this anticipated level. If the PVsystem cannot deliver the expected current, the storage system
must compensate for the shortfall. However, two primary limitations restrict this process: I. the
current limit of the battery, which in this case is approximately 380A-, II. and the battery’s SOC cannot
absorb current when fully charged or produce current when empty. As recommendedin [13], it is
advisable to restrict SOC between 20-85% to minimize issues with VRB charging and discharging
and increase lifespan. However, 0-90% SOC is acceptable in this case. The research controller chooses
10-90% limits as [14], forcing the SOC to be as close to 50%. As illustrated in Figure 11 flowchart a
simple method is to increase the expectedlevel more than the expected level as the battery approaches
full charge and to decrease the expected level less than the expected level as the battery approaches
empty. This approach can achieve the Nash equilibrium by maintaining the (SOC) at approximately
50%. In other words, when the SOC decreases by 0.5 and a discharge occurs, the probability of
charging increases inversely. To accomplish this, add 0.5 to the SOC and multiply the result by the
expected level (I,,,).

Iy = layp * (SOC + 0.5) (20)

where: is the expected current level produced by Equ. (19), where the filter transfer function F
averaged the current generated by the (PV) system. This modified average current level is designed
to maintain the (SOC) at approximately 50%.

The battery should be disconnected if the SOC exceeds 0.9 during charging or falls below 0.1
during discharging. In other words, the current should be zero. Additionally, the (VRB) must not
exceed the maximum current rating of the battery.

Due to its limits, the battery could not absorb or supply the necessary current. The sudden drop
or rise in PV output causes a large change in currents, which exceeds the battery current and the
network limit (-380,380A).

If it is falling, the network will not be able to supply the leakage immediately, or if it is rising, the
network will requiremore power. In either case, the frequency or voltage stability of the network may
be affected. A hybrid system is oneof the best solutions for overcurrent problems today.

Supercapacitors (SC) were selected as storage assistants in this study, the (SOCy) the state of charge
of capacitor was chosen between [0-100%]. As illustrated in Figure 12, the hybrid SC and VRB storage

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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systems are controlled by a flowchart. As in [21], the new state of charge can be merged from VRB and
SC states of charge. Various methods can generate the SC state, but the simplest method is as follows:

2
sc

SOCSC == ]/2—

sc_Max

(21)
where: Vsc is the instantaneous SC voltage, Vsc_maxis the maximum SC voltage 660V.

Set
Mingpe=5min =300sec

(Ipv>1,, and SOC<0.9)
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Figure 12. Battery charge and discharge control process flow chart.

The new SOC can be the summation of VRB and SC state of charge, where one of both is multiplied
by weight (w1: [0 - 1]) and the second multiplied by (1 — w1) the result will be added by 0.5 to expect the
new current average.

SOC = w; X SOCsc + (1 — wy) X SOCgare (22)

As shown in Figure 12, the control strategy expects the new average of the predicted current
according to SOC of Equ. (21). Since the SC can respond faster and its stored energy is smaller, the w1
was chosen to be 65% -according to current ratio-; also, it can be noted that the SOCs is the output of
FIR filter with the same parameters as Equ. (19) since it changes faster than SOCp,,. In case of
overcurrent in battery -supplying or charging- SC can cover the over current; else, the current will
be divided between VRB and SC inverse proportional to the SOCs as flows:

Igger = SOCSC(Ipv - Iav) (23)

This equation will give the priority for charging or discharging to the capacitor if the SOC is
low. But to ensure avoiding full state -either charge or discharge- of one of the storage systems when
the second is in the opposite condition, the difference between SOCj,;; & SOCg; was considered in the
control process. The lower storage type willbe charged more if the difference exceeds 30%, while the
upper storage type will be discharged more. These rules should be added as game theory, and finally,
the change should be limited to a maximum value to prevent rapid network changes and make both
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storage types more able to handle the change. As shown in Figures 13 and 14, Simulink implements
generation according to Equ.(22).

(G :
Read P
Tpv, SOChui, Vsc [
Set
Mingve=5min =300sec SOCse temp:VZSC/VZSC Max
Ipy Max=1800A F(z)=0.00111/(z-0.9989)
IBagery Max=380A SOCsc ZFIR(SOCSCJemp):F(SCitemp)
I,,=0A, Vslchax:680V Ly =FIR(Ipy)=F(Ipy)

If Mod (T/
Mingye)=0

Yes
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v
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Figure 13. VRB and SC charge and discharge control flowchart.
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Figure 14. L.y generation by Simulink.

5. Simulation Results

Figure 15 illustrates the system’s simulation using MATLAB Simulink. It is a PV system that
generates three-phase AC current from the stored data, and the generator is comprised of a three-
phase limited power source of 250kVA with a constant load of 220kVA. The controller is already
derived in the flowchart shown in Figure 13 and Simulink in Figures 13 and 14, and the SC and VRB
have already been discussed. However, the bidirectional converter has been used as an averaged
inverter to speed up the system simulation, and the transient has been neglected as a result. As shown
in Error! Reference source not found., the collected data in (3/7) represent the current absorbed or
supplied by the VRB, which is limited by (-380, 380A), as shown in the second row. The SC supplies
or absorbs the current when the VRB current exceeds the limits, as shown in the third row. It is
possible for the SC to absorb or supply current up to 1200A, but it does not exceed 1000A in this
paper. PV, VRB, and SC supply the total current to the network in the fourth row. This appears to be
the filtered current from the PV source. It almost does not change within 300 seconds. When VRB and
SC reach their limits within very short periods, some overcurrent remains in the grid.

lav

lav
[ » ..4 Iov Ibattery
‘ Ibat
.
Ipv
Ipv »ipv lav I_sc
ksoc_Batt> SOC_batt ‘lav 4 Isef o 2
SOC_Batt »{soc fen
SOC_Batt o
— SOC_sc1

v
se Delay1

1 le
[

Find the average SOC_sc

Figure 15. Isat and Isc generation by Simulink.

As a general principle, it minimizes the rapid and large changes that are supplied to the network
and simplifies the groove control of the generator so that it can be applied with greater efficiency.
Figure 17 shows the VRB and SC for the period (30/6-8/7), of which approximately 50% are within
the 20%-80% range, which ensures VRB stability, efficiency, and lifetime. Since the VRB has a capacity
smaller than a supercapacitor and its job is to recover fast changes in a short time, these changes
almost disappear at low current since the VRB can handle small changes.

A simulation was conducted for three settlement periods (5,10, and 15 minutes), with battery
storage sizes of 200kWh, 450kWh, and 750kWh, respectively. The SC size did not change over all
periods, as shown in Figures 16-18 for the three period’s data. Note that the currents of different sizes
of batteries differ as well. The simulation outputs for the three (5,10, and 15-min) settlement periods
ensure the SOC limitation minimizes penetration into the grid. Figures 15-18 illustrate the simulated
system without losses, transient effects, and load changes. It also assumes that the PV, ESS, and
generator plants are connected, regardless of their location as discussed in [22][22]. Despite the
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importance of the previous variables in determining system efficiency, these variables have no
significant effect on this research objective, which is the size of the ESS. It is assumed that transient
problems of inverters do not affect ESS size due to their small losses in batteries and SC [24].

Furthermore, instead of direct communication between system parts, predicting grid stability in
voltage and frequency can provide an excellent approach to changing sources. Finally, the load
change has a clear effect, but it is assumed the grid was stable before adding the renewable source
for future studies.
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Figure 16. Simulation results (a) The I, is the collected data in (3/7), (b) Ipg: the current absorbs or supplied
by the VRB, (c) I;. the current absorbs or supplied by the SC, (d) The summation of currents (I, — Igqsr — Isc),
(e) I; The generator current, (f) SOCgq;; of VRB battery, (g) SOCscof capacitor SC.
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Figure 17. Simulation results for a 5-min settlement period for the collected data in (30/6-8/7): (a) The I, is, (b)
Igqee the current absorbs or supplied by the VRB, (c) I the current absorbs or supplied by the SC, (d) The
summation of currents (I, — Igqrr — Isc), (€) I; The generator current, (f) SOCgq of VRB battery, (g) SOCgcof
capacitor SC.
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Figure 18. Simulation results for 10-min settlement period for the collected data in (30/6-8/7): (a) Ipq; the current
absorbs or supplied by the VRB, (b) Is. the current absorbs or supplied by the SC, (c) I; The generator current,
(d) SOCgqq of VRB battery, () SOCscof capacitor SC.

(@) I_VRB_rms
T

(b) I_sc_rms

-

(=3

=3

o
T

|

(c) 19

(d) SOC_VRB

P N PN N SV

251 L | | | L I

(e) SOC sc
100 T T I T "
| |

30/6 17 27 37 417 Date 517 6/7 7 817

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1910.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2025 d0i:10.20944/preprints202506.1910.v1

17 of 18

Figure 19. Simulation results for 15-min settlement period for the collected data in (30/6-8/7): (a) Ipg the current
absorbs or supplied by the VRB, (b) I, the current absorbs or supplied by the SC, (c) I; The generator current,
(d) SOCgq¢t of VRB battery, (e) SOCscof capacitor SC.

6. Conclusion

The hybrid ESS system was simulated using a high-power density device VRB and a high-energy
density device SC. The size of the storage system was determined through Python testing,
representing 10% of the PV instantaneous power during a five-minute settlement period. However,
other research suggests that the ESS should be approximately 20%. In this scenario, with a battery
capacity of 250 kWh and supercapacitors with a storage capacity of 26 kVA, the PV system could
generate 2 MW of electricity. Additionally, settlement periods of 10 and 15 minutes were also tested.
Many important factors were considered in the program development due to the limitations and
lifespan of the VRB. In this simulation, a straightforward and effective control process was
implemented. The SOC of both the VRB and SC remained within the optimal range by applying a
simple factor derived from 0.5 added to the SOC. The system effectively utilized the output from PV
renewable resources based on the ESS size determined by the Python code, adhering to the law of
conservation of energy.

Furthermore, simulations were conducted for settlement periods of 10 and 15 minutes using
actual data collected from a PV system in Malaysia. This method can be applied to any dataset by
following the same steps; however, for non-tropical seasons, different seasonal factors must be
considered.
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