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In this research, the performance of vanadium redox flow batteries (VRFBs) in
grid-connected energy storage systems centering on frequency and power
sharing using voltage source inverters was evaluated. VRFBs are increasingly
promising due to their scalability and long lifespan. We explore the impact of
voltage source inverters on the frequency of the power supply when there is a
change in load and power sharing between the grid and VRFB through MATLAB
simulations. The test system demonstrates a storage system at an 11-kV
substation and considers a load profile commencing from residential and
commercial consumers. The outcome of this study reveals that VRFBs provide
the required power to maintain load demand. Due to fast response time, VRFBs
also regulate the frequency efficiently during the change in load demand and
maintaining current total harmonic distortions (THDs). This research confirms the
design and operation of VRFB-based energy storage systems, contributing to
resilient grid infrastructure and reliable power distribution systems.

VRFB, BESS, frequency, power sharing, clean energy, controller, grid-connected, voltage
source inverter

1 Introduction

Grid-connected energy storage systems/battery energy storage systems (BESSs) are
essential for optimizing grid performance, integrating renewable energy sources, enhancing
grid reliability and resilience, and reducing costs for both utilities and consumers. They play
a critical role in modernizing and improving the efficiency of electrical grids as they
transition toward cleaner and more sustainable energy sources. The roles for using BESSs in
supplying energy are depicted in Figure 1 (Zhao et al., 2023). The integration of the BESS
into the grid has presented both opportunities and challenges for modern power systems.
BESSs offer a cleaner and more sustainable energy future, and their inherent capability and
consistency play a significant role in grid stability and reliability (Alotto et al., 2014). To use
these factors and harness the full potential of BESSs, grid-connected energy storage systems
have become essential components of the modern electricity grid (Lucas and
Chondrogiannis, 2016).

Modern battery technology offers an improved means of aligning electricity generation
with immediate demand, whether through centralized or decentralized systems. Batteries
have the advantage of being able to charge and discharge without generating emissions or
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FIGURE 1
Role of BESSs.

experiencing significant efficiency losses. Leveraging them for grid
stabilization holds the potential to conserve energy, enhance air
quality, and diminish greenhouse gas emissions (Mohiti et al., 2021).

Renewable energy sources, such as solar and wind power,
exhibit variability due to natural factors such as weather
patterns and diurnal cycles. This variability leads to temporal
and spatial gaps between energy generation and consumption,
posing challenges for grid stability and reliability. Without
effective energy storage solutions, these gaps can result in
inefficiencies and potential disruptions to the power supply. To
bridge these gaps and ensure the seamless integration of renewable
energy into the grid, suitable energy storage systems are essential.
BESSs offer promising solutions due to their high efficiency, rapid
response times, scalability, and ability to operate independently of
the geographic location. This emerging technology is instrumental
in facilitating the integration of additional renewable energy
sources while upholding power quality. Its adaptability and
management capabilities position it as a crucial component of

Frontiers in Energy Research

Voltage support

Power quality

Power reliability
Retail electric energy time shift

Demand charge management

Increased self consumption of solar PV

smart grid systems, likely to remain a focal point for the industry,
academia, and policymakers in the coming years.

Various literature sources are available for comparison of
different types of battery storage systems with regard to their
power ranges, energy density, power density, roundtrip efficiency,
discharge time, response time, life time, self-discharge, power and
energy cost, and its application in grid-connected BESSs (Behabtu
et al,, 2020; Kebede et al,, 2022). A brief comparison of different
types of BESSs can be seen in Table 1 (Behabtu et al., 2020; Kebede
et al., 2022), where the specific energy, power, efficiency, service life,
and daily self-discharge rate are compared. Among various energy
storage technologies as per Table 1, vanadium redox flow batteries
(VREBs) have garnered considerable attention in recent years (Kaur
et al, 2021). VRFBs are known for their scalability, long cycle life,
and the ability to decouple power and energy capacity, making them
well-suited for grid applications (Chakrabarti et al., 2013). However,
their effective utilization in grid-connected scenarios requires
careful consideration of performance optimization strategies.
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TABLE 1 Performance analysis of BESSs.
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BESS Sub-technologies Specific Specific Roundtrip Service life Daily self-
Categories energy power efficiency (%) (Years) discharge
(Wh/kg) (W/kqg) rate (%)
Electrochemical ESDs Sodium sulfur Na$S 166.25 190 80.33 11.87 10.01
(batteries) batteries
Sodium nickel NaNiCl, 114.75 167.25 89.16 10.66 13.44
chloride batteries
Lead acid batteries Pb-Acid 30.58 181.28 76.36 8.75 0.26
Lithium-ion batteries Li-ion 151 228.57 87.37 12.66 0.16
Nickel-cadmium Ni-Cd 55.833 158 71.14 14 0.32
batteries
Nickel metal hybrid Ni-MH 66.50 299.25 65.33 7.66 0.57
batteries
Vanadium redox flow VRFB 22.75 132 76.38 25 0.2
batteries
Polysulfide bromine PSB 18.50 1.31 7142 25 0
flow batteries
Zinc bromine flow ZnBr 35.97 100 72.6 10.6 0.24
batteries
Tron redox flow IBA- 15-25 152 70-80 25 0
battery RFB
Electrical ESDs Supercapacitors SCES 9.08 4311.1 90.28 15 26.25

TABLE 2 Cost and environmental impact analysis of BESSs.

ESDs Technology Power cost $/Kw

Energy cost $/kWh

O&M cost S/kW/year Environmental impact

Na$S 1,909 417.25 34 High
NaNiCl, 225 186.25 — Medium/low
Pb-Acid 396.16 210.16 24 High

Li-ion 2624.16 1,175 9.33 Medium/Low
Ni-Cd 1,000 1,275 20 High
VRFB 1094.75 606.25 29.66 Medium/Low

PSB 1791.25 647.50 11.5 Medium

Zn Br 1764.375 628.57 9.66 Medium
IBA-RFB 900-1,100 550 80 Medium
SCES 325.25 1,150 6 Very low

Other important parameters, i.e., O&M, power, energy cost,
and environmental impact of storage system, play a vital role in
selecting the type of BESS. Hence, the cost analysis and
comparison of all types of BESSs was performed and is shown
in Table 2 (Behabtu et al., 2020; Kebede et al., 2022). From the
analysis, it is evident that among all the available electrochemical
ESDs, VRFBs perform well in terms of power, energy, and O&M
cost. However, the cost analysis of supercapacitors is very low in
comparison to all other types of BESSs, but due to the complex
control strategies, this technology is difficult to be implemented
in a large power system.
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However, when making decisions about technology adoption,
the primary concerns revolve around the cost and environmental
impact, both of which are heavily influenced by the choice of
materials. Materials like platinum or palladium in fuel cells and
elements such as germanium or even dysprosium in wind turbines
are often approached with caution due to the anticipated high
demand, expense, or scarcity. Vanadium, however, offers a
promising alternative. Although it is abundant in nature, it is not
typically found in its metallic state. Instead, it is present in
approximately 152 different minerals and various fossil fuel
deposits such as crude oil, coal, and tar sands. Vanadium
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TABLE 3 Parameters of the VRFBs.

Parameter Value

Cell stack Active area 3,500 cm?
Width 700 cm
Height 500 cm
Thickness 4 cm
Resistance 0.0004 Q
No. of cells 30
Maximum cell voltage 1.7V
Minimum cell voltage 1.1V
Channel dimension [16]
Diffusion coefficients

Tank parameters Volume 0.5 m’
Vanadium concentration 1,600 mol/m?
Initial SOC 0.5
Flow factor 6

Output power 15 kW

constitutes roughly 0.02% of the Earth’s overall resources,
positioning it as one of the most prevalent elements in the
Earth’s soil (Hykawy and Thomas, 2009). These assessments
indicate that vanadium is more abundant than metals such as
copper, zinc, nickel, and chromium. This ample availability of
vanadium, combined with its diverse sources, has the potential to
make it a more sustainable and accessible material choice for a range
of technological applications, thus addressing concerns related to
both the cost and environmental impact (Ash, 2019).

This research paper focuses on evaluating the performance of
VREBs in grid-connected energy storage systems, with a specific
emphasis on the integration of voltage source inverters (VSIs) to
enhance their operation. The VSI serves as a critical component in
regulating the flow of energy to and from the VRFB, optimizing its
performance in response to dynamic grid conditions.

Previous studies have examined various aspects of VRFB
technology, including their materials, electrochemical processes,
and system design. Notable research by Skyllas-Kazacos et al.
(2011) has provided foundational insights into VRFB operation
and scalability, highlighting their potential for large-scale energy
storage applications. Additionally, the work of Sanchez-Diez et al.
(2021) explored advancements in electrochemical-based energy
storage system materials and chemistries, contributing to
improved energy density and efficiency.

While these studies laid the groundwork for VRFB research,
there remains a critical knowledge gap in understanding how VSIs
can be effectively integrated into grid-connected VRFB systems to
optimize their performance. This research aims to bridge this gap by
conducting a comprehensive evaluation of VSIs in conjunction with
VREBs, ultimately advancing the state of knowledge regarding grid-
connected energy storage.

In the following sections, we will delve into the performance of
the considered model of the VRFB, grid-connected VRFB model,
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controller, and the results of our investigation, shedding light on the
potential of voltage-controlled inverters to enhance VRFB
performance and contribute to the reliable integration of BESSs
into the grid.

2 Considered model of VRFBs

Several detailed models of VRFBs have been studied, e.g., in Ma
et al. (2011), Oh et al. (2015), and Konig et al. (2016); the models
described in the mentioned references are complex and time-
consuming to be considered for bigger power ratings of VRFBs
with a large number of flow cells in the resolution. Hence, a zero-
dimensional or lumped model discussed in Konig et al. (2016) with
different parameters, as shown in Table 3, has been considered in
this paper.

The test model of the VRFB was simulated based on cycles of
charging/discharging with the maximum charge/discharge current
of +350 A. The maximum and minimum cell voltages determine the
process of charging and discharging. The simulation starts with a
pre-discharging process, and when the cell voltage reaches its
minimum value, the charging process starts and battery SOC
starts to increase with the applied flow rate, as can be seen in
Figures 2A-C for 7 days with the sampling time of 1 s. Once the cell
voltage reaches its maximum value, the battery again starts to
discharge, and this follows the charge/discharge criteria based on
the predefined limit of cell voltage. The output power of the tank as
determined in [16] can be seen in Figure 2D.

3 Grid-connected VRFB model

After analyzing the performance of the considered VRFB model,
this section will describe the connection of the VRFB with the power
grid. One of the prime purposes of this paper is to connect a battery
through a VSI and validate the responsiveness of the VRFB to load
fluctuations and grid conditions. For this purpose, a small-scale grid
was developed in MATLAB/Simulink with a BESS, as shown in
Figure 3. A conventional 11-kV power distribution system was
connected to a step-down transformer and commercial and
residential load at 600 V nominal voltage. To check the effect on
frequency due to change in the load profile, a 3-phase breaker was
utilized to connect/disconnect load from the system during the
simulation. This change in load ultimately disturbed the frequency
profile and had an impact on the power quality of the supply.

The simulation incorporated a load profile with a maximum
power demand of 310 kW, as illustrated in Figure 4. Notably, to
streamline the simulation process, the variation in load was analyzed
without taking into account the specific time of the day. This
simplification allowed for a more straightforward assessment of
the load’s impact on the system.

In contrast, the frequency profile and the power supplied by
both the grid and the battery are presented in the Results section.
These details are provided to evaluate and gauge the effectiveness of
VSI control in maintaining system stability and managing power
fluctuations. By examining the frequency profile and the
contributions from the grid and the battery, insights into the
performance of the VSI control mechanism can be gained,
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FIGURE 2

Performance of the VRFB: (A) SOC, (B) single-cell voltage, (C) flow rate, and (D) power output.

affirming its capability to regulate and optimize power delivery in
response to varying load conditions.

4 Controller for the voltage
source Inverter

This study commences the interfacing of a VRFB unit with a
small-scale distribution system. The main point of common
coupling (PCC) between the battery and grid, as shown in
Figure 3; the measured voltage, frequency, and current from the
terminals of an inverter-connected VRFB and PCC are fed as input
to the controller, as can be seen in Figure 5. In the first stage, the
provided three phase values of voltage were transformed to dg-axis
control and compared with the reference values of voltage and
frequency, which are set to 600V and 50 Hz, respectively,
in this case.

The proposed control strategy is aimed to have better control
of the frequency profile of power supply during a sudden change
in the connected load. The intended controller consist of two
stages; at first, the measured value of the PCC voltage and
frequency was used to generate reference current vectors (i
and i;). Initially, the controller compared measured values
with the above, and a
stationary PI controller was used to minimize the error and

reference values, as mentioned

Frontiers in Energy Research

generate reference values. The mathematical formulas to
calculate those values are given in Equations 1 and 2.

l; — (Vref _ Vmeasured)<va + Iiiv). (1)
I; — (fref _ fmeasured)(Kpf + Iilf) (2)

Later on, during the second stage of the controller, it generates
the compensation signal required to minimize the short transients in
the output current of the inverter. This is done by comparing the
error between the generated reference values (i; and i;) and dg-axis
current (i;” and i?) values of load measured at the measurement bus
load. To maintain grid synchronization, the PLL block was used to
detect the phase angle, and again, the stationary PI controller was
used to minimize the error between the compared quantities. The
inverter current loop and feed-forward voltage loop of the grid were
used to enhance the steady-state and dynamic response of the
system. Subsequently, the dg-axis output of the controller is
converted back to the abc frame by using inverse Park’s
transformation. The generation of triggering pulses for the
voltage controlled inverter, space vector PWM (SVPWM), was
utilized. Using the SVPWM also confirms less total harmonic
distortions (THDs) for the desired value of the voltage generated
by the controller. The reference values generated by the second stage
of the controller can be expressed as in Equation 3.
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whereas “*” denotes the generated reference values. Using inverse
Park’s transformation, Equation 3 can be converted to three-phase
abc values. For the purpose of generating actual triggering pulses for
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the inverter, those values were converted to the af30-axis using Park’s
transformation, as expressed in Equations 4 and 5.

—sin 6 1
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The VSI controller enables the inverter frequency to fluctuate
within the range of 50.1 Hz-49.9 Hz; however, if the frequency
surpasses these upper and lower limits, it initiates operation,
gradually adjusting the frequency back to 50 Hz. Simultaneously, the
VSI is proficient in maintaining nominal voltage at 600 V, and it can
effectively regulate the voltage to the nominal value despite variations
in the load.

5 Simulation results

The simulation results obtained from the model, as shown in
Figure 3, are presented in this section. The key objective of this
study was to evaluate the performance of a VRFB connected with a
small power distribution system. For this, the system was simulated with
the load profile as given in Figure 4, and the comparison of the power
and frequency profile of supplied power to load is shown in
Figures 6A-C.

As depicted in Figures 6A and B, the grid and storage system
effectively deliver the required power to the load, each contributing
its designated share. Beyond power allocation, the VRFB
additionally offers frequency support in response to load
variations, demonstrating this capability despite its relatively
modest size, constituting 5% of the total connected load, as
indicated in Figure 6C. The load, modeled at its peak connected
load of 310 kW, was subjected to simulation.

At t=0s, upon load connection, an observable frequency variation
occurred due to inrush current, as depicted in Figure 6C. The plot
illustrates that the
incorporating a voltage source inverter (VSI)-connected storage,
operates within the specified conditions. To validate the efficacy of
the VSI, a load increase from 200 kW to 300 kW was implemented.
During this transition, power was shared by the grid (190 kW-285 kW)
and the battery (10 kW-15kW), albeit with noticeable frequency
fluctuations.

distinctly proposed  distribution  system,

Despite the prescribed conditions maintaining the frequency at
50.1 Hz, the designated controller was activated at 4s, facilitating a
gradual decrease in frequency to the nominal value of 50 Hz. The VSI
controller exhibited a smooth frequency transition in contrast to the
reference frequency. Throughout this process, the THD levels of current
and voltage at the PCC were scrutinized and found to be satisfactory
according to the IEEE-519 (Society, IEEE Power and Energy, 1993) and
IEC 61000-3-12 (Commission, International Electrotechnical, 2011), as
detailed in Table 4.

The BESS serves as a highly efficient strategy for redistributing
energy demand and alleviating peak loads. It allows for the
adjustment of energy consumption to align with the available
supply, especially when accommodating fluctuating load demand.
Additionally, the modular nature and substantial storage capacity of
VREBs hold the potential for extended seasonal storage. Their
minimal self-discharge rate enables them to retain stored energy
for extensive periods, ranging from days to even months. This
capability ~ proves prolonged
interruptions in supply or handling seasonal variations in both

invaluable in  addressing

energy generation and consumption within the energy system.
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TABLE 4 Evaluation of the proposed system with VRFBs.

Phase THDv (%) THDi (%)
a 2.77 0.74
b 2.90 0.59
c 2.94 0.41

6 Conclusion

This research introduces a model for a storage system within
a small-scale distribution grid. The proposed system is designed
to offer both power sharing and frequency regulation at the point
of common coupling. The core component of this model is the
VREB, which, owing to its quick response time and inherent
characteristics, can effectively provide multiple services. The
study successfully demonstrated the concurrent operation of
both functions, confirming the functionality of the developed
control logic.

The environmentally friendly nature and the abundance of
materials associated with VRFBs make it a promising technology
for delivering these services, whether in a centralized or distributed
manner. Raising awareness of this technology could accelerate
its adoption.

Exploring the utilization of VRFBs for integrated multi-energy
storage systems within the large-scale grid operation while
delivering ancillary services is an area for future research. This
includes assessing interoperability between different DG units and
the operators and addressing potential conflicts.
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