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Abstract: The integration of new battery technologies has become a focal point for distribution utili-
ties, driven by decreasing costs and the need for fast responsiveness. Transportable battery energy
storage systems (TBESSs) offer additional flexibility, allowing connection at multiple substations or
grid feed points. However, concerns remain regarding their impact on distribution systems (DSs),
particularly on protection devices (PDs). This study addresses these concerns by investigating the
influence of TBESSs on the protection systems of a real-world distribution network. Given the lack
of studies in the current literature on this topic, this research aims to fill this gap by examining the
potential effects of TBESS integration on PDs, such as reclosers and fuses, within a DS. Utilizing a
model based on real data from a Brazilian utility, we conducted simulations to analyze the effects
of TBESSs in both charging and discharging modes on the protection systems of three feeders. The
methodology involved assessing variations in the operation times and coordination of PDs to deter-
ﬁf;eéigtf:sr mine if TBESS integration would necessitate adjustments to existing protection configurations. The

results demonstrated that TBESS integration resulted in only minor variations in PD operating times,
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typically within hundredths of a second, indicating a negligible impact on protection performance.
Consequently, no significant modifications to the protection system are required to accommodate
TBESSs. These findings suggest that TBESSs can be seamlessly integrated into existing distribution

on the Protection of Conventional networks, maintaining system reliability and operational integrity. This study provides valuable

Distribution Systems. Energics 2024, insights and a robust procedure for utilities to analyze the integration of TBESSs, supporting the
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enl7164196

Keywords: distribution system; power system simulation; protection; short-circuit; transportable
Academic Editor: Santi A. Rizzo
energy storage system
Received: 26 June 2024
Revised: 22 July 2024

Accepted: 26 July 2024

Published: 22 August 2024 1. Introduction
® Energy storage systems (ESSs) have increasingly attracted utilities due to their relevant
characteristics, such as declining costs and fast response [1]. Moreover, concerns about

decarbonization have also driven the utilization of ESSs [2]. Among the various energy
storage technologies, battery energy storage systems (BESSs) stand out as an attractive
This article is an open access article  Solution, providing adaptability, fast response, controllability, geographical independence,
distributed under the terms and and environmental friendliness [3,4].
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throughout its life cycle and presents new solutions to improve its performance [6]. In
recent years, these applications have become more flexible through transportable battery
energy storage systems (TBESSs). In this alternative solution, all components are packed in
a container and mobilized by a truck. Thus, the distribution utility can plan the solution’s
connection at different power substations or points on the feeder for various purposes [7].

Globally, practical applications of TBESSs have demonstrated their versatility. In Brazil,
for example, there was a call for strategic R&D projects to promote power storage projects
nationally—call no. 21/2016 by the Brazilian Electricity Regulatory Agency (ANEEL). One
approved project includes a 1 MW /1 MWh TBESS to assist with scheduled contingencies at
substations. Another example is the application of a 500 kW /1 MWh TBESS connected to a
tea factory in China, used for peak shaving [7].

Some studies in the literature aim to support the effective implementation of TBESSs.
For instance, reference [8] presented a TBESS routing and scheduling strategy for DSs con-
sidering survivability and recovery. Reference [9] developed a routing approach to avoid
possible load shedding caused by disasters, while reference [10] used a multi-objective
mixed-integer linear programming framework to schedule TBESSs in power systems. Con-
versely, the techno-economic impacts of TBESSs on the scheduling of power systems were
investigated by [11,12]. Other studies, such as reference [13,14], explored the planning,
operation, and management of TBESSs in the context of electric vehicle charging stations,
and reference [15] proposed a new scheduling model to minimize curtailed renewable
energy by absorbing and releasing excess energy where and when required, considering
the distribution context. Reference [16] developed a resilience-driven planning model for
the optimal sizing and location of TBESSs considering networked microgrids. Similarly,
reference [17] proposed a multi-agent-based strategy for routing and scheduling TBESSs. Fi-
nally, considering the microgrids” context integrating TBESSs, the authors of [18] proposed
a quantification framework to evaluate the resilience of distribution networks.

In the literature, there are also works assessing the impact of BESSs in power systems.
For instance, Ref. [19] analyzes the operation of a lithium-ion battery technology based
on a 1 MW /1.29 MWh BESS connected in parallel with wind generation with a capacity of
50.4 MW, focusing on power smoothing and power factor correction. Article [20] examines
the mitigation of harmonic components derived from non-linear loads through BESSs.
Finally, article [21] conducts various studies in steady and transient states to observe the
impact of BESS connections, mainly on DS voltage. If the search includes inverter-based
resources, articles such as [22], which addresses the impact of inverter-based generators
on distance protection, can be found. Additionally, the authors in [23] studied the impact
of inverter-based features on various protection schemes, from distance protection to
line differential protection. However, there is a lack of studies on the influence of BESS
connections on protection systems, particularly those already existing on real feeders.

In a previous study [24], the authors investigated the impacts of a TBESS on the
short-circuit behavior of a DS. Using a test feeder found in the literature, they concluded
that the TBESS connection, whether charging or discharging, slightly modified the short-
circuit currents observed by the DS’s protection device (PD). However, this study was
limited to short-circuit currents and did not explore the protection aspect. Additionally, it
considered a simple test feeder and non-practical data. This raises new questions: Would
this modification in short-circuit behavior be sufficient to cause problems for the existing
protection system settings? Would these impacts affect the coordination between PDs?

In this context, this paper presents an analysis of the influence of TBESS connections
on the existing power system protection of a DS, considering real-world elements such
as substations, feeders, PDs and their adjustments, and TBESS data. All elements were
modeled in PSCAD™/EMTDC™ to generate the simulations analyzed in this paper. It
is worth mentioning that, as part of an R&D project, all models were validated and built
based on data from manufacturers and the utility company. This meticulous approach
ensured that the simulation faithfully mirrored the actual system operation, encompass-
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ing everything from load behavior to battery performance, thus replicating real-world
measurements accurately.

The main objective is to determine whether the TBESS connection (charging or dis-
charging) can cause concerns regarding the existing protection system settings. Addition-
ally, the analysis considers the impacts on the coordination between PDs (e.g., recloser—
recloser and recloser—fuse coordination). Thus, the novelty and main contributions of this
paper include the following:

* Aninvestigation into the impacts of TBESSs on existing protection systems in distribu-
tion utilities, a topic not previously studied.

¢ Analyses based on practical and real-world elements, including three large feeders
with 582 nodes, 11 reclosers, and 120 fuses, using real-world feeder protection settings.

* Insights for further investigations by other distribution utilities and potential applica-
tions of the proposed methodology to analyze different systems or connection points.

It should also be noted that some standards, such as IEEE 1547-2018 [25], require that
distributed resources remain connected to the system even during transient conditions
to support the network. Thus, this study aligns with these standards and is important
because the permanence of distributed resources, such as TBESSs, can influence short-
circuit currents and, consequently, lead to the improper performance of PDs, potentially
isolating a larger part of the system than necessary.

The remainder of this paper is arranged as follows. Section 2 details the methodol-
ogy used for the analysis, emphasizing the modeled distribution feeders and the TBESS.
Section 3 presents the results and analyses. Finally, Section 4 concludes the paper.

2. Methodology

This section describes the analyzed feeders, providing relevant information concerning
their protection. After that, the TBESS model and the characterization of the simulated
faults are presented.

2.1. Analyzed Feeders

During the studies, a real DS from a Brazilian utility was used. The DS was modeled
and validated using data (for lines, transformers, loads, PDs, and short-circuit levels)
provided by the utility. This system comprised three feeders, designated as feeders #1, #2,
and #3. Feeder #1 (Figure 1) had a total length of 117.95km and a load of 447 kVA, with
3 reclosers and 23 fuses used for protection purposes. Feeder #2 (Figure 2) had a length
of 75.07km, a load of 236 kVA, and was protected by 3 reclosers and 18 fuses. Finally,
feeder #3 (Figure 3), with a length of 136.81 km and a load of 1603 kVA, was protected by
5 reclosers and 80 fuses.

131 17I
@ 12 16
gF1 JF2  JF3

{ ]
2 3 5 6 7 8 10 11 14 15 18 19 20 21 22 23 24 25 26 27py
63@ 610 59@ S(iI 545 500 48@ 43@ 400 370  —02030
F11

QF149F139F12 dr10dF9 Jps  QF7  Qre32 31
67 66 65 64 62 60 58 57 55 53 52 5l 49 47 46 45 44 42 41 39 38 36 35 34
830 8@ 107
70 F15 R3  {F16

960
) ¢FIT 90 QF20 99 F21 F22
7172 73 T4 75 77

oo 110
79 8081 82 84 8 8 88 89 2 95 97 98 105 106 108 109
F18 111

R oiI 100
cclose 23
o |® Recloser .

101
102

F n}
0@ Fuse (39) F19

F 9: 103
0@ Fuse (20)

Figure 1. Analyzed real feeder—feeder #1.
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Figure 2. Analyzed real feeder—feeder #2.
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Figure 3. Analyzed real feeder—feeder #3.

It is important to highlight that the three feeders were fed through a 34.5kV/13.8kV,
2.5 MVA transformer (YNd1) with a short-circuit level of 37 MVA. Moreover, the 13.8 kV
substation side was grounded by a grounding transformer with a zigzag connection and
an impedance of 7.97 Q). The voltage regulators of feeder #3 had an open delta connection,
and their taps were fixed during all short-circuit simulations. The constant power model
was considered for loads. Additionally, it is important to mention that loads with a voltage
below 0.8 pu were converted to constant impedance load models during the faults.

Concerning the protection information, Tables 1 and 2 present the data of the PDs
in the feeders (Figures 1-3). It should be noted that Table 1 shows information about the
fuses, including their current and type. Table 2 presents data about the reclosers, including
the current transformer ratio, the pickup values, and details about the Cooper curve [26].
These data comprise the actual settings of the protection system informed by the utility.
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Table 1. Nominal current and type of allocated fuses.

Current Fuse Current Fuse
and Type and Type
Feeder #1
6K F5, F7, F20, F23 10K F6, F9, F10, F12, F13, F14, F16,
15K F4, F8, F17, F22 F18, F19
200 K F11, F15 25K F1, F2, F3, F21
Feeder #2
6 K F1, F6, F14, F16, F18
15K F3, F7, F8, F9, F10, F11 10K F2,F4, F5,F12, F13, F15, F17
Feeder #3
1H Fé61
2H F7
E} ,1 Fl2:,1 £3i:F4’ F5, F6, F9, F10, 3H F48
,F14, F15, F16, F19, F20, F21, F12, F13, F23, F24, F31, F37, F39,
F22, F25, F26, F27, 29, F30, 32, | ¢y F50, F55, F56, F68, F69, F70, F71,
10K F33, F34, F35, F36, F38, F40, F41, E75 !
F46, F51, F52, F53, F54, F57, F58
/ / ’ ’ ’ g ! 15K F17,F42, F79
F59, F60, F62, F63, F64, F65, F66 i
! ! ! ! i’ ! ! F8, F43, F44, F45, F47, F49, F72,
F67, ¥73, 77, ¥78, F80 25K F74, F76
200 K F18, F28
Table 2. Data of the reclosers allocated.
Recloser Current Transformer Pickup Current Curve Time Dial Time Adder
Feeder #1—phase
R1 400:1 150 A 133 2 0.05
R2 1000:1 80A 133 1.9 0
R3 1000:1 80A 133 1.4 0
Feeder #1—neutral
R1 400:1 20A 131 1 0
R2 1000:1 20A 131 0.8 0
R3 1000:1 20A 131 0.6 0
Feeder #2—phase
R1 400:1 160 A 120 1.9 0
R2 1000:1 100 A 136 0.8 0.1
R3 1000:1 100 A 136 0.6 0
Feeder #2—neutral
R1 400:1 25A 140 1 0.1
R2 1000:1 25A 140 0.8 0
R3 1000:1 25A 140 0.6 0
Feeder #3—phase
R1 400:1 160 A 120 1.9 0
R2 1000:1 130 A 136 1.2 0.1
R3 1000:1 160 A 120 1.2 0
R4 1000:1 100 A 136 1.4 0
R5 1000:1 100 A 136 04 0
Feeder #3—neutral
R1 400:1 25A 140 1 0.1
R2 1000:1 25 A 140 0.83 0
R3 1000:1 25A 140 0.85 0
R4 1000:1 25A 140 0.6 0
R5 1000:1 25A 140 0.4 0
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Equation (1) [26] presents the calculation of the recloser tripping time, where the
coefficients A, B, C, and p are given by the curve used (shown in Table 3), I, ;5 is the current
measured by the recloser, I, is the pickup current, TD is the time dial, and TS is the
time adder:

A
thip= | 77—~ — + B| xTD+TS (1)
Irms _ C
Ipickup
Table 3. Data of the curves adopted [26].

Curve A B C p
120 6.04 0.086 0.362 1.867
131 7.767 5.299 —0.26 2.002
133 10.251 0.032 0.282 1.915
136 Interpolated curve
140 15.341 0.853 0.432 1.74

As for the operating times of the fuses, these were obtained from the points on the
curve provided by the manufacturer [27]. Based on the fault current value measured by
the fuse, the respective maximum and minimum operation times were found through
interpolation of the adjacent points.

2.2. TBESS Model

Figure 4 depicts the TBESS modeled in this work. This model comprised a battery
bank with a 1 MWh capacity and 1 MW rated power, a DC-DC converter, a voltage-sourced
converter (VSC), an LCL filter, and a transformer rated at 2MVA, 1kV/13.8kV, with an 8%
reactance. The DC-DC buck-boost converter controlled the battery bank output power,
regulating whether it injects or stores energy. In this context, the VSC, operating at a
switching frequency of 10 kHz, maintained a constant 4 kV DC link voltage by managing
the active power exchanged with the AC grid. Additionally, the VSC controlled the output
reactive power of the TBESS. The LCL filter is designed to dampen the harmonics of the
VSC output current and consists of a converter-side inductor (L; = 1.4mH), a grid-side
inductor (L; = 667.84 pH ), and a capacitor between both inductors (Cy = 33.16 uF).

AC Grid AC/DC DC Link DC/DC

T = T
n, 1 =

= — ] 59
Battery

Figure 4. TBESS model.

It is worth mentioning that, during the applied faults, the TBESS was controlled to
maintain a constant power injection or absorption with a unity power factor. The dis-
charge power of the TBESS was set at 1 MW, and the recharge power was set at 0.5 MW.
Additionally, although the TBESS is set to keep constant active and reactive power injec-
tion/absorption, the controller tries to limit the output current to 2 pu. This feature is
crucial when the TBESS is connected to a grid and the terminal AC voltage drops signif-
icantly, as in fault situations. The controller acts to maintain constant power, but when
the grid voltage drops, the TBESS current tends to increase, potentially damaging the
converter components.
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2.3. Performed Analyses

An interface between PSCAD™ /EMTDC™ and the Python programming language
was used to automate the simulations. This setup allowed for the modification of simulation
parameters, such as fault location and the operation mode of the TBESS, thereby generating
a comprehensive set of simulations.

The eleven fault types (single-phase to ground, two-phase, two-phase to ground, three-
phase, and three-phase to ground) were applied on the downstream bus closest to the PD.
The fault resistance was adjusted to 0.01 Q2. Therefore, 2760 fault simulations were analyzed:
920 (174, 119, and 627 faults on feeders #1, #2, and #3, respectively) considering the TBESS
discharging, 920 for charging, and another 920 without the TBESS (reference situation).

For each fault applied, the operating time of each PD involved was recorded. These
times were analyzed to determine whether the TBESS, during its charging or discharging,
impacted the protection system. Specifically, we checked whether a device that previously
had a given operating time experienced an increase or reduction with TBESS allocation,
which could cause a loss of selectivity. Additionally, we intended to analyze whether the
PDs remained coordinated according to the condition specified in Equation (2) [28].

tbackup - tprimary > CTI (2)

where ty;cxyp is the operating time of the backup device, tpyiqry is the operating time of the
device closest to the fault, and CT1 is the coordination time interval, adopted as 200 ms.

It is worth mentioning that, in this study, the fuse was the primary actuation element,
with the recloser serving as a backup device. Therefore, the fuse-blowing philosophy
was adopted. The CTI can be obtained between the maximum operating time of the fuse
(found through interpolation) and the operating time of the recloser (calculated using
Equation (1)), or between the maximum operating time of the downstream fuse and the
minimum operating time of the upstream fuse (both obtained through interpolation), or
between the operating time of the upstream recloser and the downstream recloser (both
calculated using Equation (1)).

3. Results

The following subsections present the analyses for each investigated feeder. The
results are shown both graphically and statistically by comparing the reference behavior
of the protection system with the new behavior when the TBESS is operating (charging or
discharging). The investigations focused on the operating times of the existing reclosers and
fuses, as well as the CTI between these PDs (recloser-recloser, recloser—fuse, and fuse—fuse).

3.1. Analysis of Feeder #1

Table 4 presents a statistical analysis of the operating times of the PDs, with and
without the TBESS in charging mode. When comparing the times shown in this table,
there is no noticeable significant impact when placing the TBESS in charging mode (cases
with pronounced changes are highlighted in bold). This suggests that the integration of
the TBESS in charging mode does not significantly affect the performance of most PDs.
Generally, variations of only a few hundredths of a second are observed in reclosers and
fuses F2, F14, F17, and F21. The most significant difference found is 0.16 s in the operating
time of recloser R1 when a BC fault is applied at bus 109.

Notably, fuses F11 and F15 do not operate in either case because both are 200 K fuses,
which start to act at 480 A, while the fault current reaches a maximum value of only 377 A.
In this situation, it would be necessary to replace them with 25K fuses, which start operating
at 40 A, to ensure that protection is not carried out exclusively by the recloser. Furthermore,
times greater than 10 s were obtained by recloser R1 for faults at the end of the feeder. These
times are satisfactory, since it is the third backup device.
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Table 4. Statistical evaluation of the operating times of PDs with and without the TBESS in charging
mode (feeder #1).

Operating Time (s)

PD With TBESS Without TBESS
. 25th 50th 75th . 25th 50th 75th
Min. Perc. Perc. Perc. Max. Min. Perc. Perc. Perc. Max.

R1 0.35 193 534 549 18.78 0.34 191 534 549 18.62
R2 0.43 124 244 3.76 5.03 0.43 122 242 373 499
R3 1.50 232 298 326 4.10 1.48 230 295 326 4.07
F1 0.06 007 009 013 0.16 0.06 007 009 013 0.16
F2 0.06 0.07 008 0.09 017 0.06 0.07 008 0.09 0.16
F3 0.06 007 008 009 0.18 0.06 007 008 009 018
F4 0.06 0.06 008 0.09 0.12 0.06 006 008 0.09 012
F5 0.05 0.05 006 0.06 0.07 0.05 005 006 0.06 0.07
F6 0.05 005 007 007 0.09 0.05 0.05 0.07 007 0.09
F7 0.05 005 006 0.06 0.07 0.05 005 006 0.06 0.07
F8 0.07 007 009 011 0.14 0.07 007 009 011 0.14
F9 0.06 0.06 008 008 0.10 0.06 006 008 008 0.10
F10 0.06 0.06 008 0.08 0.10 0.06 0.06 008 008 0.0
F12 0.06 0.06 008 0.08 011 0.06 006 008 0.08 011
F13 0.06 0.07 008 0.09 011 0.06 0.07 008 0.09 011
F14 0.06 007 0.09 009 011 0.06 0.07 008 009 011
F16 0.08 009 011 012 015 0.08 009 011 012 015
F17 0.16 017 021 023 029 0.16 017 020 023 029
F18 0.08 009 011 012 0.16 0.08 009 011 012 0.16
F19 0.08 009 011 012 0.16 0.08 009 011 012 0.16
F20 0.07 0.07 008 0.09 011 0.07 0.07 008 0.09 011
F21 0.39 050 058 0.68 1.05 0.38 050 057 067 1.04
F22 0.19 023 025 030 042 0.19 023 025 030 042
F23 0.07 007 009 010 0.12 0.07 007 009 010 012

As expected, when the TBESS changes its operating mode to discharge (Table 5), the
operating time of the PDs slightly decreases. Again, when observing the values in the
table, changes are observed only in the times of reclosers and fuses F1, F3, F9, F17, and
F21. Moreover, the BC fault on bus 109 presents the most notable difference (0.28 s) in the
recloser R1 time. Finally, it is verified that, even with the TBESS contributing to the fault,
fuses F11 and F15 do not operate, since, even though the current reaches 382 A in this case,
it is still not enough to activate the fuses.

Table 5. Statistical evaluation of the operating times of PDs with and without the TBESS in discharge
mode (feeder #1).

Operating Time (s)

PD With TBESS Without TBESS
. 25th 50th 75th . 25th 50th 75th
Min. Perc. Perc. Perc. Max. | Min. Perc. Perc. Perc. Max.

R1 032 1.88 5.34 5.48 18.34 | 0.34 1.91 5.34 5.49 18.62
R2 042 121 2.39 3.68 492 | 043 1.22 242 3.73 4.99
R3 146 227 291 3.25 4.01 | 148 2.30 2.95 3.26 4.07
F1 006 0.07 0.08 0.13 0.16 | 0.06 0.07 0.09 0.13 0.16
F2 006 0.07 0.08 0.09 0.16 | 0.06 0.07 0.08 0.09 0.16
F3 0.06 0.07 0.08 0.09 0.17 | 0.06 0.07 0.08 0.09 0.18
F4 006 0.06 0.08 0.09 0.12 | 0.06 0.06 0.08 0.09 0.12
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Table 5. Cont.
Operating Time (s)
With TBESS Without TBESS
PD Mig, 29th S0t 75th [ . 25th  s0th  75th
M- perc. Perc. Perc. ax. M- pere. Perc. Perc. ax.

CTI (s)

F5 005 0.05 0.06 0.06 0.07 | 0.05 0.05 0.06 0.06 0.07
F6 0.05 0.05 0.07 0.07 0.09 | 0.05 0.05 0.07 0.07 0.09
F7  0.05 0.05 0.06 0.06 0.07 | 0.05 0.05 0.06 0.06 0.07
F8 0.07 0.07 0.09 0.11 0.14 | 0.07 0.07 0.09 0.11 0.14
F9 006 0.06 0.07 0.08 0.10 | 0.06 0.06 0.08 0.08 0.10
F10 0.06 0.06 0.08 0.08 0.10 | 0.06 0.06 0.08 0.08 0.10
F12 0.06 0.06 0.08 0.08 0.11 | 0.06 0.06 0.08 0.08 0.11
F13 0.06 0.07 0.08 0.09 0.11 | 0.06 0.07 0.08 0.09 0.11
F14 0.06 0.07 0.08 0.09 0.11 | 0.06 0.07 0.08 0.09 0.11
F16 0.08 0.09 0.11 0.12 0.15 | 0.08 0.09 0.11 0.12 0.15
F17 015 0.17 0.20 0.23 029 | 016 0.17 0.20 0.23 0.29
F18 0.08 0.09 0.11 0.12 0.16 | 0.08 0.09 0.11 0.12 0.16
F19 0.08 0.09 0.11 0.12 0.16 | 0.08 0.09 0.11 0.12 0.16
F20 0.07 0.07 0.08 0.09 0.11 | 0.07 0.07 0.08 0.09 0.11
F21 038 0.49 0.56 0.66 1.03 | 038 0.50 0.57 0.67 1.04
F22 019 0.23 0.25 0.30 042 | 019 0.23 0.25 0.30 0.42
F23 0.07 0.07 0.09 0.10 0.12 | 0.07 0.07 0.09 0.10 0.12

Figure 5 shows the boxplots of the CTIs between the PDs with and without the TBESS.
It is observed that the CTIs are much larger between reclosers R2 and R1 than between R3
and R2. Since the CTIs between fuses F1, F2, F3, and recloser R1 are also high, this indicates
that the operating time of recloser R1 could be reduced through its reparameterization.
In general, the intervals are primarily below 3 s when considering coordination between
reclosers and fuses, and a reduction in the operating time of recloser R3 is also possible.
Regarding the coordination between fuses, the selectivity is non-existent between fuses F19
and F18 in the system without the TBESS, which requires the replacement of fuse F18 with
a larger capacity one. This pattern is sustained in the cases with the TBESS. Additionally,
in some cases, there is a loss of coordination between F22 and F21 when considering a
CTI reference of 200 ms. Finally, the behavior of the CTI does not change with the TBESS
allocation. There is a slight increase in CTIs with the TBESS in charge mode. In discharge
mode, there is a minimal reduction in the interval.

] ‘ charge mode ‘ without TBESS E discharge mode m 0.4+ L1 ]]
s S ! 3 'Y 4o 03
Bl . ij A
' l | 0.2+
(X X'] 2
1 1 m
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0 — =T
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PDs

Figure 5. Boxplot of the CTIs obtained between the PDs with and without the TBESS (feeder #1).

The minor impact of the TBESS can be explained by the ratio between its maximum
power and the short-circuit ratio of the substation. While the TBESS provided 1MW
during discharge and 0.5 MW for recharge, the substation short-circuit level is 37 MVA.
Moreover, the TBESS was controlled by a power converter, which limited its current to
2 pu. Thus, it was expected to have a small contribution to the short-circuit current and,
consequently, to the PDs’ operating times. It is worth mentioning that feeder #1 comprised
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an intermediate level of load and length. The following analysis elucidates the difference
in the PDs’ operating times for feeders with different lengths and load levels.

3.2. Analysis of Feeder #2

Table 6 presents the statistical analysis of the operating times of PDs with and without
the TBESS in charging mode, considering feeder #2. As can be seen, there is a slight
variation only in reclosers and in the times of fuses F5, F14, and F17. For this feeder, the
most significant time difference obtained for the TBESS in charging mode is 0.14 s in recloser
R1 when an AC fault on bus 107 is applied.

Table 6. Statistical evaluation of the operating times of PDs with and without the TBESS in charging
mode (feeder #2).

Operating Time (s)
PD With TBESS Without TBESS
. 25th 50th 75th . 25th 50th 75th
Min. Perc. Perc. Perc. Max. | Min. Perc. Perc. Perc. Max.

R1 033 1.19 1.42 2.03 15.08 | 0.32 1.19 1.42 2.02 14.94
R2 069 0091 1.23 1.54 3.39 | 068 091 1.22 1.53 3.37
R3 079 094 1.03 1.27 253 | 079 0.93 1.03 1.26 2.51
F1  0.05 0.05 0.05 0.05 0.06 | 0.05 0.05 0.05 0.05 0.06
F2 005 0.05 0.05 0.05 0.07 | 0.05 0.05 0.05 0.05 0.07
F3 0.05 0.06 0.07 0.08 012 | 0.05 0.06 0.07 0.08 0.12
F4 0.05 0.05 0.07 0.07 0.09 | 0.05 0.05 0.07 0.07 0.09
F5 0.05 0.07 0.07 0.08 0.09 | 0.05 0.05 0.07 0.07 0.09
F6  0.05 0.05 0.06 0.06 0.07 | 0.05 0.05 0.06 0.06 0.07
F7  0.08 0.08 0.10 0.12 0.15 | 0.08 0.08 0.10 0.12 0.15
F8 0.08 0.08 0.11 0.12 0.16 | 0.08 0.08 0.11 0.12 0.15
F9 0.08 0.09 0.11 0.13 0.16 | 0.08 0.09 0.11 0.13 0.16
F10 0.09 0.09 0.11 0.13 0.17 | 0.09 0.09 0.11 0.13 0.17
F11 0.09 0.10 0.12 0.14 0.18 | 0.09 0.10 0.12 0.14 0.18
F12 0.07 0.08 0.10 0.10 0.13 | 0.07 0.08 0.10 0.10 0.13
F13 0.09 0.10 0.12 0.13 0.16 | 0.09 0.10 0.12 0.13 0.16
F14 0.07 0.08 0.10 0.11 0.13 | 0.07 0.08 0.09 0.10 0.13
F15 010 0.11 0.13 0.14 0.17 | 010 0.11 0.13 0.14 0.17
Fl6 0.07 0.07 0.09 0.10 0.11 | 0.07 0.07 0.09 0.10 0.11
F17 010 0.11 0.13 0.15 019 | 010 0.11 0.13 0.14 0.19
F18 0.07 0.08 0.09 0.11 0.12 | 0.07 0.08 0.09 0.11 0.12

In discharge mode (Table 7), a reduction in the operating times of reclosers and fuses
F9, F10, and F14 is observed. The most significant difference is noted in recloser R1 due
to an AC fault on bus 107 (0.25s). As in feeder #1, this small difference in times indicates
that it is not necessary to adjust the existing protection system to accommodate the TBESS.
However, unlike feeder #1, these simulations do not show any cases of non-sensitization of
protection. In addition, it is noted that the operating times of recloser R1 are greater than
105 for faults at the end of the feeder.

Figure 6 presents the CTIs obtained between the PDs for the three simulation sets
considered. Again, the most considerable intervals are observed between reclosers R1 and
R2. In this case, it is impossible to reduce the actuation time of recloser R1, since the CTI
between, for example, fuse F1 and recloser R1 is already low. Regarding feeder #1, there is
a slight reduction in the CTIs between reclosers and fuses. There is no loss of selectivity or
coordination, assuming a CTI of 200 ms. Finally, there is a small reduction in the CTI when
the TBESS is in discharge mode and a small increase when in charge mode.

The TBESS’s power was about four times greater than the feeder #2 loads. However,
this penetration level was insufficient to jeopardize the PDs’ operation. Thus, feeder #3 was
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analyzed to understand the TBESS’s impact on a system with a much greater length and
load level.

Table 7. Statistical evaluation of the operating times of PDs with and without the TBESS in discharge
mode (feeder #2).

Operating Time (s)

PD With TBESS Without TBESS
. 25th 50th 75th . 25th 50th 75th
Min. Perc. Perc. Perc. Max. | Min. Perc. Perc. Perc. Max.

R1 031 1.19 141 2.00 14.69 | 032 1.19 1.42 2.02 14.94
R2 0.67 091 1.22 1.52 333 | 0.68 091 1.22 1.53 3.37
R3 078 0.92 1.02 1.25 248 | 0.79 0.93 1.03 1.26 2.51
F1 005 0.05 0.05 0.05 0.06 | 0.05 0.05 0.05 0.05 0.06
F2 0.05 0.05 0.05 0.05 0.07 | 0.05 0.05 0.05 0.05 0.07
F3 0.05 0.06 0.07 0.08 0.12 | 0.05 0.06 0.07 0.08 0.12
F4 005 0.05 0.07 0.07 0.09 | 0.05 0.05 0.07 0.07 0.09
F5 0.05 0.05 0.07 0.07 0.09 | 005 0.05 0.07 0.07 0.09
F6  0.05 0.05 0.06 0.06 0.07 | 0.05 0.05 0.06 0.06 0.07
F7  0.08 0.08 0.10 0.12 0.15 | 0.08 0.08 0.10 0.12 0.15
F8 0.08 0.08 0.11 0.12 0.15 | 0.08 0.08 0.11 0.12 0.15
F9 0.08 0.08 0.11 0.12 0.16 | 0.08 0.09 0.11 0.13 0.16
F10 0.08 0.09 0.11 0.13 0.17 | 0.09 0.09 0.11 0.13 0.17
F11 0.09 0.10 0.12 0.14 0.17 | 0.09 0.10 0.12 0.14 0.18
F12 0.07 0.08 0.10 0.10 0.13 | 0.07 0.08 0.10 0.10 0.13
F13 0.09 0.10 0.12 0.13 0.16 | 0.09 0.10 0.12 0.13 0.16
F14 0.07 0.07 0.09 0.10 0.11 | 0.07 0.08 0.09 0.10 0.13
F15 010 0.11 0.13 0.14 0.17 | 010 0.11 0.13 0.14 0.17
F16 0.07 0.07 0.09 0.10 0.11 | 0.07 0.07 0.09 0.10 0.11
F17 010 0.11 0.13 0.14 019 | 0.10 0.11 0.13 0.14 0.19
F18 0.07 0.08 0.09 0.11 0.12 | 0.07 0.08 0.09 0.11 0.12
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Figure 6. Boxplot of the CTIs obtained between the PDs with and without the TBESS (feeder #2).
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3.3. Analysis of Feeder #3

Due to the large data volume, only the faults with the most significant impact are
shown for this feeder. Tables 8 and 9 display the operating times of the PDs where there
is a difference between the presence and absence of the TBESS. Table 8 shows that the
differences are generally small, with significant changes only for faults involving fuse F18,
which already has a long operating time as it is a 200K fuse. Similarly, Table 9 shows a
shorter operating time with the battery system present. Notably, fuse F28 is not sensitized
in any situation. Although it has the same capacity as fuse F18, the fault current of fuse
F28 is lower than its triggering current due to its greater distance from the substation.
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Table 8. Statistical evaluation of the operating times of PDs with and without the TBESS in charging
mode (feeder #3).

Operating Time (s)

PD With TBESS Without TBESS
. 25th 50th 75th . 25th 50th 75th
Min. Perc. Perc. Perc. Max. | Min. Perc. Perc. Perc. Max.

R1 0.33 0.65 1.07 117 4.30 0.32 0.64 1.07 1.16 4.28
R2 034 0.66 0.84 1.10 4.29 0.34 0.66 0.83 1.10 4.25
R3 0.29 0.49 0.79 0.87 1.66 0.29 0.49 0.79 0.87 1.65
R4 0.13 0.37 0.60 0.67 1.36 0.13 0.37 0.60 0.67 1.35
F18 1272 162.0 2161 3454 532.7 | 123.6 158.3 210.6 332.0 4424
F19 0.05 0.05 0.07 0.07 0.09 0.05 0.05 0.06 0.07 0.09
F79 0.06 0.07 0.08 0.09 0.13 0.06 0.06 0.08 0.09 0.13

Table 9. Statistical evaluation of the operating times of PDs with and without the TBESS in discharge
mode (feeder #3).

Operating Time (s)

With TBESS Without TBESS
PD Min  25th  S0th 7sth [ . 25th  S0th  75th
M- perc. Perc. Perc. ax. M- perc. Perc. Perc. ax.

R1 0.31 0.63 1.07 1.16 4.24 0.32 0.64 1.07 1.16 4.28
R2 034 0.64 0.83 1.09 4.20 0.34 0.66 0.83 1.10 4.25
R3  0.30 0.48 0.77 0.86 1.63 0.29 0.49 0.79 0.87 1.65
R4 013 0.36 0.59 0.67 1.33 0.13 0.37 0.60 0.67 1.35
R5 0.11 0.23 0.36 0.42 0.46 0.12 0.24 0.37 0.42 0.47
F9 0.05 0.05 0.05 0.06 0.07 0.05 0.05 0.06 0.06 0.07
F18 1179 152.6 202.1 313.1 3923 | 123.6 1583 210.6 332.0 4424
F20 0.05 0.05 0.06 0.07 0.09 0.05 0.05 0.06 0.07 0.10
F21 0.05 0.05 0.06 0.07 0.09 0.05 0.05 0.06 0.07 0.10
F29 0.05 0.05 0.05 0.06 0.07 0.05 0.05 0.06 0.06 0.07
F33 0.06 0.06 0.07 0.08 0.10 0.06 0.06 0.08 0.08 0.10
F36 0.08 0.09 0.10 0.12 0.15 0.08 0.09 0.11 0.12 0.15
F49 0.05 0.06 0.07 0.11 0.14 0.05 0.06 0.07 0.11 0.15
F71  0.06 0.06 0.06 0.07 0.08 0.06 0.06 0.07 0.07 0.08
F72  0.06 0.07 0.08 0.11 0.15 0.06 0.07 0.09 0.11 0.15
F75 0.05 0.05 0.05 0.06 0.07 0.05 0.05 0.06 0.06 0.07

Figure 7 shows the CTIs between the PDs that exhibited the most significant variations.
The largest intervals are observed between fuses F36 and F38 with recloser R2. Additionally,
there is a lack of selectivity between certain fuses, such as F18, F19, F20, and F27 with F17;
F21 with F20; F22 and F23 with F21; F25 and F26 with F24; F40 with F39; F46 with F45; F48
with F47; and F80 with F79. Some fault types also show selectivity loss between R2 and R1.
However, the impact of the TBESS allocation in the substation is minimal, as the differences
in CTIs with and without the system are small.

The analysis of feeder #3 PDs also showed a minor impact of the TBESS on operating
times and selectivity. Based on the results from all the feeders simulated, it is possible
to notice a small impact on the PDs overall. These results provide more confidence for
future works proposing solutions for DS challenges, such as peak shaving, as the TBESS
connection does minor harm to PDs operation. This technology can limit its current
contribution during short-circuits, and the PDs operating time difference is negligible for
the majority of short-circuit scenarios.
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Figure 7. Boxplot of the CTIs obtained between the PDs with and without the TBESS (feeder #3).

4. Conclusions

This study investigated the influence of a TBESS on the protection systems of a real-
world distribution network. Specifically, the research explored how the connection and
operation (charging or discharging) of a TBESS could affect the coordination and function-
ality of the existing PDs such as reclosers and fuses. This comprehensive analysis aimed
to determine whether TBESS integration would necessitate adjustments to the protection
schemes in place. The key findings of the study are as follows:

*  Minimal Impact on Operating Times: The integration of a TBESS resulted in only minor
variations in the operating times of PDs across different feeders. These variations were
generally within hundredths of a second, indicating a negligible impact on the overall
performance and coordination of the protection system. This suggests that the existing
protection settings are sufficiently robust to handle the inclusion of a TBESS without
significant disruption.

*  No Need for Modifications: Based on the results, no modifications are required for
the protection system to accommodate a TBESS in the analyzed substation. This
implies that the current protection infrastructure can seamlessly integrate a TBESS,
maintaining system reliability and operational integrity.

*  Consideration for Mobility: Due to the mobility feature of TBESSs, it is recommended
to examine protection issues during the planning stages of TBESS connections at other
substations and feeders. Each new location may present unique challenges that need
to be addressed to ensure seamless integration and optimal performance.

e Utility Perspective: From the utilities” perspective, the findings are significant because
they suggest that no alterations in the protection system are necessary for connecting
a TBESS at the investigated feeders. This can facilitate quicker deployment and
operationalization of TBESSs in the grid, reducing the time and cost associated with
system modifications.

*  Future Analyses and Contributions: The outcomes and methodologies presented in
this paper are valuable for future analyses concerning the allocation of TBESSs in
DSs. They provide a robust foundation for further research and practical applications,
ensuring that the integration of TBESSs contributes to more resilient and adaptable
power networks with minor adaptations. This study’s findings can guide utilities
and researchers in assessing the potential impacts of TBESSs on different systems,
fostering a smoother transition to advanced energy storage solutions.

. Scalability: Although the study was limited to three real feeders, the results indicate a
trend that TBESS integration presents minimal impacts on protection systems. It is
recommended that each system be analyzed individually to account for specific char-
acteristics and potential variations. However, the indicative trend of minimal impact
is promising and suggests that widespread TBESS deployment could be feasible with
similar results.

In conclusion, the study demonstrates that TBESSs can be integrated into existing
distribution networks with minimal impact on protection systems, thereby supporting the
transition to more flexible and reliable power grids. The research underscores the impor-
tance of evaluating each system individually, particularly given the mobility of TBESSs, but
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the overall trend is encouraging for broader deployment. This study lays a foundation for
future research and practical applications, supporting the strategic integration of TBESSs
into modern power networks.
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BESS Battery energy storage system
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ESS Energy storage system
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TBESS Transportable battery energy storage system
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