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Executive Summary

Increasingly larger battery systems are being incorporated into maritime vessels. As these systems continue
to grow in size, their impact on short-circuit currents within the vessels’ power systems becomes more rel-
evant. Short-circuit faults pose threats of battery thermal runaway, as well as flammable or toxic off-gas re-
lease. Cables and conductors can be vaporized by short-circuit currents provided by modern large battery
systems. Poorly sized protection devices and improper selectivity schemes can lead to catastrophic failures.
Consequently, the ability of accurately predicting worst-case short-circuit currents from battery systems is vital
to ensure the safe operation of the vessel’s power system.

Testing the battery system’s building blocks and scaling up the results is a promising alternative to perform-
ing actual short-circuit tests in each new delivery of a large system. However, even if distinct battery systems
from the same manufacturer may share common building blocks (such as battery cells or packs), each new
delivery can be different from its predecessors. Therefore, a methodology for estimating real-life short-circuit
currents from reduced scale tests is needed. The Sea Zero project aims to establish a verified methodology for
using the results from short-circuit tests on battery modules to calculate the expected short-circuit currents
for full battery packs and full battery systems.

As a first step, this report presents the results of a literature survey carried out to identify possible existing
methods, standards, or recommendations. In this document, we classify the available methods for calculat-
ing the external short-current current supplied by battery cells and systems into two main categories that are
relevant to the Sea Zero project: (1) empirical electric-equivalent model of a voltage behind an impedance
representing the whole battery system; (2) empirical equations describing the rising and decaying phases of
the short-circuit current. A third category based on analytical and multi-physics approaches is useful for invest-
igating the internal processes of single battery cells, as well as for developing new chemistries or materials.
These analytical methods are, however, impractical to scale up to large battery systems.

Both methods (1) and (2) named previously rely on estimating electric-equivalent parameters for the whole
battery system. The level of detail with which the system is modeled varies among different authors. In some
cases, only resistive-inductive elements are used. Parallel resistive-capacitive elements are considered in other
cases. Temperature and state of charge dependency may also be taken into account. Results of actual short-
circuit tests presented in the scientific literature were digitized with image identification techniques, plotted,
and analyzed in this report. Many authors were able to properly model with simple resistive-inductive elements
the results obtained with short-circuit tests of battery cells connected in series or in parallel. However, in one
case, the models obtained from tests with one single module could not be matched to the results obtained with
a string of forty modules in series. It is worth remarking that, due the their vital role in a pragmatic approach to
determine short-circuit currents in large battery systems, a chapter of this document is dedicated to describing
relevant laboratory setups employed by different authors in the scientific literature.

For summarizing the results of our research, we repeat a relatively common statement present in the
scientific literature during the last three decades: “methods for protection and short-circuit calculation of DC
systems are not well established.” Within the Sea Zero project, a thorough approach will be necessary for
properly forecasting the fault currents supplied by large battery systems based on the results from laboratory
tests of the system’s building blocks. In addition to the proper scaling and matching test rigs, special attention
will have to be given to large scale phenomena that might not be observable during the small scale tests.
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Chapter 1

Introduction

Increasingly larger battery systems are being incorporated into maritime vessels. As these systems continue to
grow in size, their impact on short-circuit currents within the vessel’s power grid becomes more pronounced.
Consequently, the ability to accurately forecast worst-case short-circuit currents from battery systems is vital
to ensure that the vessel’s power system is optimally sized to handle the fault currents as well as thermal
and mechanical stresses. Moreover, it allows the suitable selection of protection equipment that can limit
and break the short-circuit currents in a way that isolates the faults without unnecessary disconnection of
equipment, thus, maintaining selectivity.

This report presents a literature review on existing methods for calculating the current supplied by a battery
system to a short-circuit fault between the system’s external positive and negative terminals. The ability to
calculate short-circuit fault currents is important for the following reasons:

e |t sets the requirements to busbars, cables, and other components carrying fault currents.
e |t provides inputs to the selection and coordination of protective devices, as for example:
- required interruption time,
- current limiting ability,
- selectivity between protection devices.

Battery systems are typically equipped with integrated short-circuit protection devices (fuses). However,
these internal protection devices do not act instantaneously. Consequently, the cables and busbars that link
battery racks and connect the system to the vessel’s grid must be engineered to endure the resulting temperat-
ure rise and mechanical stresses induced by the short-circuit currents which are provided by the batteries until
the protection devices are able to isolate the fault. This applies to the vessel’s DC distribution system itself,
demanding a careful evaluation of the temperature rise and mechanical forces caused by the battery system'’s
contribution to a short-circuit fault.

The determination of short-circuit current contributions from battery systems is contingent upon various
factors. These include, for instance, cell chemistry, state of charge (SoC), temperature, and built-in protection
features. Additionally, the magnitudes of fault currents are highly dependent on the specific topology of the
battery system, in other words, the number of cells in parallel and series in battery packs, the number of packs
in a string, and the number of strings in parallel. Moreover, the state of health (SoH) of the battery packs can
also determine the magnitude of short-circuit currents provided by the system.

Conducting actual short-circuit tests in a large battery system might not be economically feasible. Instead,
a pragmatic approach could consist of running tests on the system’s building blocks as a way to estimate the
short-circuit currents for the complete system. It's important to highlight that even if distinct battery systems
from the same manufacturer share common building blocks (such as battery cells or packs), each new deliv-
ery could be different from its predecessors. Therefore, a methodology for calculating short-circuit currents is
needed. The approach investigated in the Sea Zero project aims to establish a verified methodology for using
test results from short-circuit tests on battery modules to calculate expected short-circuit currents for full bat-
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tery packs and full battery systems. As a first step, a literature survey is carried out to identify possible existing
methods, standards, or recommendations. This document presents the results of this survey.

1.1 Report Outline

e Chapter 1 - Introduction: this chapter.

e Chapter 2 - Methods for Calculating Short-Circuit Currents (Shorter Version): a summarized version of
the short-circuit calculation methods described in international standards and employed by several au-
thors. If you do not have time for the longer literature review on chapter 5, read at least chapter 2.

e Chapter 3 - Requirements for Battery Cells and Battery Systems: a summary of the requirements in
international standards for batteries and battery systems.

e Chapter 4 - Studies on Long Duration Short-Circuit Faults: a collection of relevant references which fo-
cused mainly long duration faults.

e Chapter 5 - Review of Calculation Methods of Battery Systems External Short-Circuit Currents: available
methods are explained in a chronological order.

e Chapter 6 - Short-Circuit Test Rigs: we discuss relevant examples of laboratory setups for testing small
and large battery systems.

e Chapter 7 - Conclusion: our final remarks to this report.

1.2 Scope - External Short-Circuit Faults

Itis fairly common in the literature to designate as “external” any fault that occurs outside a battery cell. In this
report, we focus on short-circuit faults that happen outside the battery system, as indicated in red in figure 1.1.
This means that the system fuses only have to interrupt the currents supplied by the battery modules and
do not have to interrupt currents supplied by external devices connected to the DC system as, for example,
chargers, converters, and capacitors.

I
(+) Positive busbar System fuse,
. @ —

i B

Battery module ———_ — —

----- (+) To DC system
String fuse [

—1

External

I

----- (—) To DC system

m(—) Negative busbar

Figure 1.1 | External short circuits.
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An external short circuit causes a rapid discharge of the battery and poses threats of thermal runaway,
as well as flammable or toxic off-gas release. Electrical protections such as fuses and breakers are the key to
preventing this type of failure [Helgesen, 2019]. However, sizing the system fuses and the string fuses in the
battery system to selectively interrupt internal short-circuit currents would demand the estimation of external

contributions from converters and capacitors in the DC system. This is considered outside the scope of this
report.

A DISCLAIMER ON LEAD-ACID LITERATURE

We believe that the decades-long available literature on lead-acid batteries can provide valuable in-
sights for the Sea Zero project. Short-circuit current calculation methods based on voltage behind im-
pedance are fundamentally the same across different battery chemistries. Moreover, the challenges of

sizing electrical components for a short-circuit test rig are similar for both large lead-acid and lithium-ion
batteries.
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Chapter 2

Methods for Calculating Short-Circuit Currents
(Shorter Version)

After an extensive literature research, we were able to categorize the available methods for calculating the
external short-circuit current supplied by battery cells and systems into three main categories:

Method 1 — Empirical aggregated electric-equivalent model of a voltage behind an impedance representing
the whole battery system.
Approaches based on method 1are widely seen in the literature. The level of detail employed by different
authors for describing the voltage-behind-impedance models varies considerably. More on this method
will be presented in chapter 5. A summarized discussion is, nevertheless, provided in section 2.1.

Method 2 — Empirical equations for describing the rising and decaying phases of the short-circuit current.
This method starts from an aggregated resistive-inductive description of the whole battery system. It
then derives certain empirical factors that are used to describe the expected behavior of the short-circuit
current. Approaches based on method 2, mainly derived from IEC 61660-1 [1997], will be analyzed in
more detail in chapter 5.

Method 3 — Analytical approaches in different time scales that include, for example, electrochemical kin-
etics and transport phenomena, thermal modeling, and multi-physics coupled models.
Approaches based on method 3 are better suited to investigate the performance of existing cells and
develop new chemistries or materials [Ramadesigan et al., 2012]. They are also typically employed to
evaluate the consequences of internal short-circuit faults, which are more complex to address than ex-
ternal ones, as well as predicting thermal runaway [Abada et al., 2016; Chen et al., 2016]. In some cases,
these approaches may even be used to calculate external short-circuit currents, as for instance in Zavalis
et al. [2012]. However, Zavalis et al. limited their study to one single cell layer as they focused mainly
on the internal dynamics due to external short-circuit faults. Another example of short-circuit tests and
modeling of one single cell layer is seen in two companion papers by Rheinfeld et al. [2018, 2019]. Ap-
proaches based on method 3 are difficult to scale for predicting external short-circuit currents for large
battery systems. Therefore, they will not be addressed in this document.

KEY TAKEAWAYS

e Method 1: electric equivalent circuit with voltage behind impedance, see summary in section 2.1
and details in chapter 5.

e Method 2: empirical equations described by IEC 61660-1[1997], see more in chapter 5.

e Method 3: models that are suited to investigate internal cell dynamics, are not easily scalable to
large battery systems, and will not be addressed in detail this document.
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On the Details of the Model used by Method 1

The approaches based on method 1 demand the calculation of an equivalent internal voltage for all cells of
the system connected in series and parallel, of an equivalent internal battery impedance, and the equivalent
total external impedance. Such model is illustrated in figure 2.1. An example of the level of details employed
by different authors is shown in table 2.1.

The following remarks can be made about the model in figure 2.1.

V — Open-circuit voltage (OCV): aggregates the OCVs of all cells of the system. On the cell level, this
voltage depends on SoC, SoH, and temperature. On the system level, one may have to take into consid-
eration the different SoCs and temperatures within the complete system. However, the estimation of
minimum and maximum levels of short-circuit currents allow for simplifications assuming best or worst
conditions for all cells simultaneously.

R, — Battery resistance: aggregates the series resistances of all cells combined. Similarly to the OCV,
R, depends on SoC, SoH, and cell temperature. Notice that, to properly represent the temperature
dependency of R, during a long duration short-circuit fault, one needs to build thermal models of the
cells. However, thermal models are likely not necessary for millisecond transients.

L, — Battery inductance: represents an aggregated internal inductance of the batteries. Many authors
assume that the internal cell inductance is zero. Some authors attribute to L, the inductance of internal
connections between cells in a battery module.

R, C, — Battery resistive-capacitive pair: can be used to represent the polarization effects in the cells.
Two RC pairs were used by Satake et al. [2014]. The use of Warburg and constant phase elements
(CPEs) [Plett, 2015; Wang et al., 2015] is usually oriented towards online SoH estimation, parameter
identification, and detection of permanent short-circuits of cells or modules inside larger systems, as
performed by Yang et al. [2018]. In many cases, no RC pairs were used at all. It is, nevertheless, import-
ant to remark that the values of the components of the R, C, pair are also dependent on temperature
and SoC.

R L, — System’s equivalent resistive-inductive impedance: aggregates the impedances of the series
and parallel connections among the modules and the external terminals of the battery system. It includes
small metal connections, short and long busbars, and cables.

Aggregated Battery Modules Aggregated Connections
R R, L, R :

v 1

External fault

Figure 2.1 | Voltage behind impedance model for calculating external short-circuit currents.

ON THE PARAMETERS OF THE EQUIVALENT CIRCUIT MODEL

e The model parameters vary with SoC, SoH, and temperature.
e Different authors employ different levels of detail for the equivalent model, see table 2.1.
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2.1.1 Brief Analysis of the Parameters of the Equivalent Circuit Model

The model in figure 2.1 simplifies the complex interactions among numerous battery cells and their connecting
circuits to a second-order RLC system. In this model, the series inductances L, and L, limit the steepness of
the initial fault current, this effect is illustrated in figure 2.2a. The lower L, the steeper is the rate of change of
current right after the fault. The maximum attainable peak short-circuit current can be estimated from the OCV
divided by the sum of the resistances R, and R;. Notice that R, does not initially limit the short-circuit current
as the capacitance C, serves as a bypass right after the fault. However, as the time passes and depending on

the time constant 7z~ = R, C|, the resistance R, will start limiting the short-circuit current. The influence of
R, Cyisillustrated in figure 2.2.

- Long TRC = RICI
@ — large L, @ —— Short g = R|C;

T T T T T T T T T T

Time Time

Current
1

Current
1

Figure 2.2 | External short-circuit current. (a) Influence of the series inductance L, on the initial steepness of the fault
current. (b) Influence of the R, C; pair in bringing the current down from the initial peak.
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Chapter 3

Requirements for Battery Cells and Battery
Systems

As a part of the literature review on external short-circuit current calculation, we list the requirements set forth
by DNV-RU-SHIP Pt.6 Ch.2 [2022] for battery cells and for battery systems. We also present the recommenda-
tions for electrical installations in shipboard-design by IEEE 45.1 [2017].

3.1 DNV-RU-SHIP Pt.6 Ch.2[2022] — Propulsion, Power Generation and Auxiliary
Systems

Table 8 of DNV-RU-SHIP Pt.6 Ch.2 [2022] presents a list of documentation requirements and component cer-
tification for lithium-ion battery systems. More specifically on the topic of short circuits, manufacturers must
provide documentation regarding:

e The short circuit capacity, which “shall be stated for both maximum (fully charged new battery) and
minimum (discharged battery at estimated end of lifetime) capacity”.

Considering the electrical energy storage (EES) system as whole, section 3.2.1.3 of the class notation de-
mands that:

e “An EES system shall be able to supply the short circuit current necessary to obtain selective tripping of
downstream circuit breakers and fuses.”

To guarantee the selectivity between the battery system’s protection devices and the ones placed down-
stream in the direct current system, manufacturers need to properly estimate maximum and minimum short-
circuit currents provided by their battery systems both at the beginning and at the end of their operation lives.
Therefore, state of charge and ageing must be taken into consideration by manufacturers when estimating
fault currents.

SELECTIVITY MUST BE GUARANTEED

e Manufacturers must estimate maximum and minimum short-circuit currents for fully charged
and fully discharged battery systems, both at the beginning and at the end of operation life.

In the following subsections, we will present the requirements from DNV-RU-SHIP Pt.6 Ch.2 [2022] regard-
ing cell and system tests, respectively.
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3.1.1 Section 4.2.3 - Cell Tests

Section 4.2.3 of DNV-RU-SHIP Pt.6 Ch.2 [2022] points to two standards for testing battery cells, namely IEC
62619 [2022] and UN 38.3 T-5 [2019].

e |EC 62619 [2022] — Section 7.2.1 - External Short-Circuit Test (Cell or Cell Block)
About the standard: “specifies requirements and tests for the safe operation of secondary lithium cells
and batteries used in industrial applications, including stationary applications.”
Test pass criteria: “Short-circuit between the positive and negative terminals shall not cause fire or
explosion.”
Test procedure:

- Fully charged cells stored in ambient temperature of 25 + 5 °C.

- External short-circuit resistance of 30 + 10 mQ.

- Short circuit remains for 6 h or until case temperature drops to 80 % of the maximum reached
temperature, whichever happens sooner.

e UN 38.3T-5[2019] — Section 38.3.4.5 Test T.5: External short circuit
About the manual: “contains criteria, test methods and procedures to be used for the classification of
dangerous goods according to the provisions of the ‘United Nations Recommendations on the Transport
of Dangerous Goods, Model Regulations’...”
Test pass criteria: “external temperature does not exceed 170 °C and there is no disassembly, no rupture
and no fire during the test and within six hours after the test.”

Test procedure:

- Cell or battery should be heated until reaching a homogeneous temperature of 57 +4 °C measured
on the external case. The heating period should be of at least 12 h for large batteries.

- External short circuit resistance of less than 0.1Q.

- Short circuit remains “for at least one hour after the temperature has returned to 57 + 4°C, or
in case of the large batteries, has decreased by half the maximum temperature increase observed
during the test and remains below this value.”

- “The short circuit and cooling down phases shall be conducted at least at ambient temperature.”

Notice that IEC 62619 [2022] and UN 38.3 T-5 [2019] have different requirements for battery temperature
before starting the short-circuit test, for total short-circuit resistance, as well as different requirements for
stopping and passing the test. It is not within the scope of this report to assess which requirements are better
or worse. However, the important take from these requirements is that cell in a battery system must survive
longstanding short circuits between their positive and negative terminals.

3.1.2 Section 4.2.4 - Battery System Tests

Section 4.2.4 of DNV-RU-SHIP Pt.6 Ch.2 [2022] defines a series of routine and type tests for battery systems.
Among them, we can mention handling and mitigating propagation of thermal events, overvoltages, overcur-
rents, overheating, cooling failures, etc. There is, however, no requirement for an external short-circuit test
for the whole system.

3.2 |EEE 45.1[2017] - On Lithium Batteries

The complete name of IEEE 45.1 [2017] is “Recommended Practice for Electrical Installations on Shipboard-
Design”. This standard is succinct on its recommendations for lithium battery systems. From the standard’s
section 11.3.11, we would like to remark the following recommendations.
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e Lithium-ion batteries must be procured as a system which include the battery pack, the battery manage-
ment system, and the charging system.
e The battery and battery system should be protected against overload and short-circuit faults.

Notice that there is no specific recommendation or requirement regarding short-circuit tests of lithium batter-
ies in IEEE 45.1[2017].

EXTERNAL SHORT-CIRCUIT TESTS AND LARGE BATTERY SYSTEMS

e DNV-RU-SHIP Pt.6 Ch.2 [2022] and IEEE 45.1 [2017] DO NOT REQUIRE external short-circuit tests
to be performed for a complete large battery system.

3.3 Next Steps

DNV-RU-SHIP Pt.6 Ch.2 [2022], IEC 62619 [2022], and UN 38.3 T-5 [2019] demand that each cell in the battery
system must survive without out-gassing or catching fire a longstanding short-circuit fault between the its
terminals. In the next chapter, we will discuss references from the last two decades that investigated the
consequences of long duration short-circuit faults on the time scales of seconds to minutes and hours.
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Chapter 4

Studies on Long Duration Short-Circuit Faults

According to DNV-RU-SHIP Pt.6 Ch.2 [2022], IEC 62619 [2022], and UN 38.3 T-5 [2019], each cell in the battery
system is required to survive without out-gassing or catching fire a longstanding short-circuit fault between the
cell’s terminals. Many authors in the last two decades have investigated the consequences of long duration
short-circuit faults on the time scales of seconds to minutes and hours. However, the contribution of several
battery modules in parallel can lead to extremely high external fault currents, “vaporization of large conduct-
ors is possible” [Nailen, 1991]. Because of that, designing a large system that withstands long duration external
short-circuit faults is not economically viable. Fast acting protection devices such as fuses are necessary for
avoiding the catastrophic destruction of batteries, cables, busbars, and power distribution systems. Never-
theless, the practical results obtained by different authors while short-circuiting batteries during seconds and
minutes can provide valuable insights for Sea Zero project. Therefore, we discuss relevant examples from the
literature in the following sections.

4.1 Short-Circuit Faults in One Single Cell For Long Periods

Conte et al. [2009] performed short-circuit tests in nine automotive lithium-ion cells, one at a time, employed
in hybrid and purely electrical vehicles. The authors described their test setup, see section 6.3, and presented
time-domain results of the short-circuit tests in one of their cells (probably one of 40 Ah capacity). The test
results are shown in the paper by Conte et al. with time window of 400 s. The sampling time was not informed,
but judging from the graphics, it seems to be on the range of a few tenths to one second. The shape of this
long-duration short circuit current will be discussed later in section 4.4.
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Figure 4.1 | Measured peak short-circuit current versus lithium-ion cell capacity. Data acquired with image identification
techniques from the original in Conte et al. [2009].
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An interesting result presented by Conte et al. is a curve with the peak short-circuit current versus the
capacity of nine different cells. An approximation of the this curve, obtained with image identification tech-
niques, is shown in figure 4.1. The linear regression curve (dashed red) in figure 4.1 can be represented by an
equation. From the charts, we estimate that this equation is:

Leaic [A] = 800 [A] + 68.333 [%] x Capacity [Ah].

It is worth quoting Conte et al.’s conclusions regarding short-circuit currents in large battery systems:

e “Experience showed that... A cell that withstands a short circuit test at cell level may fail in a short
circuit module or at system level... The reason is that at cell level the internal capacity of the cell is
comparable with the external short circuit wiring resistance... As soon as the number of cells in series
increases and at the same time the short circuit test equipment remains the same, the total internal
resistance increase and the resistance of the test equipment gets always more negligible.”’

We found other publications that investigated methods for online detection of short-circuit faults in single
lithium-ion cells. For the sake of brevity, we decided not to include them all in this report. Nevertheless, to
emphasize the time scale of these “long duration faults”, we can mention Xiong et al. [2020], who presented a
“fast” method for identifying external short-circuit faults in lithium-ion battery packs that acted “in 3.5 s after
their occurrences.” Within the context of the Sea Zero project, a slow reaction only 3.5s after an external
short-circuit fault may have catastrophic consequences.

Another example of long-term faults is found in Xia et al. [2014], who presented methods for the detection
of external short-circuit faults in 18650 1.35 Ah lithium-ion cells based on voltage, current, or temperature
measurements. Xia et al. stated that their methods could be employed to detect faults at an “early stage”.
However, the faults performed by these authors lasted for many minutes and were recorded with sampling
time of 100 ms. It is worth mentioning that Xia et al. performed many short-circuit tests with varying SoC from
zero to one hundred percent in steps of ten percent, see more in section 5.6. In a continuation of their 2014
paper, Xia et al. [2015] logged their measurement with much shorter sampling times. Nothwithstaning, the
time scales defined as fast by these authors are not fast enough for the Sea Zero project.

4.2 Identifying Short-Circuit Faults in Single Cells

Two publications by Yang et al. [2018, 2020] dealt with methods for identifying permanent short-circuits in
isolated single cells or in single cells within electrical vehicles batteries composed of multiple strings in parallel
with several cells in series. In Yang et al. [2018], fractional-order and first order RC modelling with genetic
algorithms for parameter identification, associated with with random forest classification methods, were em-
ployed to identify external short-circuit faults in lithium-ion cells. This is the only reference found by us that
employed CPEs and Warburg elements in conjunction with short-circuit studies. Yang et al. [2020] presented
a method using artificial neural network coupled with a three-dimensional thermal modeling of the cells to
identify short-circuits faults in single cells within an electric vehicle battery system with parallel strings. The
authors affirmed that their method can estimate the cell’s external short-circuit current using only the voltage
information, and that the maximum surface temperature of the cell can be estimated without a current or
temperature sensor.

The problems analyzed by Yang et al. [2018, 2020] are not directly aligned with the objectives of this report.
Firstly, we focus on short-circuit faults that happen outside a battery system with multiple strings composed
of many modules in series. Secondly, the short-circuit currents under study in this report will be “easily de-
tectable”. They will either activate protection devices (as expected) or destroy cells and melt conductors (not
expected). Notwithstanding, these papers are still mentioned in this report as they present charts of actual
short-circuit tests performed in lithium-ion cells under different temperature and SoC. One of the results from
Yang et al. [2020] is shown in later figure 4.2.

'Emphasys given by us.
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4.3 Investigating the Influence of the External Impedance

Zhao et al. [2016] performed nail tests and external short-circuit tests in lithium-ion cells. The external short
circuits were performed with different resistances (R,). Zhao et al. noticed that the contact regions between
clamps and positive tabs (aluminum) of some batteries “were broken by the concentrated heat” for the lowest
range of R,. This serves as areminder that the internal connections of a large battery system may inadvertently
work as fuses during the fault.

Abaza et al. [2018] presented experimental results obtained with nail perforation and external short-circuit
tests of 15Ah cell with six different external resistances (R;) ranging from 0.562 mQ to 821mQ. Abaza et al.
focused only on destructive and long duration faults. The authors included, for instance, a nail in their short-
circuit test rig meant for “for cell disposal”. The external short-circuit results presented in the paper show a
time window of 40 s. It is not possible to discern the dynamics of the current in the first milliseconds after the
fault. In the time scale employed by the authors, the rise time is almost instantaneous. It is nonetheless worth
comparing the measured short-circuit currents versus the external resistances:

e R, =0.562mQ, peak short-circuit current above 1000 A.
e R, =24mQ, peak short-circuit current below 200 A.
e R, =501 mQ, peak short-circuit current below 10 A.

Jung et al. [2022] assessed the requirements for the total external short-circuit resistance for testing bat-
tery cells in regard to the safety of battery energy storage systems. To reiterate the statement “methods for
protection and short-circuit calculation of DC systems are not well established”, we quote the following passage
from Jung et al.:

e ‘“existing evaluation methods performed external short-circuit tests merely targeting cylindrical batter-
ies. In other words, none of the studies carried out so far involved external short circuits in medium-
and large-sized batteries”.

Even though the initial rise in the first milliseconds after the short-circuit faults cannot be discerned in any of
the charts presented by Jung et al., it is worth quoting an important conclusion from their article:

e “the external short circuit-resistance should be lowered to the standards for EV batteries in order to
achieve a meaningful assessment of the battery safety, as the external short-circuit resistance of ESS
batteries in the current standards is too high.”

KEY TAKEAWAYS FROM THE AUTHORS WHO STUDIED THE INFLUENCE OF THE EXTERNAL RESISTANCE

e Zhao et al. [2016]: internal devices / cells may inadvertely work as fuses.
e Abada et al. [2016]: have full control of all the test rig’'s mQ impedances.
e Jung et al. [2022]: external short-circuit resistance defined by current standards are too high.

4.4 Shape of Long Duration External Short-Circuit Currents

Figure 4.2 shows examples of the test results acquired with image identification techniques from different
authors of the lithium-ion battery literature. For information on the conditions of the tests and for relevant
comments, please see table 4.1. The cells tested by Smith et al. [2009] had built-in positive temperature coef-
ficient resistor (PTC) elements to limit the short-circuit current based on the temperature of the cell. This is
the cause of the drastic fall in the short-circuit current seen in the solid purple curve in figure 4.2. Conte et al.
[2009] did not discuss the reasons why the short-circuit current (solid red) measured by them had a fast decay
in less than 3 s to approximately 40 % of the peak. The results from Yang et al. [2020] (solid blue) also feature a
relevant decay in the short-circuit current that stabilizes at around 50 %. Notice that the test is stopped at time
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27 s. Although not shown in figure 4.2, the results results obtained by Xia et al. [2014] for external short-circuit
faults applied to single 18650 cylindrical cells at various SoCs are very similar to the ones obtained by Yang
et al. [2020]. The tests performed by Jung et al. [2022] have the least prominent decay. It is worth remarking
that Jung et al. drove the tests for periods longer than 1000ss.

100
e —— Conte et al.
% 75 1 —— Jungetal.
o 50 4 —— Yangetal.
g —— Smithetal.
S 25
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Figure 4.2 | Approximate shape of the measured short-circuit current in lithium-ion modules. Data acquired with image
identification techniques from different references. See table 4.1 for more information.

Table 4.1: Legend information for figure 4.2.

Reference Battery type Peak current Comments
Non-specified automotive 3kA Short-circuit resistance not
Conte et al. [2009] battery/module, probably of informed.
40 Ah.
—— Jungetal. [2022] Non-specified prismatic cell, 1492 A External short-circuit resistance
pre-fault OCV of 4V of 5mQ. SoC of the cell at 100 %.
—— Smith et al. [2009] 16 x 18650 lithium-ion cells in 280 A 10 mQ short-circuit resistance.
parallel. Drastic fall after 10 s is due to the
series PTCs.
—— Yang et al. [2020] NCM 18650 2.5 Ah 135A Short-circuit resistance of less
than 5mQ. SoC of the cell at
85 %.
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Chapter 5

Review of Calculation Methods of Battery
Systems External Short-Circuit Currents

“Methods for protection and short-circuit calculation of DC systems are not well established.” Statements like
this one are relatively common in the scientific literature of the last thirty years. Berizzi et al. [1994] affirmed
that procedures for the calculation of DC short-circuit currents were not well established in the literature. Ac-
cording to Das [2012], although simplified procedures were documented in some publications, DC short-circuit
current calculations should be rigorously verified by detailed computer simulations. Similarly, Alho et al. [2018]
affirmed that unlike in AC systems, design guidelines for protecting DC systems were still not well established.
Satpathi et al. [2019], for instance, stated that despite the advantages provided by DC grids, “the lack of sys-
tematic transient analysis and design of comprehensive short-circuit protection algorithms for the full-fledged
dc marine vessels have been the major drawbacks for its widespread adoption.”

In this chapter, we perform a review of available methods and procedures for short-circuit current calcula-
tions in large battery systems. Relevant papers on smaller battery systems, as well as on DC system protection
and fuses, are also mentioned. The sections are organized, as much as possible, in a chronological order to
give the reader an idea of how little the methods changed throughout the decades.

5.1 GE Data Book [1958] - Section 173

Although the Sea Zero project deals with lithium-ion batteries, it is worth investigating the methods and
procedures developed for lead-acid and nickel-cadmium batteries as well. Therefore, we start with a set of
guidelines published in a GE Data Book [1958]. In this data book, at Section 173 “Short-circuit Characteristics
of Lead-acid Storage Batteries”, an example of a short-circuit current calculation for a battery system with 60
series-connected lead-acid cells is presented.

The model used in GE Data Book [1958] is the OCV behind an impedance illustrated previously in figure 2.1.
However, the pair R, C; is omitted. The system is modeled with the cells’ series resistance R, the external R,
and L, and the OCV. The cells themselves are considered to have no internal inductance, i.e., L, = 0. The
model used in GE Data Book [1958] is represented by equation (5.1).

(Ro+ Ry)i(t) + LS? =V (5.1)

Notice that R\, Ry, L,, and V" are constant. The only variables are the time ¢ and the current i.
The solution for the current in the time domain for equation (5.1) is given by

oV s
z(z)_—RO+R (1—e"/7). (5.2)

S
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At = Os, the short-circuit fault happens. The pre-fault current supplied or absorbed by the battery is dis-
regarded. The time constant 7, the initial rate of change di/dr, and the peak short-circuit current are given,

respectively, by

L .
S P AV
R,+R, dt L R, + R,

N

GE Data Book [1958] suggests using AC cable data sheets to find reactance per meter values and then divide
them by the cable’s rated angular frequency to obtain inductance per meter. It is also suggested to employ
natural logarithmic equations for estimating the inductance of parallel wires with the same diameter carrying
currents in opposite directions. Empirical methods to estimate the OCV and R, are also recommended.

5.2 Fuses for DC Applications: Where We Stood in 1991 and 1992

In the event of an external short-circuit fault, the battery cells are rapidly discharged. This can cause the cells’
electrolyte to heat to the point of ignition leading to thermal runaway and toxic gas release. Electrical pro-
tections such as fuses and breakers are the key to prevent catastrophic failures [Helgesen, 2019]. Two papers
published in the beginning of the 1990s, one on the protection of battery systems by Nailen [1991] and another
one on fuses for protecting DC systems by Brozek [1992], had the wording “where we stand” in their titles. In
the following paragraphs, we summarize the point of view from the beginning of the 1990s of these authors.

Nailen [1991], who worked at the Wisconsin Electric Power Co now WEC Group, expressed worries regard-
ing catastrophic damages that could be caused by faults in large battery systems. According to this author,
in 1991, MW range 400-500 V batteries were no longer only found in heavy industry facilities, but were also
being sold as “maintenance free” solutions for large office complexes. In spite of these system’s short-circuit
currents being large enough to vaporize large conductors, the methods for protecting them were not yet well
established. Nailen stated, for example, that in a 1984 exemplar of the “definitive book” on fuse applications
by Wright and Newbery, nearly 200 pages were devoted to “the behavior and application of fuses in all sorts
of electric circuits - except battery circuits.” We do not, unfortunately, have the same 1984 exemplar as Nai-
len, but in chapter 7 “Applications of fuses” of the 2004 edition of the book “Electric Fuses” by Wright and
Newbery, there is no section dedicated exclusively to battery systems.

Brozek [1992], who worked for Copper Industries Bussmann Division now Eaton, discussed the issues of
breaking fault currents with fuses in DC systems with longer time constants ¢ = L/ R. Fuse links are designed
with weak spots connected in series that are supposed to begin to melt simultaneously. Silica sand usually
surrounds the link and serves as a heat absorbing material. Longer time constants lead to a slower rise of the
fault current. This increases the chance that not all weak spots melt simultaneously. Therefore, the first weak
spots to melt may be subjected to higher than expected arcing voltages, longer arcing times, and higher heat
generation. Remark that the higher 7, the higher the energy that has to be dissipated by the fuse. According to
Brozek [1992], a challenging case happens when overloads around 200 % of the fuse’s rated current appear in
a circuit where the time constant 7 is larger than 10 ms. In such cases (in the year 1992), many semiconductor
protection fuses would not work properly. “The minimum current required for safely open a semiconductor
fuse may range from 2 - 10 times the ampere rating of the fuse.” Overload protection should, therefore, be
provided by electronic sensing.

5.3 Rules of Thumb for the Peak Current

Different rules of thumb for calculating the peak current supplied by batteries have been suggested along the
years. In the following subsections, some of them are discussed.
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5.3.1 Twenty-times the Capacity in Ah — Lead-Acid

Hosemann et al. [1992] in a CIGRE session paper described a method of short-circuit current calculation that
is identical to the one presented later in IEC 61660-1[1997]. This method defines two empirical curves, one
for the rising time from the beginning of the fault until the peak current and another one for the decaying
phase towards a steady-state short-circuit current. When it comes to estimating the peak value of the current,
Hosemann et al. [1992] suggested that an empirical method could be used:

“Estimation of the peak value of the battery current may be based upon the capacity; the peak value in
amperes is then 20 times the capacity in ampere-hours, e.g. 40 kA for 2000 Ah.”

Hosemann et al. [1992] also present a figure with the external short-circuit current of a lead-acid battery
string rated 25.2 V and 1125 Ah. For 100 % SoC, the peak current reaches approximately 20 kA in less than 16 ms.
For 62 % SoC (700 Ah), the peak of 12 kA is reached in less than 10 ms. For a low SoC of 6.6 % (75 Ah), the peak
of 2 kA is reached within 4 ms. The shape of the short-circuit current at rated SoC is similar to the one shown
later in figure 5.2 (page 26) with a rising phase, a peak, and a decaying phase. However, the lower the SoC, the
less noticeable the decay phase is.

The rough estimate of multiplying the capacity in Ah by a given number has been questioned along the
years. Gunther et al. [2017], for instance, short circuited three different lead-acid strings of 26 V and capacities
of 1496 Ah, 1800 Ah, and 2320 Ah. The peak short-circuit currents were 10.90 kA, 12.70 kA, and 13.52 kA, which
yielded “rule-of-thumb factors” of 7.29, 7.05, and 5.83, respectively. In addition to these findings, Gunther
et al. [2017] also concluded that:

“testing revealed the significance of the overall circuit impedance on the fault current contributions from
the battery and battery chargers. Using an accurate value for the circuit impedance when calculating
fault currents is essential for achieving the desired coordination of the associated protect devices to
minimize the impact of a fault on safety system operability.””

Another important issue is that the multiplying factor varies for different battery chemistries. In the annex C
of IEEE 946 [2020], for example, it is stated that “the short-circuit capability can range between 7 and 50 times
the rated Ah capacity” for nickel-cadmium batteries.

5.3.2 Ten Times the 1 min Ampere Rating — Lead Acid

The rule of thumb of multiplying the 1 min ampere rating of lead-acid batteries by ten to estimate the maximum
(zero external resistance) short-circuit current is mentioned by Migliaro [2001] and by EPRI TR-100248 [2002].
In the example presented in annex C of IEEE 946 [2020], there is even a note comparing the estimated peak
short-circuit current obtained with the OCV divided by the battery internal resistance and the one obtained
with this rule of thumb. The values are a good match, 11.111kA for the OCV divided by R, and 11.390 kA for the
rule of thumb.

5.3.3 Ten Times Rated — Lithium-lon

In their technical brochure “Applications for Battery Storage (BESS)”, ABB [2022] stated that:

e ‘“each battery rack can provide short circuit current contribution that is ten times higher than its rated
current according to the battery technology.”

The resulting short-circuit current supplied by dozens of battery racks in parallel could be very large. However,
the “ten times” rule is only given as a rough estimate and to indicate that “switching devices must be able to
withstand such large short circuit current values.”

'Emphasis given by us.
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ON RULES OF THUMB FOR PEAK SHORT-CIRCUIT CURRENTS

e These rules provide rough estimates that allow preliminary assessments of prospective or existing
installations, however, they are too imprecise to be used in the design of large battery systems.

5.4 Guides and Recommendations from 1997 to 2020

5.4.1 |EEE 399 [1997] — Recommended Practice for Industrial and Commercial Power Systems
Analysis (Brown Book)

Chapter 16 of the now inactive IEEE 399 [1997] is dedicated to the analysis of DC auxiliary power systems.
A short section of this chapter deals with short-circuit current calculations of battery systems. The method
described in IEEE 399 [1997] is the same as the one in GE Data Book [1958], in other words, an equivalent OCV
behind an RL impedance. The drafts to the publication of IEC 61660-1[1997] are discussed within IEEE 399
[1997].

5.4.2 |EC 61660-1[1997] — Short-circuit currents in d.c. auxiliary installations in power plants and
substations — Part 1: Calculation of short-circuit currents

IEC 61660-1[1997] represents battery systems by an OCV behind an RL impedance as done in GE Data Book
[1958]. The pair R;C; is disregarded from the model. All the connections and cables are aggregated into an
equivalent series R, and L. The cells themselves are considered to have no internal inductance, however
the parameter L, represents the inductance of the conductors of a cell or a module. If these cell/module
inductances are unknown, IEC 61660-1[1997] recommends to use L, = 0.2 pH per cell.

The Method — Despite the simple RL modeling approach adopted in IEC 61660-1[1997], the standard con-
siders that the cells’ internal voltages decrease and series resistances increase during the short-circuit. Instead
of complicating the simple RL model, IEC 61660-1[1997] opts for an empirical description of the short-circuit
current with two equations, one for the period in which the current rises until the peak and another one for
the period in which the current decays.

The method starts by calculating the peak short-circuit current with equation (5.3), where the OCV (V') and
series resistance R, are obtained from the manufacturer for a fully charged battery and R, is the equivalent
impedance of all cables and connectors. Notice the empirical safety factor of 0.9 employed for the battery

series resistance.
Vaeioozsoc (5.3)

P 09Ry@100%s0c + R;

i

If the fully charged open-circuit voltage is not available, then IEC 61660-1[1997] recommends the use of a
safety factor as in equation (5.4) where V,, is the rated OCV of the battery system.

1.05 V,

= (5.4)
0.9Ry@1009%s0c + R,

i

After reaching i, IEC 61660-1 [1997] considers that the short-circuit current will decay to a “quasi-steady-
state” level i, one second after the beginning of the fault. This current is given by equation (5.5). The decay
in the OCV and increase in R, are handled by simple safety factors. There are no detailed estimations of the
OCV and R, behaviors according to SoC and temperature.

0.95V,
ik — @100%SOC (55)
I.1Ry + R,
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Notice that, if the fully charged open-circuit voltage is not available, then an empirical safety factor is
recommended to be used as in equation (5.6).

0.95V,

“~ T1R, + R, (5.6)

The next step in the IEC 61660-1 [1997] method involves calculating the factor § with equation (5.7). The
variables in equations (5.3), (5.5), and (5.7) are represented with the names used in figure 2.1, not with the
names defined by the standard. As different authors and standards employ different nomenclatures, we opted
for harmonizing the symbol names in this report as much as possible. The inductances of all the cables, busbars,
and cell connections are concentrated into L, + L,. The “magic number” T in equation (5.7) is assumed as
30 ms. This same value of 30 ms appears also in Berizzi et al. [1994], IEC 61660-3 [2000], and Das [2012].

1_ 2
5 O09Ry+R, 1|
L,+L, Ty

(5.7)

The rising part of the short-circuit current is given by equation (5.8) where i, comes from equation (5.3).
The time 7, to reach the peak current and the time constant z;,, are estimated with the factor 1/6 from equa-
tion (5.7) and the curves in figure 5.1.

1 - e_t/Trise

irise(t) - lpl - e_tP/Trise 0 <r< tp (5.8)

Equation (5.9) is employed for describing the decaying short-circuit current for times ¢ > 1, The decay

time constant 7., is adopted as 100 ms. This same value of 100 ms appears also in Berizzi et al. [1994]; Das
[2012]; IEC 61660-3 [2000].

=ty

idecay(t) = (ip - ik) e fdecay 4 ik t> tp (5.9)

If the decay current i) cannot be defined, then i, = i} and 7, = T}, where T} is the duration of the short
circuit. This results in equation (5.8) being the only description of the battery system external short-circuit
current.

ms
100

Tso

PB 20

A~

T
/
5 / /

2 / 7
—
1B
1,0
" /
0,2
0,1
0,5 1 2 5 10 ms 20
18— IEC 692/97

Figure 5.1 | Empirical curves reproduced from IEC 61660-1[1997] for determining the rise time constant and the time for
reaching the peak current. This figure has also been reproduced by Berizzi et al. [1994] and Das [2012]. The time constant
7y in this figure means 7,5, and the time 7,5 means 7,, in equations (5.8) and (5.9), respectively.

PROJECT NUMBER REPORT NUMBER VERSION

502003620-2 2023:00713 1.0 250f 43



@ ﬂ SeaZero

100% of i , 1
. i t)fort >t
50% of iy () for0 < 1< ‘) decay( ) p
0 1 i
T T T
o 1, T

Time

Figure 5.2 | Example of the short-circuit current calculated with equations (5.8) and (5.9).

Figure 5.2 shows an example of short-circuit currents calculated with the method from IEC 61660-1[1997],
in other words, with equations (5.8) and (5.9). Notice that the method starts with parameters from a simple
RL circuit, but then uses empirical equations that emulate the results one would obtain if the polarization
effects and the dependency on SoC and temperature were taken into consideration. It is worth comparing
the shape of the current in figure 5.2 with the one for a short time constant 7 in figure 2.2b. They feature
similar characteristics, but were obtained with different methods. It is important to determine if the approx-
imations and safety factors adopted for equations (5.8) and (5.9) are good enough for lithium-ion batteries.
Evaluating the weaknesses and strengths of different short-circuit current calculation methods and assessing
their applicability to lithium-ion batteries is one goals of the Sea Zero Project.

ON MAXIMUM AND MINIMUM SHORT-CIRCUIT CURRENTS

In addition to the safety factors assumed for equations (5.8) and (5.9) by IEC 61660-1[1997], this standard
also assumes different conditions for maximum and minimum short-circuit current calculation. For
estimating the maximum short-circuit current, the following assumptions are made:

Conductors are at 20 °C.

Joint resistances of busbars are neglected.

Batteries are fully charged. There is no mention to SoH.

Decoupling diodes are neglected’.

Current-limiting effects of fuses must be considered (the standard does not specify how).

The minimum short-circuit current is based on the following assumptions:

e Conductors are at maximum operating temperature.

e Joint resistances of busbars must be considered (with methods provided by the standard).

e Batteries at final discharged voltage as specified by manufacturer (safety factor provided in case
this voltage is not available).

e Decoupling diodes have to be considered.

e Current limiting effects of fuses have to be considered.

9An example of how decoupling diodes can be used for connecting strings in parallel is shown in C&D [2022].

5.4.3 |EEE 1375 [1998] — Guide for the Protection of Stationary Battery Systems

IEEE 1375 [1998] has a companion standard, namely IEEE 946 [2020], whose full name is “Recommended Prac-
tice for the Design of DC Power Systems for Stationary Applications”. The line of demarcation between these
two standards is illustrated in figure 5.3.
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IEEE 1375 [1998] approaches battery modeling in more detail than the GE Data Book [1958] and IEC 61660-1
[1997]. IEEE 1375 [1998] states, for instance, that the “battery and battery circuit possess a measurable induct-
ance” and that the time constant of the cells themselves, directly between positive and negative terminals,
is on the order of 1to 3ms which means L, > 0 in figure 2.1. IEEE 1375 [1998] also mentions that the cell
polarization effects can be modeled by an R,C; pair with a short time constant and that the effects of this
pair for lead-acid and nickel-cadmium batteries last for no more than 15 ms. When it comes to the connecting
circuit inductance, IEEE 1375 [1998] states that the total inductive time constant of the battery system including
cables and busbars is in the order of 5 to 15 ms. Dependence on SoC and aging are also mentioned in regard
to the series resistance R,,. Furthermore, the variation of the OCV according to SoC for the pre-fault voltage
and for the voltage along a prolonged fault are mentioned by IEEE 1375 [1998] as well. Notice, however, that
no empirical equations or tables are provided to estimate the OCV and R, dependencies.

IEEE 1375 « | — |IEEE 946

Protection device

—1
 S—

Battery — DC system

- - - ———¢ - - - -

Figure 5.3 | Line of demarcation between IEEE 1375 [1998] and IEEE 946 [2020].

IEEE 1375 [1998] also discusses fuses and circuit breakers for DC systems. The standard suggests simplifying
a battery module to a first-order RL circuit with a single time constant z. This simplification requires the
practical measurement of the module’s short-circuit current. See figure 5.4 which was adapted from IEEE 1375
[1998]. In the examples given in the annexes of IEEE 1375 [1998] the battery system and the chargers are
reduced to first-order RL circuits. This is done despite earlier mentions to cell polarization effects (R,C),
OCV dependency on SoC, and R, dependency on SoC and aging. Therefore, when it comes to the practical
examples, the simplified battery model adopted by GE Data Book in 1958 is still used in 1998’s IEEE 1375.

100 % of i,

/
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7 at 63.21% of i

T : T T T
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- -
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10

Figure 5.4 | Approximation of the response of the short-circuit current of a module to a first-order RL system with a
single time constant 7. The 63.21% rule. Adapted from IEEE 1375 [1998].

ON PARELLEL STRINGS

IEEE 1375 [1998] reminds the designers of battery systems that they “should consider the effects of mul-
tiple string short circuits and the effect of a short circuit on an individual string in the parallel system.”
The standard also warns designers to “take caution to be aware of the different characteristics of par-
allel battery string systems from those of single string battery systems.” Nevertheless, the details of
selectivity among parallel strings are not discussed by the standard and are considered to be outside
the scope of this report.
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5.4.4 EPRITR-100248 [2002] — Stationary Battery Guide: Design, Application, and Maintenance

EPRI TR-100248 [2002] recommends that the simplest way to determine the peak short-circuit current at the
terminals of a battery system is to “ask the manufacturer”. However, for quick analyses, the short-circuit cur-
rent can be estimated as 10 times the 1 minute ampere capability of the cell at 25 °C. This crude method was
discussed previously in section 5.3.2.

When it comes to the influence of the inductance seen by the battery during a short-circuit fault, EPRI
TR-100248 [2002] states that “a typical stationary battery alone might have a time constant on the order of
less than 5 milliseconds at the battery terminals”. If the fault is located further from the battery, “the system
time constant might be as high as 15 milliseconds, or longer, depending on the fault location.” The modeling
approach suggested for the inductance effect is the first order RL circuit described by GE Data Book [1958].

5.4.5 |IEEE 666 [2007] — Design Guide for Electric Power Service Systems for Generating Stations

The now inactive IEEE 666 [2007] discusses briefly, in its section 6.10.1.1, the short-circuit current calculation for
battery systems. According to this standard, the battery should be modeled by the series/parallel combination
of the battery OCV, battery internal resistances, and the resistance and inductance of all conductors. In sum-
mary, the same method described by GE Data Book [1958]. The cable impedance depends on the conductor
size, length, and composition. Regarding the OCV, the standard recommends that it “should be obtained from
the manufacturer and should be the lowest value to which the voltage will drop when the cell is suddenly
placed under a heavy load.”

5.4.6 IEEE 946 [2020] — Recommended Practice for the Design of DC Power Systems for Station-
ary Applications

IEEE 946 [2020] has a companion standard, namely IEEE 1375 [1998], whose full name is “Guide for the Protec-
tion of Stationary Battery Systems”, see section 5.4.3. The line of demarcation between these two standards is
illustrated in figure 5.3. The annex C of IEEE 946 [2020] presents an example of an external short-circuit current
calculation for a battery system. The method is simple and only accounts for the battery equivalent OCV (series
and parallel cells), battery equivalent internal resistance (R in figure 2.1in page 11), and the total external res-
istance of cables. The following remarks are interesting to be made regarding the example of short-circuit
current calculation presented by IEEE 946 [2020]:

e The estimated bolted short-circuit current (zero external resistance) of one module is 11.111kA.

e The string short-circuit current considering the equivalent connections, cables, and a 10 mQ short-circuit
resistance is 5.675kA. In other words, a drop of almost 50 % from the maximum possible fault current
because of the external resistances.

5.5 Selection of Publications that Performed Short-Circuit Faults

In our extensive literature research, we have not found specific standards defining methods for external short-
circuit calculations for large lithium-ion battery systems. We have, nevertheless, come across interesting sci-
entific reports and papers on external faults on lithium-ion systems, as well as on systems with other chemis-
tries, that deserve to be commented in this document.

5.5.1 Gerner et al. [2003]: Calculated vs. Measured Short-Circuit Currents

In their white paper, Gerner et al. [2003] compared calculated versus measured short-circuit currents for valve
regulated lead-acid (VRLA) batteries rated 12V with capacities from 33 Ah to 200 Ah. The results of short-
circuit tests on an individual 12 V battery are illustrated in figure 5.5. From the test results presented by Gerner
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et al. [2003], we were able to to estimate the following characteristics of their battery and short-circuit test
rig.

e The OCV (assumed constant during test duration of 50 ms) is 12.4 V.
e Based on the steady-state values of the battery voltage and short-circuit current (after 1 = 10 ms), the
external test-rig resistance and the battery internal resistance can be calculated as
3V 124V -3V

=3V _167mQ and R, = 22V=3V_soma. 510
s T 18KkA e and %o 13KA m (5.10)

e With the resistances R, and R, and with the time it takes for the short-circuit current to achieve 63%
of the steady-state, we can estimate the total inductance of the system as

Ly+ L, =7z X (R, + Ry) =2.2ms x (1.67mQ + 52mQ) = 15.11 pH. (5.11)

However, we are not able to distinguish how much of the total inductance belongs to the test rig and
how much belongs to the battery. See in dashed blue in figure 5.5 the results of computer simulations
that we performed with the identified parameters in equations (5.10) and (5.11). Our intent with these
simulations is to verify if the test results obtained by Gerner et al. [2003] can be reproduced by an
impedance-behind-voltage model.

Gerner et al. [2003] stated that the measured external resistance of their test rigwas R, = 1.8 mQ. Given the
noisy curves in figure 5.5, we can say that there is a good match between the value of R, mentioned by the
authors and the estimated one with equation (5.10). Notice, however, that the authors did not measure the
external inductance L nor provided the battery’s internal resistance R,,.

127 @ —— Gerner et al. [2003]

o1 Simulated OCV, Ry, R,, L,
6d \

3 -
0

Battery voltage [V]

1.8
1.5 1
1.2 1
0.9 1
0.6
0.3 1
0.0 T T T T T T T T T

0 5 10 15 20 25 30 35 40 45 50

Time [ms]

Battery current [kA]

Figure 5.5 | Battery voltage (a) and current (b) during a short-circuit. Acquired with image identification techniques from
the original in Gerner et al. [2003] shown in solid red. The results of a computer simulation performed by us with an RL
model are shown in dashed blue.

Gerner et al. [2003] also tested a string with 40 x 12V batteries connected in series. This string was
protected by a thermal-magnetic molded-case circuit breaker (ABB S3N100TW - 3 pole, 100 A). More details
on this test rig can be found in section 6.2. The short-circuit current of the string behaved quite differently
from the short-circuit current of one single battery. For the single battery (figure 5.5), the current behavior
can be described by a first order RL circuit. However, the behavior of the short-circuit current for the string
(figure 5.6) cannot.

The results presented in solid red in figure 5.6 were logged by Gerner et al. [2003] with a sampling time
of 0.1 ms. Within this time scale, the rise in the short-circuit current from zero to above 5 kA happens almost
instantaneously. Gerner et al. [2003] attribute this spike “to the relative length of cabling for each ‘system’ and
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their inductive properties”. It is possible, however, to model the observed phenomena by including the pair
R, C, from figure 2.1.

8 400

Circuit breaker begins to open
0 T T T T T T T

String volta

<
= 51 @ —— Gerner et at. [2003]
5 47 N Simul. OCV, Ry, R;, Cy, R,
5 34 i
w 27 :
= i |
5 ool |

0 T T T

-2 0 10 12 14

Time [ms]

Figure 5.6 | String voltage (a) and current (b) during a short-circuit. Acquired with image identification techniques from
the original in Gerner et al. [2003] in solid red. The results of a computer simulation performed by us with RLC model
are shown in dashed blue.

The following analysis was performed by us based on the test results provided by Gerner et al. [2003] of a
string with forty modules in series (solid red lines in figure 5.6):

The total equivalent OCV is assumed constant, i.e., V' = 513 V.
The total inductance of the system must be close to zero to allow the almost instantaneous rise of the
short-circuit current to 5.7 kA, i.e,

L,+L;~0.

We expected the total inductance of a string of 40 cells to be higher than the one observed with only
one cell (see equation (5.11)). However, we do not have an explanation for the inductance of the string
being almost zero when the test in one cell indicated a total inductance of 15.11 uH (see equation (5.11)).
The external resistance R, can be estimated from the quasi steady-state values before the protection
circuit breaker begins to open at time t = 3 ms:

90V
_ =364mQ.
s T 2ATKA m

Notice how the total external resistance of the test rig increased considerably when compared to the
case of one single battery in equation (5.10).
The value of R can be estimated from the peak current at the time of the fault:

513V

RO+Rs = m = RO = 53.6 mQ.

The value of R, can be estimated from the OCV and the string voltage at = 3 ms:

513V 90V

- — R, =118mQ.
! 247KA 0 m

Assuming that the decay in the current from time zero to 3 ms is only determined by the time constant
Tre» then the capacitance C; can be estimated as:

0.4 ms
TRC:R1C1=>C1= 118 Q=34mF
m
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The results of a computer simulation with the identified V', R,, R, C;, and R, are shown in dashed
blue in figure 5.6. There is a good match between our computer simulation and the measured values
by Gerner et al. [2003]. It is worth emphasizing that we still have no explanation for the identified
inductance of the string being almost zero while the total inductance identified for one module was
not.

5.5.2 Smith et al. [2009]: Sixteen 18650 Lithium-ion Cells Connected in Parallel

In a paper on “Thermal/electrical modeling for abuse-tolerant design of lithium ion modules”, which borrows
from an extensive NASA report [Manzo, 2008], Smith et al. [2009] show the results of external short-circuit
faults applied to sixteen 18650 lithium-ion cells connected in parallel. Each of these cells has an internal series
connected PTC element that increases its resistance drastically after a certain temperature threshold is crossed.
The purpose of these elements is to limit the external short-circuit current once the cell reaches a given tem-
perature avoiding thermal runaway.

The model employed by Smith et al. [2009] for reproducing with computer simulations the real short-
circuit currents measured from the 16-parallel cells was the OCV behind an impedance shown in figure 2.1 with
the following adaptations:

e L, and L, set to zero (cables and connections of the test rig were short),
e variable OCV depending on SoC,

e variable R,C, and R, depending on SoC and temperature,

e and a variable external short-circuit resistance from 10 mQ to 70 mQ.

To include the temperature dependency, Smith et al. [2009] built a thermal model for each cell, including
their position inside the module. In fact, a considerable part of the paper is dedicated to the thermal modelling
and validation. The authors focused on the efficacy and robustness of the PTC elements for limiting short-circuit
currents. Notice that, differently from all the standards cited in section 5.4, Smith et al. [2009] included an
R, C,; pair in the their battery model.

5.5.3 Satake et al. [2014]: Guide for DC Breakers

Satake et al. [2014] published a guide for selecting appropriate Fuji Electric DC circuit breakers for protecting
against short-circuit and ground faults in photo-voltaic and wind energy systems. In this guide, the authors use
an equivalent circuit for the battery system with an internal OCV, a series resistance R;, and two pairs of par-
allel RC circuits connected in series. Satake et al. [2014] took the time to match the impedance characteristics
of their model in the frequency domain. They presented a chart with the real component of the impedance
in the x axis and the imaginary component in the y axis. Although the scale of the axes is not shown, there is
a good visual match in the frequency domain between the modeled and measured impedance values. Satake
et al. [2014] showed also a chart with the shape of the measured and modeled short-circuit currents. Similarly
to the impedance chart, the x and y axes have not units for time nor current. The shape of the currents meas-
ured and modeled by Satake et al. [2014], however, match the one illustrated by figure 5.2 in section 5.4.2. It
also matches the shape of the modeled short-circuit current with a short time constant 7 = R;C, shown in
figure 2.2 in page 12.

5.5.4 Gunther et al. [2017]: Tests on Lead-Acid Strings

Gunther et al. [2017] show the results of actual short-circuit tests performed with three different lead-acid
strings of 26 V each and capacities of 1496 Ah, 1800 Ah, and 2320 Ah. The authors show curves of real short-
circuit faults performed on a test rig, see more on this rig on section 6.4. Figure 5.7 illustrates the results of
the short-circuit test performed by Gunther et al. [2017] on the string rated to 2320 Ah. This string has 12 cells
in series. The inset of figure 5.7 shows the detail of the first 100 ms of the short-circuit transient. Gunther
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et al. [2017] took the time to match these initial responses to a simple model with an OCV behind an RL
impedance. It is important to remark that the shape of the current in figure 5.7 for the whole transient is
similar to the example calculated with IEC 61660-1[1997] shown in figure 5.2. Contrary to the observations by
Gerner et al. [2003] with a string of 40 VRLA batteries in series, the results obtained by Gunther et al. [2017]
show no indication of a sharp spike in initial short-circuit current.

14 4
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Figure 5.7 | Short-circuit current for a string of lead-acid batteries. Inset shows the detail of the first 100 ms after the
fault. String rated to 26 V and 2320 Ah. Data acquired with image identification techniques from the original in Gunther
et al. [2017]

5.5.5 Kriston et al. [2017]: Destructive Tests of Lithium-lon Pouch Cells

Kriston et al. [2017] performed destructive tests in lithium-ion 10 Ah pouch cells. These authors were interested
in the thermal evolution of lithium-ion cells subjected to long term short circuits. Most of their short-circuit
tests lasted for more than 100 s and were monitored with thermal cameras until the cells began to rupture,
vent, or leak electrolyte. Kriston et al. provided charts with logarithmic time scales. Therefore, the initial
milliseconds of the short-circuit tests could be visually assessed. Figure 5.8 shows the results, obtained with
image identification techniques, from the short-circuit tests of lithium-ion pouch cells.

2.0
< 1.5
c
0 1.0 4
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Figure 5.8 | Short-circuit current for 10 Ah pouch cells. Single-cell test in blue. Three cells in series in red. Data acquired
with image identification techniques from the original in Kriston et al. [2017]
From the data and charts presented by Kriston et al. [2017], the following analysis can be performed:

e Cells’ OCVs: V =4V.
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e Series resistance (R,) and total external resistance (R,):

- Single cell: Ry = 1.0mQ; R, = 1.3 mQ.
- Threecells: Ry = 1.0mQ, 1.0mQ, and 0.9 mQ; R, = 1.1 mQ.

Kriston et al. did not explain how R, was measured. They did not explain either why the total
external resistance (R,) for one single cell was lower than the one for three cells connected in series.
One would expect the extra connections between the three cells would increase the total external short-
circuit resistance.

e Roughly expected peak short-circuit current:

- Single cell: i,= zixg = 1.74kA. Three cells: i,= 4127\:2 = 3kA.

The roughly calculated peak currents are considerably higher than the ones observed during the
tests (figure 5.8). Based on this fact, and also on the shapes of the currents, one can conclude that a
more detailed equivalent circuit model of the cells might be necessary (R, C|, for instance) for properly
estimating fault currents. Another possibility is that the total external short-circuit resistance of the test
setup is, in fact, larger than the value informed by the authors.

ON CONTACTOR HICKUPS

e There are two initial spikes in the short-circuit current supplied by the single 10 Ah cell short-circuit
(blue) in figure 5.8. According to Kriston et al. [2017], these spikes are due to “the bouncing of
the copper bar contactor? of the short circuit test equipment after closure.”

e Contactor hickups as the ones observed in Kriston et al. [2017] hinder proper conclusions about
the initial milliseconds after the fault. They may also invalidate attempts to scale the results
obtained with reduced tests up to a complete large battery system.

9Emphasis given by us.

5.6 On State of Charge

As discussed in several passages of this report, the current provided by a battery system to an external short-
circuit fault depends on the battery’s SoC. Before concluding this section, it is worth discussing practical results
available in the literature of lithium-ion batteries short circuit tests at different SoC levels.

Xia et al. [2014] performed long-term short circuit tests in single 18650 cylindrical cells with the SoC varying
from zero to 100 % in steps of 10 %. The most noticeble differences in the short-circuit happen a few seconds
after the fault. The cells with SoC equal to and above 30 % feature peaks between 60 A and 70 A that drop
to a plateau around 30 A within 10's. The overall shape of the short-circuit current, with peak and plateau, is
similar to the one shown previously in figure 4.2 for Yang et al. [2020]. The cells tested with SoC equal to and
below 30 % feature a similar peak, but the short-circuit current drops almost exponentially to zero without the
previously observed plateau. Xia et al. employed a long sampling time of 100 ms. It is, therefore, impossible
to draw conclusions concerning the current rise in the first milliseconds after the fault.

Chen et al. [2016] performed external short-circuit tests in ten 18650-type lithium cells at SoCs varying
from 10 % to 100 %. The focus of Chen et al. was to identify external short-circuit faults to the cells employed
in electrical vehicle battery packs. The authors’ method, which is insensitive to the battery’s SoC, could identify
such a fault within 5s. Unfortunately, the charts provided by Chen et al. represent the initial milliseconds after
the fault as almost vertical straight lines. It is, nevertheless, worth comparing the peak currents achieved within
200 ms of the faults:

e 80% < SoC < 100 %: peaks between 70 A and 75 A,
e 20% < SoC <70 %: peaks between 60 A and 70 A,
e SoC = 10 %: peak at 52 A.
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Similarly to the results obtained by Xia et al. [2014], Chen et al. [2016] also observed that the most noticeable
difference in the peak short-circuit current within 200 ms of the fault is observed for the extremely low SoCs.

As a conclusion to the discussion on the peak short-circuit current versus SoC, we would like to quote Jung
et al. [2022]:

“From the test results for the short-circuit resistance of 30 mQ, it is found that the variations in the
magnitude of the current and temperature, depending on the SoC conditions, are insignificant and the
current and temperature profiles for both the prismatic and pouch-type batteries are similar in their
trends.”

ON SOC VERSUS PEAK EXTERNAL SHORT-CIRCUIT CURRENTS FROM LITHIUM-ION CELLS

e Jung et al. [2022]: SoC does not have significant impact in short-circuit currents (for the short-
circuit resistance of 30 mQ).
e Chen et al. [2016]; Xia et al. [2014]: the most noticeable differences appeared at very low SoC.
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Chapter 6

Short-Circuit Test Rigs

The proper validation of a method for the calculation of the external short-circuit current supplied by a battery
system demands, invariably, a form of real-life testing. Depending on the size of the battery system available
to those who propose a method, the tests are performed in reduced-scale rigs or with the complete real-life
system. In our research on methods for short-circuit current calculation for battery systems, we found similar
test rigs employed by different authors. In the following sections, we will describe a few relevant examples.
Notice that we did not reproduce the original figures from the scientific papers and industry reports.

6.1 Simple Rigs for Testing Single Cells

Authors that investigate external short-circuit faults in single lithium-ion cells tend to opt for simple test rigs,
which usually feature:

e one single cell under test,

e one power switch,

e short cables and connecting devices,
e one current measurement shunt.

In many cases, authors do not to specify any of the cables, connecting devices, and power switches they used.
For instance, in their study on external short-circuit diagnosis, Xia et al. [2014] did not show pictures of their
test rig nor specified the types of the contactor and cables. Xia et al. only mentioned the total external resist-
ance, which was 3.3 mQ. Another example of succint descriptions without detailing components was given by
Chen et al. [2016], which state that their “lithium cell, relay, and sensors are placed in a safety protection box
while the safety protection box is placed in the temperature control box. The relay module is driven by the...
controller to close, connecting the positive and negative terminals of the cell through a 25 mQ wire.” Other
authors, however, choose to describe in more detail their test rigs. For example, in their study of the influence
of the external short-circuit resistance, Abaza et al. [2018] showed a picture of their rig that was composed of
short connection cables, a 24 uQ shunt resistor, and a power contactor. Notwithstanding, Abaza et al. did not
inform the type or make of the power contactor employed for short-circuiting the battery.

6.2 String of VRLA batteries — Gerner et al. [2003]

In their white paper, Gerner et al. [2003] showed the results of short-circuit tests performed in single VRLA
batteries and in strings with 40 batteries in series. Figure 6.1 illustrates the test rig employed by Gerner et al.
[2003]. It is important to remark that the authors only described their test rig and did not shown any diagram
or picture of it. Therefore, figure 6.1 shows our interpretation of the authors’ descriptions in the white paper.
The short-circuit fault is closed with the “pressurized bolt switch”, but is opened by the 3-pole protection circuit
breaker.

PROJECT NUMBER REPORT NUMBER VERSION

502003620-2 2023:00713 1.0 35 of 43



@ ﬂ SeaZero

3-pole circuit breaker

ABB S3N100TW
100 A rated Hall sensor
550MCM cable Pressurized bolt switch Shunt resistor LEM LT 4000T
~279 mm? Only for closing 5000 A +0.25% 4000A +0.25%
String of . Assumed topology (No figure/diagram in the original paper)
40 VRLA batteries Total length of all 550MCM cables is 7.9 m

in series Total measured external resistance is 28 mQ (probably includes ABB breaker)

1)
550MCM cable

~279 mm?

Figure 6.1 | Test rig for short-circuiting a string of 40 VRLA batteries in series used by Gerner et al. [2003]. The diagram
is based on our interpretation of the authors’ description of the rig.

6.3 Automotive Cells — Conte et al. [2009]

Conte et al. [2009] tested automotive cells up to 60 Ah with peak measured short-circuit currents up to 6 kA.
Figure 6.2 shows a diagram illustrating the test rig employed by the authors. Although the paper shows a
picture and a diagram of the test rig, the data for the devices and cables are not provided. However, the
following guesses can be made:

e the cables seem to be stranded single-core (maybe 95 mm?);
e the picture of the rig seems to show the rear view of a three-pole air circuit breaker similar to a Siemens

3WL or an ABB SACE.
Cable Three-pole breaker Cable
Cable Shunt resistor 0 X D
Automotive cell —
VI,
Cable

Figure 6.2 | Test rig for one automotive cell used by Conte et al. [2009]. Cables, shunt, and the circuit breaker are not
specified by the authors in the paper.

6.4 Large Lead-Acid Strings — Gunther et al. [2017]

In their report on short-circuit currents in DC auxiliary systems in nuclear power plants, Gunther et al. [2017]
tested three different strings made of twelve lead-acid cells connected in series. Figure 6.3 shows a diagram of
the test rig employed by these authors. For one of the strings tested by the authors, two groups of cells were
connected in series by two non-specified inter-tier cables. Each group was composed of six cells connected in
series by metallic bars.

During the tests performed by Gunther et al. [2017], the following measurements were acquired:

e voltage across one cell;
e voltage across the whole string;
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e voltage at the shunt resistor;
e temperature of the test rig with an infrared camera.

The external temperature of the rig devices measured during the short-circuit tests with the infrared camera,
even for the unspecified inter-tier cables, stayed below 33 °C.

Six lead-acid cells
connected in series
with bars

Two parallel 535MCM
~ 2 %271 mm?
total 470.1 uQ

String « | — Test rig
I
Six lead-acid cells 1 Two parallel 535MCM Switch Shunt resistor
connected in series : ~ 2% 271 mm? 12.5 kA rated 10 pQ
with bars : total 303.5 uQ 65 kA breaking 100mV / 10 kA
I
It T > ]
1
Two parallel :
unspecified cables :
| | |
: Iit ]
1
I
I
I
I

Figure 6.3 | Test rig for twelve lead-acid cells connected in series used by Gunther et al. [2017].

6.5 Variable External Short-Circuit Resistance — Jung et al. [2022]

Jung et al. [2022] studied the influence that the external resistance has on the shape of the short-circuit current
of lithium-ion cells. These authors concluded that the required external-short circuit resistances by current
standards, among them IEC 62619 [2022] which is described in section 3.1.1, are too high.

Variable short-
Cable circuit resistor Cable Switch Shunt resistor

e wa " > —

Total external short-circuit resistance
Cell — including cables, connections, shunt resistors, and switches
from 5 mQ to 30 mQ

)

Cable

Figure 6.4 | Test rig for lithium-ion cells used by Jung et al. [2022].

Figure 6.4 shows a diagram of the test rig employed by Jung et al. [2022]. The authors did not specify data
for the cables, variable resistor, shunt resistor, and short-circuiting switch. However, they did show a picture of
the variable resistor which was made of elements connected to each other in series. To adjust the resistance,
one needed to reconnect the cable to the different tap positions, see illustration in figure 6.5.
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1 Possible tap 1 Possible tap 1 Possible tap 1 Possible tap
S
//\, /
&
S &
S

/@
&Q\;/
S

1 Input connection | Possible tap | Possible tap | Possible tap

Figure 6.5 | Diagram of the variable external short-circuit resistor employed by Jung et al. [2022].
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Chapter 7

Conclusion

In this report, we classified the methods available in the scientific literature for calculating the current provided
by large battery systems to external short-circuit faults into three categories, namely:
(1) electric-equivalent models that represent the whole battery system as an aggregated OCV behind an
impedance;
(2) empirical equations that use the aggregated OCV and impedance characteristics of the whole battery
system for describing the rising and decaying phases of the short-circuit current;
(3) analytical methods based in different time scales that feature, for instance, electrochemical kinetics and
transport phenomena, thermal modeling, and multi-physics coupled models.
The scientific literature on this third category is extensive. However, it is impractical for calculating external
short-circuit currents of large battery systems as it tends to focus on investigating dynamics of individual cells,
internal short-circuits, thermal runaway dynamics, and new chemistries or materials.

Both methods (1) and (2) named previously rely on estimating electric-equivalent parameters for the whole
battery system. The level of detail with which the system is modeled varies among different authors. In many
cases, only simple resistive-inductive elements were employed. In other cases, parallel resistive-capacitive
elements were considered. Temperature and SoC dependency were also taken into account by some authors.
Results of actual short-circuit tests presented in the scientific literature were digitized with image identification
techniques, plotted, and analyzed in this report. In many cases, simple resistive-inductive impedance models
were able to reproduce the results obtained with actual short-circuit tests of strings of battery cells connected
in parallel or in series. However, in one notable case, the models obtained from tests with one single battery
module could not be matched to the results obtained with a string of forty modules in series. This indicates
that the phenomena occurring in long strings of cells in series may not be properly captured by tests with one
single cell or module. During the Sea Zero project, it will be necessary to evaluate if tests of shortened or even
complete battery strings might be required.

The validation of a method for calculating the current supplied by a large battery system to an external
short-circuit fault demands, invariably, a form of real-life testing. As a part of the Sea Zero project, a laborat-
ory setup for testing individual building blocks or reduced versions of a large battery system will be built. For
these reasons, a chapter of this document was dedicated to describing relevant laboratory setups employed
by different authors in the scientific literature. The characteristics of the Sea Zero test rig will have to be rig-
orously determined encompassing the impedances of circuit breakers, fuses, cables, connections, and current
measurement shunts.

As a concluding remark, we reiterate a relatively common statement present in the scientific literature
during the last three decades: “methods for protection and short-circuit calculation of DC systems are not
well established.” Therefore, within the Sea Zero project, a thorough approach will be necessary for properly
forecasting fault currents supplied by large battery systems based on the results obtained with laboratory tests
of the system’s building blocks. In addition to the proper scaling and matching the laboratory test rigs, special
attention will have to be given to large scale phenomena that might not be fully observable in small scale tests.
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Abbreviations and Acronyms

The abbreviations and acronyms used in this report are listed below.

AC  Alternate current. 21, 22

CIGRE Conseil international des grands réseaux électriques, International Council on Large Electric Systems. 23
CPE Constant phase element. 11, 18

DC  Direct current. 3-5,7-9,19, 21, 22, 24, 27, 31, 36, 39

EES Electrical energy storage. 14

ESS Energy storage system. 19

EV  Electrical vehicle. 19

NASA National Aeronautics and Space Administration. 31

OCV Open-circuit voltage. 11-13, 20-25, 27-32, 39

PTC Positive temperature coefficient resistor. 13, 19, 20, 31

PV Photo-voltaic. 13

SoC State of charge. 5, 7, 11, 13, 14, 18, 20, 23, 24, 26, 27, 31, 33, 34, 39
SoH State of health. 7, 11, 26

VRLA Valve regulated lead-acid. 4, 28, 32, 35, 36
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