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Summary:

The growing sector of high-power mobile battery systems offers flexible solutions for
power delivery to diverse industrial applications at geographical locations that can vary
over time. Unlike traditional stationary battery systems and electric vehicles (EVs),
mobile battery systems (MBS) lack established testing frameworks tailored to their unique
requirements, necessitating further research. The thesis proposes a testing framework to
assess the MBS performance comprehensively. The proposal is formulated based on a
meticulous exploration of fundamentals of battery technology, the distinctive properties
of the MBS, existing test standards of stationary battery applications and EVs.

The proposed set of performance tests applicable for the MBS includes energy storage
capacity test, energy efficiency test, duty cycle test, self-discharge test, reference signal
tracking test, response time and ramp rate test, HPPC test, thermal performance test, and
cycle life test.

The thesis provides illustrative examples of potential test scenarios, resembling real-world
MBS configurations, along with applicable test equipment. It presents two possible test
settings and detailed descriptions and procedural guidelines for conducting individual
tests within this set-up.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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1 Introduction

The introduction chapter presents the background of the thesis. It also describes the objectives
of the work along with research scopes. Then thesis Organization is detailed, outlining the
sequential arrangement and sections of this thesis report.

1.1 Background

The ever-growing demand for electricity and together with the diverse and dynamic nature of
its operations, has reasoned for a search of innovative technology aimed optimal solution.
Traditional power generating and distribution systems are being reevaluated for sustainability
and efficiency in the face of ever-increasing energy needs. It is possible to make the electrical
infrastructure more adaptable and resilient using emerging technologies such as demand-side
management, energy storage, and smart grids.
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Figure 1.1: Global electricity demand and its forecast [1].

Electrical energy storage (EES) systems have proven to be exceptionally adept at handling a
number of crucial features of the power industry, such as hourly variations in pricing and
demand[2].There is increasing focus on EES due to rising attention about the environmental
consequences of fossil fuels used to generate electricity worldwide. The applications of EES
can provide better balance between the demand and the supply. The EES system is considered
as an optimal solution for load and generation balance, operating reserve, Frequency regulation,
Voltage support, Peak Shaving and many more[3]. There are several ways to store energy like
pumped hydro, Compressed air, electro-chemicals energy storage referred as battery. They are
used in different areas based on the nature of their applications.

Electrochemical devices that facilitate the conversion of chemical energy into electrical energy
are known as batteries. Technological advancements have tremendously benefited batteries,
providing appropriate power density for use in electric drive cars, including Plug-In and Hybrid
electric vehicles, power electronics devices and many more. The developing processes of
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battery started very rapidly in the late 19th century. Several types of battery have been invented
for example, lead-acid, nickel-cadmium (NiCd), nickel-iron (NiFe), lithium-ion and many
more [4].

Lithium-ion (Li-lon) batteries are superior to previous battery technologies in a number of
ways, including longer lifespans and higher energy density [5]. Lithium-ion batteries have
transformed our everyday lives by powering portable devices for almost the last thirty years.

The demand for batteries is on the rise due to potential new applications and prospects.
Therefore, the high-power battery sector is growing all over the world [6].

Appropriate management, monitoring, healthy operating conditions, and control techniques are
required in order to enhance battery performance, efficiency, safety, dependability, and
durability. For this purpose, The State of Charge (SOC), State of Health (SOH), cell aging,
Depth of Discharge (DoD) of batteries must be accurately estimated in real time by field or lab
observations.

Figure 1.2: Operation of mobile battery systems.

The utilization of high-power mobile battery systems offering flexible solutions for power
delivery for charging industrial installations and machinery is experiencing a notable surge [7].
This shift signifies a transformative trend, moving industrial equipment away from fossil fuel
reliance toward electrification, which will help create a more environmentally friendly and
sustainable operating structure. A considerable amount of research has been conducted to
determine optimal operating parameters for this system taking into account variations in
voltage, capacity, and charging methods. However, the sector lacks a standard testing system
to evaluate their overall performance. The diverse possible applications and the scope of
improvement in the gap with a focus of learning are the facts considered for the Thesis.
Therefore, it becomes clear that the question of this research is always relevant.

1.2 Objective

The thesis intends to investigate how different load cycle properties affect the cycle life and
ageing processes of Li-ion battery developed for high-power mobile battery systems for
charging heavy equipment with focusing points on challenges and requirements for different
configuration in voltage, capacity, and charging methods of the system. The high-power mobile
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battery systems should be operated within a standardized control technique. To confirm this,
regular monitoring and testing protocol should be maintained. However, it does not still have
any standard performance testing system like IEC62660 for Electrical Vehicles. Therefore, the
specific aim of the research work is to formulate a standardized testing protocol. Most of the
work in this thesis is carried out within the framework of a co-operation between University of
South-Eastern Norway (USN) and Skagerak Energi, a Norwegian company.

The research project has mainly two parts: review of state-of-the-art mobile battery systems
and proposing a test system for the mobile battery system. The key focus points of the thesis
are listed below.

e Review battery technology types and the degradation mechanism in the battery storage
systems.

e Conduct an in-depth review of state-of-the-art mobile battery systems utilized in
charging installations, industrial machinery, and relevant applications. Identify specific
challenges and requirements associated with these systems considering variations in
voltage, capacity, and charging methods.

e Review the testing and testbeds used for characterization of mobile battery storage
system.

e Propose relevant test procedures for the evaluation of mobile battery storage systems,
encompassing parameters, test frequency, and test conditions.

e Design an experimental setup to conduct performance testing of mobile battery
systems. If time allows measure and analyze the behavior of the batteries under various
loads and charging conditions (focusing on key parameters such as capacity, cycle life,
charge/discharge efficiency, voltage, and current characteristics).

1.3 Thesis Organization

Chapter 2 summarizes a limited literature review concerning the fundamentals of battery.
different battery chemistries, state of charge (SOC) and state of health (SOH), aging and
degradation process of battery. A detailed review of mobile battery systems, their
configurations, a comparative study between MBS and other battery systems, and its challenges
are presented in Chapter 3. Chapter 4 gives an analysis of existing battery testing standards
utilized in stationary battery systems and EVs. Chapter 5 describes a proposal of testing system
for the mobile battery system and test methodologies. Then Chapter 6 contains the conclusion
and some suggested future works.
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2 Battery Fundamentals

This chapter aims to provide theoretical background of battery fundamentals, the basic working
principles of the battery, different battery chemistry, energy storage capacity and their
applications. Battery state of charge (SOC), state of health (SOH), aging and degradation
mechanisms are also part of the chapter.

2.1 Working Principle of Battery

The operational principle of the lithium-ion battery relies on the continuous movement of
lithium ion between the anode and the cathode due to internal electrochemical reaction.
Consequently, it is classified as an electrochemical energy storage device which converts
chemical energy into electrical energy and vice versa. Lithium is the lightest metal with an
atomic number of three and a density of just 0.53 g/cm3. Compared to Standard Hydrogen
Electrode (SHE), Li+/Li couple -3.05 which indicates that it has a very low standard reduction
potential. Therefore, it is considered suitable for high density, high-voltage battery cells [8]. A
cell of a lithium-ion battery has mainly an anode, cathode, electrolyte, and separator. The anode
and cathode among them indicate the electrically conducting components. Typically, anode
and cathode are referred to as positive and negative electrodes, respectively. The electrolyte is
an ionically conductive medium which allows lithium ions to shuttle between the anode and
cathode. An electrically non-conductive membrane works as a separator between the anode
and cathode electronically. However, it allows lithium ions to transport through it while it
blocks any electrons from passing through. Figure 2.1 shows the main components of a lithium-
ion battery.

DISCHARGE CHARGE
ELECTROLYTE ELECTROLYTE
SEPARATOR ANODE () SEPARATOR —
COPPER CURRENT COPPER CURRENT
_ CATHODE(+) CATHODE (+)
ALUMINIUM CURRENT g ALUMINIUM CURRENT SO
COLLECTOR COLLECTOR
A~
%
SH R '*?}ff:u 1%
9 R%o% <4
5 s
. L= v 4
e A LHMETAL

LITHIUM ION

ELECTRON ELECTRON

OXIDES

Figure 2.1: Schematic diagram of intercalation mechanism in Li-ion batteries during charge
and discharge [9].

Materials of anode and cathode of lithium-ion batteries experience an insertion reaction for the
charging and discharging process. The process of the reaction is the movement of Li+ cations
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into the cathode and anode materials (insertion, intercalation) and out of them (extraction,
deintercalation), both of which frequently have a layered or tunnel structural pattern. During
the discharging process, Li+ ions travel from the Li containing anode, through the separator
soaked in electrolyte, and eventually intercalate into the cathode host structure. As a result, the
electrons flow through the external circuit in the opposite direction where it can power a device
and perform work. The opposite process takes place during the discharging response.

The positive electrode of a Li-ion battery is usually made from a transition metal oxide and
negative electrode made of graphite. The half-cell reaction, or one component of a redox
(reduction-oxidation) reaction, at the positive and negative electrode can be presented by
equation (2.1) and (2.2) as follows.

LiMO, = Li; + xMO, + xe™ + xLi* (2.1)
For the cathode where M refers to a transition metal oxide and for the anode, respectively.
Co + xLi* + xe™ = LixCgq (2.2)

In case of the LiMO2, the transition metal oxidizes from M3+ to M4+ during charging, while
there is a subsequent decrease from M4+ to M3+ during discharge[10].

The amount of charge stored per active mass or volume of a battery material is known as its
specific capacity(gravimetric/volumetric). Because the crystal structure becomes unstable at a
high degree of de-lithiation, the maximal usage of the theoretical specific capacity cannot be
fully utilized with higher levels of de-lithiation. The state of charge (SOC) of a battery is the
ratio of the remaining capacity to the theoretical capacity. Similarly, coulombic efficiency (1.)
refers as the ratio of amount of charge delivered at the discharge to the amount of charge taken
by the battery for charging. The ideal value of coulombic efficiency is 100 %. Reduced
coulombic efficiency values indicate electrolyte decomposition (permanent capacity losses),
degradation, and side reactions [11]. To comprehend these parameters and how a battery cell
works, it is crucial to understand electrochemical relations using thermodynamics.

2.1.1 Electrochemistry

Batteries indeed rely on a chemical reaction to produce electricity, and studying the
electrochemical process is crucial for understanding the functioning of a battery cell. The
amount of energy of a battery cell depends on its potential and the number of electrons transport
during the reaction process [12]. To measure the difference in potential between two electrodes
of a battery, standard hydrogen electrode is used as a reference that has the standard potential
of 0 V. The equation (2.3) shows the reaction of standard hydrogen electrode (SHE) [13].

2H +aq + 2e~ = H,(g) (2.3)

The cell potential refers to the difference between the reduction potential of two half-cells and
is presented in the equation (2.4).
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Egell = Egathode - Egnode (2.4)

The maximum effective work produced in a chemical process is determined by the Gibbs free
energy term, in accordance with the Gibbs free energy law. Entropy change (AS) and absolute
temperature(T) are the products of enthalpy (AH) and entropy, which results in Gibb's free
energy. The equation (2.5) shows relations among them.

AG = AH —TAS (2.5)

The maximal electrical work that results from an electrochemical reaction is represented by the
AG term. The equation (2.6) shows the relation between AG and potential difference between
the electrodes. It is also known as Nernst equation[14].

AG = —nFE (2.6)

where n is the number of transferred electrons, F the Faraday constant (F = 96485 C/mol) and
E is the potential difference between the electrodes.

Researching reversible work is essential for electrochemical processes. Reversible work occurs
only at equilibrium condition. Once the process moves away from the equilibrium condition,
some irreversible losses happen, and the entropy rises. The losses are ohmic potential drop,
charge transfer overpotential and concentration polarization overpotential. The equation (2.7)
shows the sum of reversible and the three irreversible losses[15].

Erev — gspont i + 7 2.7)

cell

where 77 is the ohmic potential drop and n accounts for the other losses.
Cell efficiency can be calculated from the equation (2.8).
Egsone E™ —1j— 1 (2.8)
Espont = Erev = ETev

2.1.2 Anode (Negative Electrode)

Anode is known as negative electrode of a battery as it is the negative side of cell and consists
of active material, binder, and current collectors. Negative electrode has lower open circuit
voltage (OCV) than cathode. Due to its affordable price and consistent charge and discharge
capabilities, graphite is the most preferred anode material in commercial cells. Li-ions can
intercalate and de-intercalate from the spaces between layers because of the graphite structure.
The properties of graphite when it is embedded with lithium ions prevent change in the anode
size, structure, and shape during cycling. To improve the charge and discharge performance of
batteries the surface of anode is coated with carbon. There is no anode material which has both
stability and energy density like graphite [16].
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Many researches have been conducted to increase the performance of graphite anodes. Increase
in interfacial surface area of graphite would result in an increase in battery power output. Hence
the surface area for lithium intercalates and de-intercalates also rises. However, there is a
possibility of consuming high amounts of lithium ions due to the larger surface to form the
Solid Electrolyte Interface (SEI) layer which results in reduction of battery capacity [17].

2.1.3 Cathode (Positive Electrode)

Typically, a transition metal oxide is used for cathode also known as positive electrode,
allowing lithium-ions to reversibly insert themselves into the structure. When the
thermodynamically favorable reaction takes place during discharge, the cathode serves as the
real sink for the lithium ions. Various research groups comprehensively analyze active
materials, such as intercalation, insertion and conversion materials, among the cathodes.
Despite having toxic and heavy metals, many cathode materials, such as LiCoO2 (LCO),
Li(NiMnCo)O2 (NCM), or Li(NiCoAl)O2 (NCA), show extremely high reversibility during
battery cycling[11]. Lithium Cobalt Oxide (LiCo02) is the most common among the positive
electrodes that manufacturers use in their Li-ion batteries. It contains a practical capacity of
roughly 150 mAh/g and a layered structure. Similar to Lithium Cobalt Oxide (LiCo0O2),
LiNiO2 is also a traditional cathode material with better cyclic behavior, high specific charge,
and high Open Circuit Voltage (OCV). However, at high temperatures, it can react adversely,
posing a risk to operational safety and causing difficult environmental and financial
implications during production and disposal.

One of the best materials for use as an anode is lithium iron phosphate (LiF ePO4) because of
its high energy density (about 170 mAh/g), low toxicity, great thermal stability, and
advantageous economic factors [18]. LiF ePO4 has a relatively high OCV of 3.0-3.5 V,
although having a lower OCV than LiCoO2, LiMn204, and several other cathode materials.
Unlike other cathode materials, LiF ePO4 keeps its OCV almost constant over a broad State of
Charge (SOC) interval[19].

2.1.4 Electrolyte

Lithium salts and organic solvents are the main elements of the electrolyte placed between the
electrode and the separator of a battery cell. Electrolyte is generally a liquid solvent. However,
sometimes it can be a polymer gel. The most substances used include dimethyl carbonate,
propylene carbonate, ethylene carbonate, LiBF4 and LiPF6. Here LiBF4 and LiPF6 are used
as lithium salts. Due to their ability to boost the mobility of Li-ions traveling between
electrodes, organic solvents are critical to the performance of the battery cell [20].

At low potential, the electrolyte becomes unstable, and its reduction on the graphite surface
results in the SEI, an insoluble coating first described by Peled in 1979. The SEI layer is
ionically conductive but electrically insulating. Therefore, electrically insulating property of
the SEI layer results in slow down of the reaction rate. To extend the life of lithium-ion
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batteries, the stability of the SEI layer is essential. An electrolyte additive or a combination of
electrolyte additives can be added to increase the stability of SEI layer. However, the additives
can lead to decreasing the rate of electrolyte oxidations reactions on the surface of cathode at
higher potential[21].

2.1.5 Separator

The separator plays a crucial role in the battery cell due to its impact on cycle life, safety, and
energy and power densities. Plastic films made of polyolefin are used to make most separators.
The separator is a porous membrane that maintains the two electrodes' physical and electrical
separation. Due to this separation, internal short circuit can be prevented. The separator is also
ionically conductive and electrically insulating like electrolyte. That means the separator
allows lithium ions to pass through it while it blocks electrons. The pores of the separator
should be big enough to move lithium ions through it, about 1 um [20].

The addition of ceramic additives increases thermal and mechanical properties of the separator.
Protecting the battery cell against internal short circuits caused by metal particle penetration
can be achieved by applying ceramic coatings on the separator. Applying more thin ceramic
layers to anodes can also reduce the possibility of thermal runaway and local particle
penetration[22].

2.2 Different Battery Chemistry

Batteries are classified based on the materials used in their different components. The features
and performance characteristics of batteries vary depending on these materials. The battery
technologies commonly used in large-scale energy storage are lead-acid, nickel-cadmium
(NiCd), sodium-sulfur (NaS), and lithium-ion. Each type has distinctive properties to meet the
needs of diverse applications. Not every battery type is appropriate for all applications [23].

Lead-acid batteries have very low energy density compared to their volume and weight and
thus bulkier and heavier. However, its low cost and its capacity to store relatively large power
and provide high surge currents are suitable for automotive starting applications and storage in
backup power supplies. Nickel-cadmium (NiCd) batteries using nickel hydroxide and metallic
cadmium as electrodes have features of high tolerance for overcharging, deep discharging, and
relatively low self-discharge rate. Even though having exceptional durability, their lower
energy density compared to lithium-ion limits their use in compact, high-energy-demand
devices. Sodium-sulfur (NaS) batteries have properties like high energy density, and the ability
to store large amounts of energy. They utilize molten sodium and sulfur as electrodes, enabling
efficient energy conversion. Despite offering attractive solutions for many large-scale electric
utility energy storage applications, the batteries require careful temperature regulation and pose
safety concerns due to the reactive nature of their components[24] [25] [26].

Lithium-ion batteries have a higher power density(W/Kg) and energy density (Wh/Kg). Thus,
they provide the same amount of energy in a lighter, more compact design compared to
other types of battery. Besides this, their characteristics like long life, low maintenance cost,
low self-discharge, and high efficiency are some of the reasons making them the most
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favorable choice for various applications. They employ various chemistries, including lithium
cobalt oxide (LCO), lithium iron phosphate (LFP), lithium manganese oxide (LMO),
and lithium nickel manganese cobalt oxide (NMC)[27]. Characteristics of different types of
batteries are presented in Table 1based on the research paper[23] [24] [25] [26] [27].

Table 1:Characteristics of different types of battery.

Type Specific energy Specific power Cell voltage Life Cycle
(Wh/Kg) (W/Kg) V) (80% DOD)
Lead-acid 30-50 150-250 2 400-800
Nickel-cadmium (NiCd) 35-80 150-350 1.2 500-2000
Sodium-sulfur (NaS) 100 150-200 2 2500-4500
Lithium cobalt oxide 150-200 300- 1500 3.7-3.9 500-1000
(LCO)
Lithium iron phosphate 90-170 300- 1500 3.3 2000-4000
LFP
Lithium m(anga)nese oxide 100-150 300- 1500 4.0 300-700
(LMO)
Lithium nickel manganese 150-200 300- 1500 3.8-4.0 1000-2000
cobalt oxide (NMC)

2.3 General Terminology

2.3.1 Capacity

A battery's electrical capacity is the maximum current it can provide over an amount of time.
Battery capacity is estimated in ampere-hours (Ah). Similarly, based on the energy, capacity
can be measured in watt-hours [28]. as shown in equation (2.9) and (2.10).

Q=1Ixt (2.9)

0 (2.10)
Q—Llﬂ

The primary parameter for the health of a battery is indicated by its actual capacity. Comparing
the actual capacity to the manufacturer's rated capacity presents a reasonable assessment of the
battery's condition. Battery capacity estimation includes several factors that make it a difficult
task. The discharge method is thought to be the most accurate way to determine a battery's true
capacity. The discharge method involves monitoring the charge or energy during draining the
charge of the battery from a fully charged condition to empty state [29].
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2.3.2 C-rate

Battery charging and discharging rates are determined by the C-rate. Common battery ratings
are 1C, which indicates that a fully charged battery rated at 1Ah should deliver 1A for an hour.
The same battery can be charged or discharged at 0.5C rate when it will take double amount of
time[30]. C-rate is calculated as the proportion of applied current and capacity of battery as
shown in equation (2.11).

Current[A] (2.11)
Capacity[Ah]

rate —

2.3.3 DOD

The depth to which a battery can be discharged is known as its Depth of Discharge (DoD). It
is stated as a percentage (%). Discharging the battery beyond its DOD can cause damage of the
battery and reducing health and lifespan of the battery[31].

DOD is generally defined by battery manufacturers based on battery material. The cycle life of
the battery can result in changing DOD. Maintaining the DOD is essential to avoid over-
discharge which can lead to irreparable damage to the battery.

2.3.4 Coulombic efficiency

Columbic efficiency is defined as the ratio between discharge capacity and charge capacity of
a battery. It describes the relation between the deliverable charge of the battery and its
absorbing capacity. Applying equation (2.12) columbic efficiency can be calculated. It is
expressed as percentage[32].

discharge capacity (2.12)

Columbic ef ficiency = charge capacity

2.3.5 Constant Current — Constant Voltage

The charging technique for Li-ion batteries that is most frequently used is constant current
constant voltage (CCCV). First, a constant current is applied to the battery at a specific rate.
When it reaches a voltage limit, it changes the charging method to constant voltage. This
constant voltage causes an increase of terminal voltage to open circuit voltage (OCV). In this
charging method the voltage is ensured not to cross the limit, which can result in irreparable
damage of the battery[12].
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Figure 2.2: Constant current constant voltage charge.

2.4 State of Charge

State of charge (SoC) indicates the battery's remaining capacity at a given time and in relation
to a given state of ageing [33]. It is expressed as the percentage of the amount of charge in the
cell compared to the amount of charge when fully charged. SOC can be calculated applying
the equation (2.14). It is important to note that a 0 SOC does not indicate that the battery is
completely empty; rather, it indicates that further discharging the battery is no longer possible
without resulting in irreversible chemical reactions or other permanent damage[34].

amount of ch
S0C = f charge % 100 (2.13)
amount of charge when fully charged

U

Qdischarged (2. 14)

SoC = (1— ) X 100

rated
Here,
Q.ateq 1S the rated capacity of the battery.
Qremaining 1S the remaining capacity of the battery.
Quischargea 1 the total released charge for the battery.

SOC is one of the most important factors for battery safety and management because extremely
high and too low SOC due to deep discharge or overcharge can lead to permanent damage of
the battery[35].
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2.5 State of Health

The term "state of health” (SOH) refers to an abstract idea that is used to quantify a battery's
condition. It indicates the cell's capacity in relation to the battery's initial capacity and is used
to determine the health of the battery. SOH is typically expressed as a percentage, with 100%
denoting completely healthy where 0% denoting not operable condition. The end of life (EOL)
of a battery is defined by the manufacturer at a certain level of SOH where battery can be
operated with very low efficiency or a fraction of its rated capacity. The general mathematical
formula to calculate SOH is shown in equation (2.15).

Capacity when fully charged (2.15)

SOH x 100

- Capacity when fully charged when new

However, SOH estimation requires a complicated procedure. The measurements must be made
at the same temperature and C-rate in order to produce accurate results and allow for value
comparison. The capacity of a battery depends on several factors. Therefore, to obtain a precise
and comprehensive definition of SOH, the equation (2.15) needs to applied and complemented
based on the factors of battery capacity and its test conditions[36]. The most common approach
for characterizing SOH is to consider the capacity fade. The reduction in battery capacity is
referred to as capacity fade. Calendar life, cycle life, and battery deterioration all contribute to
capacity loss. The number of cycles the battery has completed is its cycle life. The duration of
the battery's total operation is known as its calendar life[37].

Because of the increasing age of battery, some internal degradation happens. This degradation
causes an increase of battery internal resistance, SEI layer in anodes and overall capacity
reduction (see the Degradation and Aging Mechanisms section). This factors contribute to
decreasing SOH[32] [38] .
The factors that determine the SOH of a battery are mainly.

« Capacity

« Internal resistance

+ Self-discharge

A large number of research has been conducted on developing different methods of SOH
estimation. A comprehensive review of this studies can be found in [39] [40] [41].

Based on the research paper the following methods of SOH estimation are presented here.

2.5.1 Experimental methods

The best and most straightforward way to observe the battery’s behavior is to measure the
voltage, current, and temperature of the battery. Experimental methods may offer advantages
for case studies and individual analyses. This method requires a considerable number of test
procedures and calculations to collect the necessary data to estimate SOH [39]. However,
because of several external factors and systematic errors, it is not always possible to gather
accurate information during the experiment. Internal resistance can be calculated using
experimental techniques applying both direct and indirect measures. Internal resistance,
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impedance, battery capacity, and other tests are classified under "direct measurements.” The
charging curve approach, the ICA and DVA method, ultrasonic examination, and data
optimization and processing to identify SOH parameters are examples of indirect methods [42].
Direct measurements

e Internal resistance measurement

e Impedance measurement.

e Capacity test

Indirect analysis
e Charge-Curves
e incremental capacity analysis (ICA) method
o differential voltage analysis (DVA) method

2.5.2 Model-Based Method

To estimate a battery’s state of health using a model-based method, it requires enough
experimental results for determining the dependence of essential characteristics of the battery,
such as current, voltage, and capacity, on the battery’s ageing. The battery's health can be
calculated without destroying the battery if the model has been validated by the set of
experimental findings. The technique is therefore suitable for battery management systems
[42]. The following are examples of model-based SOH estimation methods.

e Equivalent circuit model
e Electrochemical model
e Mathematical fitting

2.6 Degradation and Aging Mechanisms

Degradation and aging of lithium-ion battery is a complex chemical process caused due to
cycling and operating conditions. Degradation of a battery happens on a microscopic level of
element used in it. Several factors contribute to the degradation and aging process of the
battery. For example, loss of lithium inventory, loss of active material of anode and cathode,
increasing internal impedance, growth of the SEI layer[12]. These factors lead to a reduction
of battery capacity known as capacity fade.

Operating battery under extreme operating area like high temperature and high charging rate,
over SOC results in an irreversible aging and cell failure [43]
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Figure 2.3: Factors affecting cycle and calendar life. Inspired by [24].

2.6.1 SEl Formation and Growth

The solid electrolyte interface (SEI) forms on the surface of negative electrode. The SEI, a
coating layer, has properties of solid electrolyte. It forms first when the liquid electrolyte of a
battery gets contact with the negative electrode having electron conductivity. It functions as a
solid electrolyte and is usually formed at voltages lower than the electrochemical stability
window of the electrolyte. Its existence, however, can expedite irrevocable redox reactions that
result in electrolyte loss and breakdown [43].

Initially, during the cell's first cycle, a direct reaction between lithium and graphite produces a
thin solid surface film (SEI) mainly consisting of alkyl-carbonates, polymers, and Li,CO5 [44].
As a result, this process causes an initial loss of 10% capacity. However, it works against
further reaction of the electrolyte at the negative electrode[43]. Since the very thin thickness of
SEI layer, it is electrically insulating and provides sufficient ionic conductivity for the Li-ions
into the graphite particles. This too thin SEI layer allows a few numbers of electrons to tunnel
through the film and results in further formation of SEI. This process continues until it grows
a steady state thickness of SEI and significantly affects the internal impedance of the battery
cell.  The increased impedance generates heat in the battery during charging and
discharging[45].

2.6.2 Lithium Plating

Lithium plating is referred to as a side reaction that results in a deposition of metallic lithium
on the anode surface instead of the intended intercalation. When negative electrode becomes
fully lithiated that can cause Lithium plating. In that case lithium has nowhere to go. This can
happen during first charging where the rate of the side reaction in relation to the main
intercalation process is increased by the high electrolyte potential. Even normal operating
conditions as the cell ages and operating battery below freezing temperatures cause plating[43]
[46].

Lithium plating reduces battery life by limiting intercalating and fast charging capability. It
also causes further degradation that negatively affects thermal stability and safety of the
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battery. In some cases, it results in lithium dendrites and makes thermal runaway easier to occur
[47].

Lithium plating has both reversible and irreversible components. The plated metallic Lithium
increases SEI growth that can electrically isolate some lithium, forming unrecoverable dead
lithium. Dead lithium and increased SEI development both result in a decrease in lithium
inventory and worse conductivity due to pore blockage [43].

2.6.3 Electrolyte decomposition

All carbon-based electrodes have a feature of Electrolyte decomposition. In the operating
potential range, the electrolyte is instable to the carbon material. This process causes
consumption of lithium ion and reduces the number of available lithium ions to be cycled. Even
after the first few cycles of the battery this process can occur and result in electrolyte
decomposition. Several side reactions between lithium ions, electrolyte and electrode surface
take place during operation of the battery and form a passive film referred as SEI at the negative
electrode. This film prevents further reactions. This growth of SEI causes a reduction of
cyclable lithium ions during the life of the battery and hence the capacity of the battery also
decreases. Moreover, the battery internal impedance increases due to a lower temperature
which makes lithium diffusivity more difficult. Thus, the power of the battery goes down [48]
[49].

2.6.4 Particle fracture

A substantial change in volume of electrode results in stress during electrochemical reaction in
the battery. This causes particle fractures in both electrodes. Due to high local current density
causing larger stress, fragmentation of local particle have been noticed near the separator[43].

Particle fracture hinders electrical contract between current collectors, conductive additives,
and active particles. Thus, there is a reduction in electronic or ionic conductivity in the battery
which leads to capacity fade. It also enhances the formation of SEI[50].

2.6.5 Resistance Increase

Increasing battery cycles causes increased resistance which makes moving lithium ions through
battery cell harder. The discharge curve moves towards lower voltage while charging curve to
higher voltage due to increased resistance. This leads to less energy in battery cells. VVoltage
drops in the battery increase with the increase of the ohmic resistance and thus more heat
generates during operation of the battery[12].

Loss of electrical contract between current collectors, conductive additives, and active particles
increases internal resistance and promotes aging. Formation of SEI, Volume variations, Particle
fracture, Electrolyte decomposition result in electrical contact loss in a battery cell. Similarly,
Operating battery under extreme operating area like high temperature, high charging rate, over
SOC, very low SOC leads to increased resistance[51].
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3 Mobile Battery Systems

This chapter introduces readers to the mobile battery systems (MBS). It provides an overview
of MBS and their area of application. It includes mobile battery systems size and configuration.
Challenges of this system are also discussed in this chapter. After that a technical comparison
between mobile battery system and other battery system applications is presented.

3.1 Introduction to Mobile Battery Systems

The MBS is defined as a truck-mounted or vehicle-mounted transportable energy storage
system having standardized physical interfaces for plug-and-play operation [52]. The MBS can
be installed at various power distribution network nodes to optimize efficiency and offers
extremely flexible electric power delivery [53]. Similar to conventional stationary battery
energy storage systems, the MBS incorporates an energy conversion system alongside battery
packs. The entire system is mounted on either large vehicles or containers, enabling mobility
to various locations.

The system comprises two primary components: an energy storage medium and a power
conversion system. A typical MBS is depicted in the Figure 3.1
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Figure 3.1: A typical mobile battery system [54].

3.1.1 Energy Storage Medium

The battery for MBS applications needs to be inherently resistant to abuse conditions including
overcharge, short circuit, exposure to harsh temperatures, crush, mechanical shock, and
vibration. High specific energy and power, extended cycle life, high efficiency, wide operating
temperature range, and affordability are essential for this type of application in order to support
commercial viability. Recent advances in lithium-ion battery technology have demonstrated
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substantial promise for improving specific power, specific energy, charging rate, and safety.
As a result, the most common energy storage technology used in MBS is lithium-ion batteries
[55] [56]. LiCO2, LINCA, LINMC, LiFePO4, LiMn204, LiT are examples of various electro-
chemistry utilized for this type of applications. According to [53], a typical MBS features a
lithium-ion battery with parameters as shown in Table 2.

Table 2 : Typical parameters of mobile battery systems

Item Parameters
Energy density 250(Wh/kg)
Power density 500(W/kg)

Life cycle 1500(times)
Energy efficiency 85%

The battery modules are arranged in a shell formation in a container having limited space and
weight carrying capacity. Consequently, the specs and technical attributes of each battery
version must therefore be carefully considered during the selection process of a battery type.
The critical key factors for battery selection encompass are the following.

Smaller size and lower weight
Temperature tolerance

— Less maintenance

Cost of battery

3.1.2 Power Conversion System

Similar to stationary battery systems, the power conversion unit within MBS facilitates the
transfer of energy between the battery and external devices or electrical systems. In an MBS
this unit typically comprises two types of converters: an AC-DC converter and a DC-DC
converter, the selection of which depends on the specific application requirements. The AC-
DC converter functions as a bidirectional converter, enabling the conversion of alternating
current (AC) to direct current (DC) during the battery charging process and vice versa during
discharge. Conversely, the DC-DC converter is employed to discharge the battery power to a
direct current (DC) load. The control unit includes a Human Machine Interface (HMI),
Programmable Logic Controller (PLC), voltage and current sensors, temperature sensors and
other sensors. The major component of an MBS is depicted in Figure 3.2
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Figure 3.2: A schematic diagram of a typical mobile battery system.

3.2 Application of Mobile Battery Systems

The MBS offer portable, scalable, silently operatable ways to power various applications in
different environments. The systems find a wide range of applications across industrial sectors,
including emergency response, construction, entertainment, telecommunications, and remote
off-grid locations. The system can operate both normal conditions and during emergency
events. During normal operational condition, they can serve grid-related functions such as load
leveling, peak shaving, spatiotemporal energy arbitrage, reactive power support, renewable
integration, and transmission deferral[52]. Moreover, they can facilitate the charging of heavy
equipment and electric vehicles (EVs). MBS can serve as essential sources of backup power
for both industrial establishments and residential dwellings. Following natural disasters such
as hurricanes or earthquakes, these systems can be deployed to provide essential energy
support[55].
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Figure 3.3: Application area of mobile battery systems.

3.3 System Size and Configuration

The size and configuration of MBS are determined by factors such as their intended
applications, portability, and the type of batteries they use. Many studies have been conducted
to determine the optimal dimension for these systems. For example, the optimal sizing of MBS
for renewable energy integration was studied in [57] and [58]. Another study in [59] , an
algorithm was introduced to determine the optimal size and location of a MBS in power
distribution systems to improve voltage regulation and power losses. The study [60] presents a
MBS designed to integrate with a stationery system. Many companies operate MBS with
various options and configuration in the market, ranging from smaller units with a few kilowatt-
hours (KWh) of capacity to larger systems with up to several megawatt-hours (MWh) capacity.
A compact container can house an entire MBS with a small capacity. However, for systems
with a larger capacity, it may be necessary to utilize two separate containers: one to
accommodate the battery packs and another for the power conversion unit. A container with
battery storage system shown in Figure 3.4
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Figure 3.4: A container with battery storage system[61].

The configuration of a system with a rated power of LMW can differ from one company to
another. The specific configuration for such a system is outlined in Table 3.

Table 3: Specification of a battery system with 1MW rated power.

Manufacturer EVESCO

(Electric Vehicle Energy Storage Company)

Rated Power 1MW
Input/Output Voltage 690Vac
DC voltage Range 1075.2 - 1363.2 Vdc
Frequency 50/60 Hz
Rated Storage Capacity 2064kWh
Battery Chemistry Lithium Iron Phosphate (LiFePO4)
Container 1(6058mmx2438mmx2591mm)
Application PV, Micro-grid, Peak-shaving, Backup

Power, EV Charging

3.4 Challenge of Mobile Battery Systems

Despite their numerous advantages and wide-ranging applications, MBS also faces several
challenges that should be carefully considered. Operational boundaries, technological
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limitations, and regulatory requirements are some of the causes of this challenge. Addressing
these issues is essential for reliable operation and high efficiency of the MBS in various
environments. A survey on challenges and solution of the MBS was conducted in [62]. In
another study [52] presents challenges of the systems to integrate with grid system. As per the
study, the challenges confronting MBS encompass transportation logistics, grid limitations,
cost-effectiveness, and integration for enhancing power grid resilience during emergency
response. The primary challenges faced by these systems are outlined as follows.

— Ttransportation

— Energy storage limitations

— Environmental challenges

— High investment and charging cost.
— Grid peak demand conflicts.

— Optimal Operational Scheduling

3.5 Comparison Mobile vs Stationary Battery Systems

Even though capacity and system size of MBS is limited by transportability of the entire
systems, they can serve the purpose of a stationary application also. In terms of applications,
both mobile and stationary battery systems (SBS) can share common applications and
operational domains. In particular, both MBS and SBS exhibit applicability in integrating with
grid systems for purposes such as load leveling, peak shaving, and photovoltaic (PV)
smoothing. Moreover, combination of MBS and SBS presents the potential solution for the
mentioned applications [60]. MBS and SBS.

Table 4 shows the common applications of both MBS and SBS.
Table 4: Comparison regarding applications of both mobile and stationary battery systems.

Application Mobile battery Stationary battery = Combination of
systems system both systems

Off-grid Power

Frequency Regulation v v v
Load Levelling v v v
Renewable Energy (PV) v v v
Peak-Shaving v v v
Reactive Power Support 4 v v

Technically the system configuration for both systems can be the same. And can be operated
within the same operational boundary. A technical comparison between an MBS designed for
1MW rated power and a battery system for stationary applications is presented in Table 5.
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Table 5: A technical comparison between same sized mobile and stationary battery systems.

Description Mobile battery system Stationary battery system
[61] [63]
Battery Chemistry LiFePo4 LiFePO4
Rated power 1000kW 1000kW
Nominal Energy 1106 kWh 1200kWh
Nominal capacity 1440Ah 280Ah
DoD 95% 80%
Nominal DC Voltage 768 V 716.8V
DC voltage range 672—-852V 627V - 817V
Nominal AC Voltage 430V 400V
AC Voltage range 423- 528 volts -
Maximum C-rate 1C 1C
Temperature range -20°Cto 55°C 0°Cto 55°C

It is possible to see MBS as transportable versions of SBS due to the similarities between the
two systems' applications operational domains, battery technology, and technical requirements.

While MBS and SBS share certain features and objectives, a detailed examination reveals
significant differences in system size, energy density, mobility, and operational scope. Due to
transportation limitations, MBS prioritizes compactness and lightweight construction.
Consequently, battery chemistry in these systems necessitates high energy density (Wh/kg) and
power density (W/kg) to maximize achievable system size. In contrast, stationary battery
systems can afford to be larger and heavier, as they are intended for fixed installations and are
not subject to the same mobility constraints. The largest stationary battery system has an energy
storage capacity of 3287 MWh whereas 12MWh capacity is recorded as the largest MBS[64]
[65]. Stationary systems prioritize characteristics like lifespan and cycle life because they are
installed for long-term solutions and primarily serve large-scale power demands. Compared to
their stationary counterparts, MBS have a wider range of applications and can meet power
needs in locations that are inaccessible to stationary systems.
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Figure 3.5: Interior view a battery storage power plant [64].

MBS, lacking fixed installed structures, are subject to exposure to diverse environmental
conditions, necessitating robust thermal management systems to ensure optimal performance
and safety. Indoor installation setups simplify the maintenance of consistent environmental
conditions in SBS.

For MBS, frequent mobility means higher operating expenses. This results in higher per unit
($/kWh) energy cost compared to SBS [53]. Additionally, transportation requirements
necessitate additional safety measures to mitigate the risk of system damage from vibrations.
In order to reduce the possibility of damage during mobility, additional safety precautions are
also required, for example vibration monitoring, use of anti-vibration mountings for battery
racks and inverters.

Table 6:A general comparison between mobile and stationary battery systems.

Description Mobile battery system Stationary battery system
Purpose Short-term power supply Long-term power supply
System size range Few kilowatts (KW) to Few kilowatts (KW) to
several mega-watt (MW) several giga-watt (MW)
The recorded largest system 12MWh 3287 MWh
Prioritize factor High energy density Lifespan, cycle life, cost of
(Wh/kg), power density energy
(W/kg)
Mobility Transportable Non-transportable
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Battery technology Mainly Lithium ion Several types of battery
(lithium ion, lead-acid)
Environmental barrier It is subject to exposure to It is not exposed to a variety
diverse environmental of environmental factors.
conditions
Cost Higher per unit energy cost Lower per unit energy cost
Safety requirement Additional safety Fixed installation and thus
precautions required due to requires fewer safety
frequent mobility precautions.

Comparison Mobile Battery Systems vs. EV

Battery systems for electric vehicles (EV) is a complex concept. It requires higher power
delivery in short intervals to meet motor demands while ensuring vehicle safety. This
necessitates an efficient packing of the battery system within the vehicle's framework to
maximize power storage capacity to support extended driving distances without frequent
recharging. Compared to MBS, the EV battery system’s size is relatively lower ranging from
0.5 kWh to 100kWh. The voltage range is 100v-200V for hybrid/plug-in hybrid vehicles and
400-800V for electric-only vehicles. DC-DC boost/ buck boost converter is used to this

system[66].
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Figure 3.6: A electric vehicle (EV) battery system [67].

Table 7 provides a technical comparison between the configurations of Tesla electric vehicles
and an equivalently sized transportable MBS.
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Table 7:Technical comparison between an MBS and battery system of Tesla EV car.

Description Mobile battery system  Tesla Model 3

Battery 3.2V 90Ah LiFePO4 LiFePO4

Rated Power 60 kW -

Nominal Energy 128kWh 60.0 kWh

Nominal Voltage 400 Vac No

Voltage Range 314 - 398 Vdc 355V DC

Power converter Bi-directional DC-DC converter
conversion

Operating Temperature -20°C to 40°C -30°Cto 60°C

Range

Cooling Forced air cooling Forced cooling liquid

(Water and glycol)

Differences in purpose, system size, applications, and operating circumstances are evident
between the MBS and electric vehicles (EVs). MBS works as substitutes for SBS and have a
wide range of applications. While the battery system for electrical vehicles has fixed
application to supply power to motor of the vehicles. The above thorough analysis of MBS,
SBS and battery system of EVs reveals that MBS bear greater resemblance to SBS than to
battery systems designed for electric vehicles (EVs) [26] [68].
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4 Battery System Testing Methodology

This chapter presents an overview of performance tests and testing methodology applied in
battery system for both Electric vehicles (EV) and stationery application. It includes a
generalization of testing requirements and challenges. A summary of different test standers is
shown in this chapter. Based on the overview of battery system testing in this chapter a testing
proposal for MBS will be given in the next chapter.

4.1 Battery Testing

There is no uniform testing method that exists to quantify all the characteristics and conditions
of a battery in a single comprehensive test. Since technical characteristics like SOC, SOH
cannot be measured directly from a test, different methods are applied to estimate these
conditions using test results conducted in various degrees [69]. The battery tests can be
conducted in three levels like cell, module, and pack level. Every testing level presents different
information about the condition and performance of the battery.

4.1.1 Cell Testing

Battery cell testing examines the behavior of chemical reactions to comprehend
electrochemical performance attributes and predict the viability integration into a battery
module or pack [70]. In the cell testing, the internal chemical reactions, properties of cell
materials, cell performance, energy storage capacity are some of the main focus points of study.
The testbed for cell testing requires a small setup compared to module and pack testing. A
thermal chamber and a cell cycler are enough to conduct performance test of a battery cell.
Even though battery cell testing is easier and requires small test setup, it does not represent the
entire battery system in high power applications, for example EV.

4.1.2 Module Testing

Module testing investigates the behavior of battery as a unit consisting of many cells. Based
on the application of the module battery module testing is selected. The testing focuses on the
overall battery performance, cell balancing, safety, internal heating characteristics and many
more under different environmental conditions. Module testing requires a bigger test setup
compared to cell testing and thus more expensive than cell testing. Even though it is cheaper
and less risky than testing battery pack or an entire system, it also does not reflect the testing
of the entire battery system.

4.1.3 Pack/ System Testing

Since cell and module level testing does not present overall behavior of entire system, pack
testing is needed. Testing battery pack or entire system is carried out after final assembly.
However, some tests are conducted just before the final assembly. To verify that every pack
subsystem operates as intended, including the safety features, external hardware, and BMS
communications, a comprehensive set of tests must be performed. The pack testing includes
measuring SOC, direct current internal resistance (DCIR), SOH, internal resistance. As the
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pack consists of some other electronic components and systems that are attached to the battery
like BMS, additional testing is required[70]. This thesis focuses on battery testing in pack and
system level mainly.

[ Battery Testing ]

[ Cell Testing

] [ Module Testing ] [ Pack/ System Testing ]

Table 8: A comparison among battery cell, module, and pack testing.

Test level Key focus points Benefit Downside
Cell Cell performance Compared to other testing It does not represent
] levels, cell testing is easier, the entire system
Properties of cell cheaper, and safer
materials
Chemical reactions
Module Cell balancing Modules testing gives some It does not represent
idea of how the cells will the entire system
interact with other cell
Thermal characteristics | This testing is cheaper than Compared to cell
testing the entire system testing, itis more
expensive
It has less risk of thermal
runaway than in a system
Entire Overall system The best picture on the entire | It requires additional
System/Pack performance system respond are reflected | testing for external
on the testing electronics
components.
More expensive than
celland modules
testing
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4.2 Test Conditions and Scaling

Test conditions and scaling are determined based on factors including battery test types,
application, system size, configuration and battery technology. Before conducting tests, it is
essential to create a proper environment for the tests considering some technical boundaries
and limitations for test efficiency and safety. The research papers [71] [72] present an overview
of test conditions including voltage limit, temperature and pressure control, pretest charging
and discharging procedure.

4.2.1 Voltage Limits

The electrochemical voltage range of battery between 100% SOC and 0% SOC are referred to
as the maximum and minimum operating voltage respectively. The operating voltage limit is
recommended by the manufacturer based on the battery type and material used in it. Operating
under or over the limit reduces the performance and life span of the battery. Various tests
necessitate different levels of SOC, thereby leading to different voltage levels within the
battery's operational window. For initial static capacity test the battery needs to be discharged
for maximum voltage (V},,4,) to minimum voltage (V,,,;,,) to ensure stability in rated capacity.
Every test should be carried out between V},,,, and V,,,;,, within the operating window. Beside
the operating voltage limits, the manufacturer of the battery provides the specification for the
maximum (Vimax puise) and minimum (Vinin puise) Pulse voltage limit for short duration
charge and discharge[73] [72].

Maximum operating Voitage

vmll

: Safe
I ‘:‘-‘:‘1’ H Operating Area

Voltage(V)

iy Ove
 Temperature

Minimum operating Voltage

Venin

s Tein Temperature (T) Trmax | [
at a a
Voo Vmax Veun Venax

Figure 4.1: Safe operating boundary of battery system.

4.2.2 Temperature Control

The battery system must undergo testing across a range of temperatures to assess its
performance under diverse environmental conditions. Tests like static capacity, thermal
performance test energy are performed under various thermal conditions (-30°C to +52 °C)
where high-rate charge, self-discharge tests require ambient temperature (30 °C). To control
the temperature, all testing should be conducted in thermal chamber for EV application. During
a long rest time to allow the battery to reach stable condition, voltage and temperature in the
chamber should be monitored [73].
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4.2.3 Scaling

Performance and cycle life test profiles are determined based on full size system levels. A
technique for adjusting these test profiles to the device's size is necessary for testing any device
that is smaller than a full-scale system. In the battery system performance test, the scaling is
done applying a battery size factor specified by manufacturer. However, this factor can be
determined from the beginning of life low current HPPC test using rated c-rate[71].

4.2.4 Charging and Discharging Procedure

As different % SOC, voltage and power level are prerequisites of various tests, the battery
system needs to be charged or discharged to bring the level to the required state. A specific
charging and discharging method are applied for maintaining the state level. Generally, C/1
rate charging current is applied to charge the battery when C/3 discharging current is applied
to drain the battery. Battery manufacturers specify the charging and discharging procedure and
resting period for every charge cycle [73].

4.3 Pre-test Parameters and Mathematical Model

Pre-test parameter identification is a crucial stage in the testing process that makes it easier to
analyze battery systems accurately and quickly. Test parameters are identified according to the
test types and mathematical models. To estimate the SOC of battery, different methods are
applied like coulomb counting, open circuit voltage, and the Kalman filter method. Based on
the SOC estimation method HPPC test requires parameters for internal resistance, open circuit
voltage (Vocp), maximum and minimum pulse current (Imax puises Imin _puise)- According

to[74] the battery system performance testing method should cover the following unit
parameters in general as shown in

Table 9.
Table 9: General parameters for battery system performance testing.

Parameters for battery system
Actual energy capacity
Input and output power rating
Round trip energy efficiency
Expected service life
System response
Auxiliary power consumption
Self-discharge of battery systems
Voltage range

Frequency range
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4.4 Battery Testing Challenges

Due to complexity and hazardous nature of battery, testing a battery system is a complex and
time-consuming process. Battery system testing requires real-world situations to be replicated
by adapting to communication signals from the system, batteries, or other devices. Challenges
of battery system testing include test complexity, test set-up, long time testing process,
addressing safety issues. Battery testing and its preparation takes a very long time to understand
the intricate behavior of the battery. It becomes imperative to rerun the tests to acquire a
comprehensive understanding of the battery system'’s response over time. According to [70]
and [75] the main challenges of battery system testing are as following.
— Testing takes a long time to process. Some tests and errors in testing necessitate re-
running the tests.
— The hazardous nature of battery poses risks of environmental damage, toxic chemical
leakage, internal short circuit thus require taking safety measurement.
— Requirement of large and expensive test set up.
— Data collection in large volume and its analysis is time consuming.
— Different applications require different tests and tests set up.
— Multiple instruments and software need to be integrated.

4.5 Battery System Test standards

Battery test standards provide guidelines for battery design, production and testing to meet
requirements regarding energy efficiency, reliability, and environmental effect for different
industries and applications. These standards cover a wide range of aspects including
performance metrics, manufacturing processes and safety requirements. Industrial
organizations and different regulatory bodies develop battery standards focusing on
advancement in technology, emerging challenges in battery industry.

The international organizations for standardization that deal with battery standardization are as
follows.

— International Standardization Organization, 1SO

— International Electrotechnical Commission, IEC

— Underwriters Laboratories, UL

An overview of battery test standards developed by such international organizations is given
for the evaluation of battery performance in Table 10
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Table 10: Battery test standards for EV and stationary applications.

Application

Battery Standard

Electric VVehicles

Stationery Battery Systems

IEC 62660-1:2010 Rechargeable Cells
Standards Publication Secondary lithium-ion
cells for the propulsion of electric road
vehicles. Part 1: Performance testing

ISO 12405-1:2009: Electrically propelled
road vehicles -- Test specification for
lithium-ion traction battery packs and system

ISO 12405-2:2009: Electrically propelled
road vehicles -- Test specification for
lithium-ion traction battery packs and system

ISO 12405-4:2018: Electrically propelled
road vehicles -- Test specification for
lithium-ion traction battery packs and
systems -- Part 4: Performance testing

DOE-INL/EXT-15-34184:  Battery  test
manual for electric vehicles

DOE-INL/EXT-07-12536:  Battery  test
manual for plug-in electric vehicles

SAE 2288 Life Cycle Testing of Electric
Vehicle Battery Modules

(DOE) PNNL -22010: Protocol for
Uniformly Measuring and Expressing the
Performance of Energy Storage Systems

IEEE 1661: IEEE Guide for Test and
Evaluation of Lead-Acid Batteries Used in
Photovoltaic (PV) Hybrid Power Systems

IEEE Std 1106™, IEEE Recommended
Practice for Installation, Maintenance,
Testing, and Replacement of Vented Nickel-
Cadmium  Batteries  for  Stationary
Applications

Electric Power Research Institute: Energy
Storage Integration Council (ESIC) Energy

Storage Test Manual 2016
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4.6 Battery System Testing Equipment

Battery system testing conducted either at the cell, module or pack level requires precise
measurement and controlling of parameters like battery terminal voltage, charging/discharging
current. Some testing, particularly field testing on battery systems, involves complicated
processes and necessitates gathering battery performance data continually during the execution
of the tests. Therefore, it is crucial to utilize appropriate testing instruments with high efficiency
to prevent errors and high testing costs.

A deep understanding of battery systems and testing activities is required for an optimal test
setup and selecting suitable test equipment capable of meeting requirements for a wide range
of test configurations. To evaluate the performance of battery systems, a comprehensive battery
testing set-up must include testing equipment like bidirectional power supplier, battery tester,
data acquisition system, thermal chamber [76].

Bidirectional power supplier: A bidirectional power supplier, also referred to as an AC/DC
power converter, facilitates the suppling and controlling of the necessary charging current to a
battery. It must have sufficient rated power capacity, along with the required voltage and
current range. Additionally, it must be capable of integrating with grid systems and operating
in constant current (CC), constant voltage (CV), and constant power (CP) charging/discharging
mode functions.

Battery tester: battery tester, a measuring device used to measure the terminal voltage of
battery. the battery testers must be capable of handling the voltage and current range of battery
systems under test. The voltage range, accuracy, sampling time are the key factors for selecting
a battery tester[77].

Data acquisition system: for collecting measurement of key parameters in real-time from
sensors, storing the recode for further analysis the data acquisition system is equipped with
sensors, data loggers and software. It should maintain continuous tracking of all measurements,
ensuring uninterrupted flow of parameter readings, and transmit the collected data to the
associated computer for real-time monitoring[78].

Thermal chamber: during tests battery systems are subject to a predefined temperature range
from -40°C to 70°C [79]. The thermal chamber should provide control over this range of
temperature maintaining proper humidity.

4.7 Battery System Performance Tests

Battery tests can be categorized into different types like performance, interconnection,
Communications and Control test, safety and abuse test, mechanical test, environmental test
[80]. However, the thesis intends to study mainly the battery system performance testing.

Battery system performance testing investigates its overall capability and operational
characteristics in various conditions. The performance testing focuses on measuring and
analyzing the key parameters such as energy storage capacity, efficiency, voltage response and
stability, cycle life, and thermal management.

The following sections summarize the performance testing of EVs and SBS recommended by
different battery test standards.
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4.7.1 Battery system performance tests for EV applications

The overview of battery system performance tests for electric vehicles (EV) is presented in

Table 11

(S) 92 syuesuod awi |

xow . « Xpuw
@) 1GL°0 1

99 saoueyioedes Alaneg (o7 AT

ab.eyosip
(swyQ) %y saouessisal pue abreyd

[ewau| Aisneg
%

uabaiy I 06" %0€ %02

= as|nd juauind abreydsiq ‘040TI8 D0S 'S

maa __ asind” me\C smnd” me> Jagueyd
_HMN“_ Anpqodn) 1amod asind uabay 4204 gfpyon ynourd uado Kisneq [ewwuay L
RSPy 2s1nd 5fey|on asind pabreo Aling S Atz Jo

_”._”N“_ Amm_:gl urw, >uo>vm~:n. urw, = aunyesadwa | D0S 21.|ndjed 01°¢

- ue (O
Aiqede) 1amod as[ng a31eyasiq B P ° abUel obe
A 50T ‘50 ‘o 196607 e1R MJEA e uol
600¢:2-50v2T OSlI oy afier|oA asjnd WL G2 '.0T m 0T 7 ejeq ey (2ddH) uot
6002 1-50021 OS| s = SBIRWSIDY aoueySISaY USSOY - -) ainjesadwsay Josuag SBEI[OA 10 sonsuaoeieyp  TeZHSIORIRL
asind” xeul :uofIpuod olweukp  Jemod
0T0¢:T-099¢9 O3l MMH|MH“_M = PBIEWSIDy 5oy e)siSaY 281EYDSIQ abeyjon as|nd wnwixe Buneis't 10SUaS JUaLIND aulwJalep 01T asind pugAH
avg — Pg = Ab.uoua ab.upyosip ajquimway (°7g)
afreyd Buuinp speoj Alerjixne
Vg — g = Kbaaua abuvys a)quvay £q pawnsuod AB1au3
PoIDAAL, laguweyo
(oo — 1) * 00T = (Yoy2pvf AB.10ug (*3) el
‘ABiau3 abueyasip palanljag ewisyl
[12] ainyesadwsa) pue
3) slosuas
PaILLpondD) ‘ABiaug abreyd pardasd ainjelsdwa SIE"O o tiorouny
[e] (rmmmmany 3 30IELO pAdanV 1 SE JUBJU0D
6002:2-50¥ZT OSI —1)*00T = ﬁﬁvmﬁck A3100dD) alel-d juaund 196607 elR@ ABiaua pue (Yy)
- ww ab1eyastp YEISUD sinoy-aladwre 1591
6002:T-S0¥2T OSI ‘A 1w abeyoA wnwiull Jlosuas abeljon
oS pUB .62 ur Aj1oeded a2inasp Aioede)
0T02:T-09929 O3l aLan) x aw ], = A3190dn) FPUA N 9BeYOA WNWIXBIA ‘0,0 -3njesadwd L J0suas JusiInd ainseaw 01 onels
ERIIEIETEN| uonenb3 slgleWered uonpuon 1581 Juawdinbaisal asodind 1591 aWweN 1s8

‘A3 JoJ Bunsal walsAs Aleneg :TT a|qel

42



[t8]

[e/]

[t
6002:2-5072T OSI

600¢:T S0¥¢T OSI

A

ummxmswrﬁ

= aIpa 2buvyds1q J192S
ALamod abuvyssiq 128

00T *
1523 mxokmm\_\_

= abuoyosiq f12s
w1 3594 LE&E\S __ 1503 wxakma\s

S€
(Fua44m2 3523 :m:.:\muw:mwu*NC

= 29y Jua.rIndg aseg

pue

(DddH) uoneziaioereyd Jamod asind pLIgAH se awes

(***auun, 1) swn Bunsey

99 papJodas Anoeded
ael-D

EE\w
nwi| abeljon wnwiuny

xow
A

1w abeljoA wnwixe

2214307 (oeded 931naQ

JUBLAND 3SDT :St~

U813 158} YBIH

99 Anoeded
Buneisado Aleneg

241 1u911n9 aseg

p
1
as|nd jua.und abreyssiq

429 abe1joA 1IN2119 UadQ

asmmdy 5be)j0A 8S|Nd

asnd™ urw Y

abeyjon as|nd winwiui

asnd” xew U

abe1joA as|nd wnwixelnl

1Ua.1INd abreydsip JULISU0D'E
%00T ¥e D0S bunels 'z

'sAep 0€ 10} D, 0F J0 ainjesadwiay
® Je ANj10e)s [ewiay L T

UG 0 M (V)
juaLIng abireyasip pue abieyd ‘v

%06 "%0¢ ‘%02 ‘%0T¥e D0S '€
Aianreq pabueyd Ajn4'z
(20 52 0T 20 ‘50T-)

ainyesadwil :uoipuod buiels'T

Jaquieyo jewsay L awn
urepnd e oy

sJosuss ainjeladws |
Buipuess Aisneq
136607 BIRQ Aq pasned
$s0| Aloeded

Josuas abeyjon

Aresodwsay ayy

J10SusS Jualnd sulwLlep 0

abuel abeyjon

Jaquieyd eway L Buryelado sy
01 103dsal yum
SUONIPU0I peo|
Japun Ajiqedes
Jamod

as|nd o1weuAp

slosuas ainjeladwa |
196607 1@
Josuas abeyjon

J10SUaS 1UaLIND auIWIaIBp 01

arel
abreyasip
-39S

Jamod
dead

43



[e2]
A

600¢-T-S07¢T OSI

0T0¢:T-099¢9 O3l

[e2]
A

[e2]
A

mms;m:.n.u.w

00T * spomarpy = LY AU dLif punoy

=1

Pg Nw = 20242av°Pg [ 19u0 2B.u0Yy2S1p 26D LAY
1

— u ”
og V=l _ = = 20042av0g [ 15u0 aB.upyd abD1say

KNH

(u)sajaho
JO JaguinN

(Pq) ‘ABiaug
ab.reydsip passnlla@

(°q) ‘Abisug
abueyd paydadoy
me3w3m5>

abe1joA 11N21D
-uado painses|\

(S)awrL

3|l D
HNLSWSNE\—

abe)|0A NI
-uado painsea

A
abejjon wnwiunn

NGE\— nwij
abeyjon wnwixe

9 aimesadwa]
.~3=.~ED=\—

abel|oA [eulllON
ael-0

A Ny
abejjon wnwiunn

A N
abeljoA wnwixeln

31942 Q0T Wiopad S

%SE
Ppue ‘060G ‘%0. ‘%00T

1e abues DOS 'z

o174
PUB D052 -000 -J402-

1e ainjesadwa] ‘T

kIO CE

ainesadwa |
welquy

"(QogS+

0} O, 0€-) dbuel
196.e) anyesadwa)l
Bunetado ayy
uIyIM sainjeladwisy
snoLeA

1aguieyd [eway L
s10suas ainjesadwia |
196607 e1RQ

Josuas abeyjon

10SUS JUaLIND

Jagureyd feway L

slosuas
alnjesadwa ]

196607 BIRQ
Josuas abeijon

10SUaS JUaLIND

Jaguieyo feway L

s10suas
aunyesadwa |

196607 rI1RQ
Josuas abeijon

10SUas 1UaLIND

a|1oud asind a1
-9]19A2 B 10N11SU0Y 0] 2

Aianeq Jo Aouaioiyya
aUIWIRIAP 01 ‘T

‘pouiad ureyao e

J19n0 abeyjon wnwiuiw
woJy Buibreyd

1U81INd 1UBISU0D

yum Auoeded bupiom
Jo uonoeyy e Ajddns

01 WasAs A1aneq Jo
Alngedes ayy AysA o

WiaISAs Juawabeurw
Jewsay ubissp 01z

‘sainjeladwal Jo abuel
© 19A0 Jab.e) Jamod
Mead ay1 Jo uoiuod

B Yyoeal 0} Aloeded
31 qIyxe 01T

181
Aousioiy3
ABlouz

abueyd
arey-ybiH

aouew.oylad
Jewuay L

44



[e2]

[e.]
[T.]

600¢:¢-S0v¢T OSl
600¢:T-507¢T OSI

0T0¢:T-099¢9 O3l

[e/]

[t/
6002:2-50v2T OSI
6002:T-5072T OSI

0T0¢:T-099¢9 O3l

Bulureisnsg
-ab1eyD ajqejlene
(s)awi] ‘g Jaguieyd jewsy L
Buns|dap
(M)d Jamod g SI0SU3S
-afrey) ajqerene g
aJnjesadwa ]
laimoejnuew o ainesadwal
Agamorg  O0¢ 196607 ereq
159 Bupjuesy  IUSIGWE B} 39NPaY ¢
p10D J11%8ds v ' T Josuas abeyjon
aJnyeladwa) Jusiquie e
S1 uonIpuod bunelS'T 10SUsS JuaLIND
Jaquieyd feway
slosuas ainjesadwa |
"%0§ '%00T 186607 ereg
1e abuel DOS 2 Josuas abeyjon
(DoGp)ainesadwa] T J0SU3S 1Ua1IND
Jagureyd [ewsy L
s10suas
g g ainesadwa |
abe1joA WNWIXe ‘€ 196607 r1RQ
,0€) ainjeladwsa}
ABiau3 s|gejreny ‘g (0-0¢) Josuss abeyon
jusique e
241 1amod Mead ‘T ANJIqe)s [ewlayL ‘T J0SUSS uaLIND

3|1401d
1531 Buyueld pjod

a1419ads e yum aredwod
0} ainjeladwis} De0€- 18
as|nd sz yum Ajigedes

Jamod ainseaw 0|

EETTPENN
uonepelfiap Alajeq
10 190 a1enjens 01

s1efise) onsLIgIoeIRYd
[ea1uyd8} paiyioads
3WO0S }98W Ued
921A3P 8} 8INSUd 0

1S9
Bupjueld
p10o

lepuafe)d

ETERLS%)

45



ted in Table

10Nery IS presen

mmukmaudm

00T * Ammukmauuwm+m%ukmasQ€mVl 26visavpg = ﬁmn_-mv

Kouaroiy3 diil punoy

u

(°"a)

abreyd Bunnp
speo| Aseljixne Aq
pawnsuod Ablaug

(Pa)
‘ABisu3 abieyasip
palanlfpq

4.7.2 Battery system performance tests for Stationary applications

The overview of battery system performance tests for stat

12below.

avg 1=l _ _ a0viaav avy o8 pposip Surin,
RS q a8reyosip Supmp (95) “AB1au3
speoj A1erixne Aq pauinsuoo AGIaug abviaay abreyd paydasoy
ovg =1 Y _ aBv10av70vy 591005 Surin ael-) slosues Kianeq
g uny = g osIeip surinp ainyeladwa |
speoy A1eyjixne Aq pawnsuod AS1aug abvioay iy Jo Anjiqedes
- aBel{oA 1551 [enu] 196607 ereQg Burianljap
Pg e = 10sua Abiaua
W T A N 5 S Bunepijea 191
abey|o
_”OQH_ 2604240 [ 19ua 26.40Y2S1p a6 DUBAY sbeyon wnwiuN %S¢ Pue %09 1oA 10} Aouaraiye I ITE|
UL ‘%G, '%00T losuss duipunois ABiaug
— u — . .
[18] ’q JNM = 2P g (B1ous o6.40Yy2 260494y ofegyjon WNWIXE ®©00S ‘T UBND  BUIWSIBP 01 diuypunoy
GCLGIL CC_L__—L
speo| AJeljixne Aq
pawnsuod Abisug
(*a)
‘AB1auz abreyosip
paIaAIRd o467 pue 905
@y _ Pg = fb.1oua ab.4pYyas1p a|quyvay (°7) ‘ABiau3 5L %6001 slosuss
abeyd pardasoy ¥ 00S'€ ainesadwa |
Vg — 2 = Ab.uoua ab.uvyo a)qoujmway
alel-) (0.52)  1abb0 e18Q
oI Iug ainyesadwia | Kianeq
— = 0 Ab.
G — 1) * 00T A\J%& ] A w usique 'z losuss 3o Anoedes
o abeyjon wnwiuiy abeyjon
oL 3150dD) B ABisus  1s8) Aoede
[og] (e — 1) * 001 = (%)2pDf £3190dD) %608 PUe 1531 Aoeded
TUANL %62 %00T Josuag PaIols aLp Abuau3
_H._”w“_ ML) x awir] = £3100dD?) abejjon wnwixely  Jamod a1ey'T WeuND  BUILLIBIBP O] paioIs
Uonipuo) SUENGE
ERIEIETENY| uonenb3 siajeweled 1591 1591 aWeN 153 aWeN 153
‘uonealjdde Areuonels Joy bunsey weisAs Alaneg ;g7 ajqel

46



(PP )awny e
(**M1)awn L ssry

Amwzanwms&v awi1] asuodsay

abireyd |ny 01 abreyd

asuodsau paIvL ou pue abeyosi
_”qu_ i = ajp4 dwuny (777%q) tomod parey slosuss ainjesadwa ] P HOSIP
paIvL g ) 1INy 01 aBreyosip
a2b4oYyds1
6 (PPsIEd) %05 pue 196607 eI  OU WOJ) UOINSURI) IO
_”._”w”_ 1aMod 801eyasiqg sAldY %00T 12 D0S ‘¢ 10558 SBEIION AKiayreq oy 10y pasinbai
4amod pava %00T 07 %0 WoLf YIDa.L 03 w1} (0wg)  (9.67) aaneredwa L auwin Jo Junowe ajey dwey
_”O@”_ + Apjap = (°540%?4]) awi] asuodsey 1amod abley)d annoy usIquY ‘T JOSUBS JuaiInd 3Ul auUIWIAeP O]  pue awil] asuodsay
(u)sa]949 J0 JBqUINN
PaID.L
- d = 0f S L0412 Q:wv\oﬁkh ﬁvm.ﬁi&v Jamod pajey S10SuUsS
[z8] = ainyesadwa
adan w\/ (94) somod
196607 e1RQ leubis
ndino snoauejuelSu|
_”._”w“_ (0.52) d0ualagal parjdde ayy
Josuas abeyjoA
u = Sy 10410 Bupovy (U015 4) ainyesadwa | | 3oeuy 03 Alajeq ay Jo 1591 Bupjoel
_”OMW“_ =iy ww\/ ’ 1aMOod papuelIWwo) sIquY T Josuas Juauny  AljIge ay) ayewnss o [eubis aoualajey

47



(°¥q) abareyo
Burinp speoj Alerjixne
Aq pawnsuod Abisug

(a)
ABiau3g abreyosip pasanilaq %52 pue
(°F) ABiau3 abreyo paydaooy %05 "%SL%00T
' 20Se
(mEnag) SI0SU3S
Anoedes ABlaus palois feniu] (D,.5¢) anjeladwa | aIntesadws | faroedeo
WsIque 'z
ael-) 1966071 e1q  ABJBUS PaloIS [enul
e '60G ay) 01 pasedwod Aigers
T4 i) abeIjoA Wwinwiun J10suas abeljoA
L pue 95/ '%00T Anpgess Auoeded Anoeded
_”._”w”_ —oton= = A1qvis Ab.uoug xow .
pDL0IS A 1w abeyon wnwixe Jamod arey'T Josuss Juaun)  ABisu3 sulwisiap o ABlau3
ﬁ:ou& ANEER.V
2114 36.4DYIS1 2
T u2s1d J128 awi uonesado [ejoL s10sU3s
ainesadwa |
sso1q awll] ulennd
%00T e D0S ‘2
_” ”_ 3w} 8y} JBAO 1S0] Jamod 1eBBoere@ B JO) Bulpuels Auaneq
T8 o Aq pasneo sso ae
mEg jamod | (0.52) Josuas abeyjon qap _ =
ssor0100204 ainyesadwa | Anoeded Aresodwsa) abreyosia
_”OmW”_ 00T * Sumsexario gy _ssarsa075a,, ab.wyasiq 128 PR, 36e)|0A 158) [elMU| LIqUIY T J0SUaS JUaLIN) 3} auIwIalep 01 -J18S

48



[18]
[08]

(") ABrsuz feniu

(977) abreyosip Burinp speoj
Aseljixne Aq pawnsuod ABiaug

(°¥7) abueyd Bulinp speo|
AJerjixne Aq pawnsuod Abisug

(Pq) ‘ABisu3 abireyosip paianljag
(°7) ‘ABisuz abireyd pardedoy
ael-0

PR, 36e)|0A 158) [ellU|

W nwip sbeyjon winwiuny

*PUY yiwi) abe1joA WinwIxe

%S¢ PUB %05
‘%G.'%00T 18 D0S'€

(D.G2) ainyesadwa
walque 'z

%03 pue %S5, '%00T
Jamod arey'T

slosuas aimeladwa |
196607 r1RQ
Josuas abeijon

J0SuUS Jua.und

‘uoneaijdde [eaiuyoa)
21319ads & Ul Aoealyys
Jeuoneiado walsAs
Asameq e uo uodas
pue ssasse 01 Jap.o Ul
palinbal uoirew.iogul
ayy sonpoud 01

31940 Aing

49



5 Testing Proposal for Mobile Battery
Systems

This chapter offers a comprehensive testing methodology applicable for mobile battery systems
(MBS) analyzing well-established testing methods utilized for EV and SBS. Subsequently, the
chapter outlines a proposal testing system for MBS. Within the proposal, a thorough description
of applicable tests and requisite testing equipment is also presented in the chapter to evaluate
the performance of the MBS.

5.1 Basis of Proposal

Developing a comprehensive performance testing method for MBS is crucial yet challenging.
Several factors must be carefully taken into consideration for a proper testing method.
Specifically, a critical analysis of battery basics, the distinct features of MBS, important
metrics, and existing testing methods can help identify the most suitable testing approach for
the MBS.

The study on fundamentals of a battery in Chapter 2 reveals that SOH of battery depends on
operating voltage, SOC, internal resistance, operating temperature. Therefore, the proposed test
system should measure these parameters.

The review of MBS in Chapter 3 indicates that the MBS are technically more similar to SBS
than battery systems of EVs in terms of applications, system properties, system size. Therefore,
the existing testing methods for stationary applications are more applicable to the MBS.
However, like EVs the MBS are exposed to diverse environmental conditions, experiencing
greater temperature variations compared to most SBS. Thus, existing EV battery performance
tests regarding thermal condition are also pertinent to the MBS.

Fundamentals of Battery

Properties of Mobile Battery Systems
Formulation of Testing
Proposal for Mobile
Battery systems

Existing Testing Methodology
(Stationary and EVs)

Important Metrics

Figure 5.1: Formulation process of testing proposal for mobile battery systems.
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Moreover, an in-depth review on existing testing methods derived from various battery test
standards in Chapter 4 provides a guideline of battery testing system. Based on the theoretical
analysis on the mentioned factors in previous chapters of the report, the test proposal for the
MBS is formulated.

5.2 Applicable Tests

The applicable tests for the MBS encompass several common test practices in both stationary
battery systems and electric vehicles (EVSs) to determine parameters such as energy storage
capacity, efficiency, state of health (SOH), and internal resistance. These tests, commonly
employed in both SBS and electric vehicles (EVs), include capacity tests, energy efficiency
tests, self-discharge tests, and cycle life tests. Consequently, these established testing
methodologies are also relevant for evaluating the performance of the MBS.

: : Stationery Battery Systems
Electric Vehicles(EV :

. ( . ) . Energy Storage Capacity Reference Signal Tracking Test
Hybrid pulse power characterization Test Response Time and Ramp Rate

(HPPC) Energy Efficiency Test Energy Capacity Stability
Peak power Self-discharge Rate Test Duty Cycle
Thermal performance Cycle Life Test

High-Rate Charge
Cold Cranking Test
Calendar life

Figure 5.2: Common test practices in stationary battery systems and EVs.

As mentioned earlier, MBS can be integrated with grid systems and potentially operate
alongside SBS, it's important to conduct tests like duty cycle, reference signal tracking,
response time, and ramp rate tests. These tests will help determine how well an MBS performs
in grid applications, tracks reference signals and responds to any change in operational settings.

To assess the dynamic power capability of the MBS, an HPPC test is necessary. Similar to
EVs, thermal performance tests will evaluate the performance of the MBS across different
temperature conditions. Regular practice of cycle life test will enable monitoring of key
parameters of SOH of the MBS.
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Stationery Battery Systems Electric Vehicle(EV)
Stored Energy Capacity Test Static Capacity Test
Roundtrip Energy Efficiency Test Hybrid Pulse Power Characterization
Reference Signal Tracking Test (HPPC)
Response Time and Ramp Rate Peak power
Self-Discharge Rate Self-discharge rate
Energy Capacity Stability Thermal performance
Duty Cycle High-Rate Charge
Cold Cranking Test
Energy Efficiency Test
Cycle life
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Mobile Battery System

Energy Storage Capacity Test

Energy Efficiency Test

Duty Cycle
Reference Signal Tracking Test
Response Time and Ramp Rate
Hybrid Pulse Power Characterization
(HPPC)
Self-Discharge Rate
Thermal performance
Cycle life Test

Figure 5.3: Tests proposed for mobile battery systems.

In summary, the applicable performance tests for the MBS include energy storage capacity test,
energy efficiency test, duty cycle test, self-discharge test, reference signal tracking test,
response time and ramp rate test, HPPC test, thermal performance test, cycle life test and.

5.3 Test Object

To illustrate a potential test scenario for an MBS, let's consider a system with a medium-size
capacity with full functionality. Technical specifications of the chosen system, shown in Table
13, reflect a real system to ensure its appropriateness for laboratory settings.

Table 13: Technical specifications of chosen mobile battery system.

Specification Value
Rated Storage Capacity 192 kWh
Input/output voltage 400Vdc
Frequency 50/60 Hz
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Connection 3-phase

Nominal voltage 650Vdc
DC voltage Range 600 — 850Vdc
Maximum current output 125A
Maximum C-rate 1
Battery Chemistry Lithium Iron
Temperature range -25°C to 40°C

The test set up and configuration must have a capacity range that sufficiently covers the stated
technical specifications of the chosen system. Additionally, the test equipment must have the
capability to accurately measure values up to the specified level.

5.4 Equipment Selection

Selecting suitable test equipment necessitates a thorough understanding of testing activities
and proper knowledge of the characteristics of every equipment. However, the following test
equipment serves as potential options suitable for the chosen system.

5.4.1 Programable Bidirectional Power Supply

Performance testing for the selected system involves controlling charging and discharging
current and voltage. This can be achieved using a programmable bidirectional power supply.
The power supply should be programmable for test schedules and able to function in CC, CV,
CP charging and discharging mode. It must fully integrate the system with the grid system for
both charging the battery and feeding the battery power back to the grid during discharge.

Either of the programmable power inverters from ITECH and Chroma can serve as a viable
solution for this purpose. Table 14 presents the technical details and a comparison between
the two options.

Table 14: Technical details of ITECH and Croma power supply.

ITECH Bidirectional Chroma 62000 D
Programmable DC Power programmable bidirectional
Supply DC power supply
Model (IT6018C-800-75) Model (62180D-600)
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18kwW 18kwW
800VDC 600VDC
342V-528V 380-480VAC
75A 120A

Two quadrant operation:
source and

load functions

Two quadrant operation:
source and

load functions

Response time <2 ms

Response time =2 ms

Current Accuracy (0.1% +

0.1%F. S)

Current Accuracy (0.1% +

0.1%F. S)

Voltage Accuracy (0.05% +

Voltage Accuracy (0.05% +

0.05%F. S) 0.05%F. S)
Operating Operating
Mode (CC,CV,CP) Mode (CC, CV,CP)

5.4.2 Battery Tester

Table 15: Technical details of HIOKI and ITECH battery tester.

HIOKI BATTERY HITESTER

ITECH IT5100 Series Battery

BT3564 Tester(IT5101H model)
+1100.00 V +1000.00 V
0.1uQ -3kQ 0. 1 Q-3kQ

The primary considerations for selecting a battery tester include voltage range, accuracy, and
sampling time. Testing the selected MBS necessitates a battery tester capable of accurately
measuring voltage within the range of 600V to 850V. The higher sampling rate allows thorough
analysis of the measuring signal. A wide array of battery testers with diverse functionalities are
available in the market. Here, two potentially suitable testers for the chosen MBS are
presented, along with technical details and a comparison between them.
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Resistance: +0.5%rdg. £5dgt.

Voltage: £0.01%rdg. +3dgt.

Resistance: £0.4%+=0.05% FS
Voltage: £0.01%=0.01% FS

Resistance +Voltage
simultaneously

sampling time: 28 ms

Resistance + Voltage
simultaneously

sampling time <8 ms

Single sampling time
Resistance:12ms

Voltage: 16 ms

Single sampling time
(Resistance

or Voltage) <4 ms

5.4.3 Data Logger

Battery testing involves the continual collection of large amounts of measurement data in a
short amount of time, requiring storage for further analysis. Data loggers are used to serve the
purpose. The major key factors for selecting a data logger include data storage capacity,
measurement type, number of measurement channels, and scalability [83]. The HIOKI
MEMORY HiLOGGER LR8450 data logger, equipped with all the requisite features, can be
utilized for the proposed testing.

Figure 5.4: HIOKI MEMORY HiLOGGER LR8450 data logger.

Table 16: Features of HHOKI MEMORY HiLOGGER LR8450 data logger.

Specifications value
Plug-in modules 4
Measurement Channels 120
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Sampling time

Maximum recording time
(10ms)

5.4.4 Battery Cycler

Voltage/ Current at

kS/s (1 ms)
Resistance/ Temperature at

100 S/s (10 ms)

1 day (internal memory)

Instead of using the previously mentioned equipment for the test setup, selection of a compact
battery cycler having all the functions of the mentioned equipment can be an advantageous
alternative. Many companies offer testing tools that feature all the requisite functions for a
comprehensive battery testing system within a single setup. Two such possible options are
ITECH and Croma battery pack test systems. Table 17 presents technical details and a

comparison between them.

Table 17: Technical details and a comparison between ITECH and Croma battery pack test system.

ITECH Battery Pack Test System
Max Voltage range:2250V
Max current range: 2040A
Max power range: 1152kW
Bidirectional Power supply

Power regenerative efficiency up to 95%

=R

Croma Battery Pack Test System
Max Voltage range :1700V
Max current range: 4800A
Max power range: 1200kW
Bidirectional Power supply

Regenerative discharge efficiency > 90%
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Max. voltage accuracy:
<0.025%+0.025%FS

Max. current accuracy: <0.05%+0.1%FS
Sampling rate:10ms

CC/CV/CP/CC-CV/CP-CV/CR
operation modes

Max. voltage accuracy : +0.02% rdg. +
0.02% r.n.g.

Max. current accuracy: £ 0.05% of r.n.g.

Sampling rate:10ms

CC/CV/CP/CC-CV/CP-CV/CR
operation modes

5.4.5 Test Set-up

Now two possible pictures of test set-up have been found: 1) A set up with a single bidirectional
power supply, battery tester, data logger. 2) A setup utilizing one of the two mentioned battery
cyclers mentioned. Figure 5.5 and Figure 5.6 depict the connections of the devices for the two
respective options.

Power Grid

ﬁ

P Thermal (&

Chamber

e | | !
Rl

Data logger

Mobile Battery System

Figure 5.5: Test set up with bidirectional power supply, battery tester, data logger.
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Figure 5.6: Test set up with a single battery cycler.

5.5 A General Approach of MBS Performance Testing

Depending on the test type and key metrics, the configuration and procedures of the test may
vary. However, some common test frameworks can possibly be applicable to every test. The
initial stage of the testing process involves selecting a test and defining its purpose.
Subsequently, parameters choosing, and establishing a mathematical model, configuring the
test equipment setup. Then creating test conditions, executing test procedures, taking readings
from measuring devices.

Mathematical model: Even though selecting mathematical model is a theoretical aspect,
depending on the mathematical model, the test parameters, test condition, and procedure are
selected. And according to the mathematical model the test results and findings are calculated
and analyzed.

Selecting parameters: parameters depend on the test object, properties of battery system,
maximum and minimum operating voltage, required SOC, charge and discharge rate(C-rate),
power limit. Some of the parameters are defined by manufacturers and need to follow their
instructions.

Test conditions: Before starting an experiment, a proper environment needs to be created.
Depending on mathematical model and parameters, test condition includes the initial
temperature, initial voltage, and SOC level.
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Figure 5.7: A comprehensive performance testing process of MBS.
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Applying test procedure: Following the creating appropriate test conditions, the applying
proper charge and discharge power rates (C-rate) is an essential point. Additionally, the
duration of resting periods between charge and discharge must be in accordance with
manufacturer instructions.

Measurement: Throughout each charging and discharging phase, voltage, current, power and
time duration must be measured and recorded. A general approach of a comprehensive
performance testing process of MBS is presented in

Figure 5.7

5.6 Energy Storage Capacity Test

The test aims to measure the storage capacity of battery systems in ampere-hours (Ah). This
capacity represents the amount of energy the battery can deliver to a load during discharge at
entire electrochemical range, from maximum to minimum voltage. For the chosen MBS, the
maximum voltage is 850Vdc, indicating 100% state of charge (SOC), while the minimum
voltage is 600 Vdc, corresponding to 0% SOC. The energy discharged by the MBS from 850 Vdc
to 600 Vdc determines its capacity. Generally, this capacity is specified by the manufacturer of
the MBS. During the test, the temperature at 25°C needs to be maintained.

Test Parameters

Initial voltage 850Vdc
End test voltage 600Vdc
Maximum operating voltage 850Vdc
Minimum operating voltage 600Vdc
Applied charging current cv
Applied discharging current CC

Temperature 25°C

Test Condition

The test is conducted at ambient temperature, thus requiring maintaining a constant
temperature of 25°C. Consequently, it is important to continuously measure the temperature
of the system during the test. At the beginning of the test, the voltage level must be at the
maximum operating voltage(850Vdc) or maximum 100% SOC level. Hence, prior to starting the
main test, the MBS must be charged to reach the required voltage level or SOC level.
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Procedure

1.
2.

6.
7.
8.

Measure the voltage of the MBS and check SOC level.

Charge the MBS at CV mode to maximum operating voltage to 850Vdc (100% SOC).
Measure the voltage and charging current of the mobile battery system during charging.
Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

Discharge the MBS at CC mode to minimum operating voltage to reach 600 VDC (0%
SOC). Measure the voltage and discharge current of the MBS during discharge.

The MBS needs to be left at rest for same period of time like step 3 at an active standby
state.

Repeat steps from 2 to 5 for 4 times to complete a total of 5 cycles.

Keep arecord of all measurements.

Maintain the temperature at 25°C.

Result calculation

DiSCharge time Tdischarge = Tdischarge start — Tdischarge end (h)

System capacity Qmeasured = Taischarge X laischarge (AD)

System capacity in %, Qmeasured = W x 100

rated

Make the calculation average for 5 cycles.

5.7 Energy Efficiency Test

The energy efficiency test measures the ratio of the net energy delivered by the MBS during the
discharge period to the energy consumed by the system for charging. Efficiency is typically
expressed as a percentage. This test is conducted at state of charge (SOC) levels of 100%,
75%, 50%, and 25%, with each SOC level requiring 5 cycles. This test considers all system
losses during each cycle, including factors such as power converter losses, power
consumption for auxiliary systems, heating/cooling power, and other relevant losses.

Procedure

1.
2.

5.

Measure the voltage of the MBS.

Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC) for test 1. Measure the voltage and charging current of the MBS during
charging.

Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

Discharge the MBS applying CC mode discharging to minimum operating voltage to
reach 600 Vdc (0% SOC). Measure the voltage and discharge current of the MBS during
charging.

The MBS needs to be left at rest for same period of time like step 3 at an active standby
state.
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Repeat steps from 2 to 5 for 4 times to complete a total of 5 cycles.

Keep arecord of all measurements.

Maintain the temperature at 25°C.

In the case of test 2, 3 and 4 in step 2 the system should be charged to 75%, 50% and
25% SOC level respectively.

© © N

Result calculation

Accepted charge energy= Qcnarge

released discharge energy = Qgischarge

Energy consumed by auxiliary system during charge= Q4.

Energy consumed by auxiliary system during discharge= Q4p

ZQdischarge X 100 — Z(Qcharge_QAC_QAD) X 100

E ffici =
nergye |C|enCyT] ZQcharge ZQcharge

Calculate energy efficiency for every test and find an average.

5.8 Duty Cycle Test

The objective of duty cycle testing is to evaluate the capability of the MBS to function effectively
within specific applications. In grid level applications, the test is performed for round trip
efficiency for frequency regulation, peak shaving, PV smoothing and many more. The test
applies different discharge power rates (C-rate) under normal atmospheric conditions(25°C).

Procedure

1. Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC). Measure the voltage and charging current of the MBS.

2. Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

3. Integrate the MBS with the gird system for specific applications.

4. Apply discharge power (C-rate) to discharge the MBS in 6 hours to minimum operating
voltage to reach 600 Vdc (0% SOC). Measure the voltage and discharge current of the
MBS.

5. The MBS needs to be left at rest for same period of time like step 3 at an active standby

state.

Repeat steps from 1 to 5. In step 4, discharge the MBS in 4 hours.

repeat steps from 1 to 5. Now discharge the MBS in 2 hours.

Keep arecord of all measurements.

Maintain the temperature at 25°C.

© o N

Result calculation
Calculate efficiency for every cycle like Energy Efficiency Test.

Compare among them.
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5.9 Self-discharge Test

The purpose of this test is to determine the capacity loss due to keeping the MBS standing for a
certain period of time at ambient temperatures(25°C.).

Procedure

1. Measure the voltage of the MBS.

2. Charge the mobile battery system applying CV mode charging to maximum
operating voltage to 850Vdc (100% SOC).

3. Remove all the measuring devices connections to allow the MBS to stand in an
open-circuit mood.

4. Keep the MBS at rest in an active standby state for 7days.

5. Reconnect all the measuring devices and measure voltage.

6. Discharge the battery applying CV mode discharging to minimum operating voltage
(600Vdc)

7. Repeat the steps from 2 to 6 and complete10 cycles.

Result calculation
The initial storage energy = Qmeasured

Discharge energy at step 6 = Qgischarge

Self-discharge rate = Zmeasured” Qischarge o 1)

Qmeasured X7

Calculate the average self-discharge rate for 10 cycles.

5.10Reference Signal Tracking Test

The reference signal tracking test evaluates the capability of the MBS to follow a duty cycle
when integrated with a grid service. The test is complex and requires precision technical set
up. Test set-up depends on the configuration of the grid. Therefore, the test parameters must
be synchronized according to the grid parameters. The grid parameters are determined by the
applications of the test, for example frequency regulation, Reactive Power Support and many
more.

parameters
Grid parameters Depending on application
Initial voltage 850Vdc
End test voltage 600Vdc
Initial SOC 100%
SOC at signal change 50%
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Applied charging and discharging C/2rate

current

Temperature 25°C

Procedure

1.

7.
8.
9.

Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC). Measure the voltage and charging current of the MBS during charging.
Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

Discharge the MBS applying CC mode discharging to reach 50% SOC level. Measure
the voltage and discharge current of the MBS at 5ms interval during discharge.

Apply a command for changing set point of power output for duty cycle.

Discharge the MBS to 0% SOC at C/2 rate applying CC mode discharging.

The MBS needs to be left at rest for same period of time like step 2 at an active standby
state.

Repeat steps from 1 to 6 for more 4 times to complete a total of 5 cycles.

Keep arecord of all measurements.

Maintain the temperature at 25°C.

Result calculation

Set point of power output = Pge; point

Instantaneous output power by MBS = Pyp¢

Rated power of the MBS = P, 404

Number of measurements =N

- 2
Signal tracking error RMS = \/E(Psetp‘"nt Puzs)

Signal tracking error RMS % =

N

JZ(Pset point_PMBS)2

N x 100

Prated

5.11Response Time and Ramp Rate Test

Like signal tracking test, the response time and ramp rate test are also complex and requires
precise test set up and measurement. The test is performed to estimate how long it takes for
the MBS to go from no charge to full charge rate(C-rate) and from no discharge to full discharge
rate (C-rate) at system rated power. The test results will validate the energy delivery capability
of the MBS. The response time and ramp rate are calculated for both charge and discharge
processes.
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Parameters

Reference Signal Tracking Test

Procedure
1.

c

Charge the MBS applying CV mode charging (C/2 rate) to 50% SOC level. Measure
the voltage and charging current of the MBS at 5ms interval during charging.

Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

Set configuration to record the time stamp from starting the next step to 0% SOC
level.

Discharge the MBS applying CC mode discharging (C/2) rate to reach 0% SOC level.
Measure the voltage and discharge current of the MBS at 5ms interval during
discharge.

The MBS needs to be left at rest for same period of time like step 2 at an active
standby state.

Set configuration to record the time stamp from starting the next step to 50% SOC
level.

Repeat steps from 1 to 6 for more 2 times to complete a total of 3 cycles.

Keep a record of all measurements.

Maintain the temperature at 25°C.

Result calculations
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Figure 5.8: Graph of signal of charge and discharge processes.
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Risetime T,io =T, — T
ReSponse Time Tresponse= Tlatency + Trise

P
Ramp rate = _—rated

Tresponse

Calculate all value for both charge and discharge.

5.12HPPC Test

HPPC test is a multipurpose and multifunctional test intended to evaluate the dynamic
response of the MBS. Findings of the test include various aspects, for example available power
over the operational range of SOC, internal resistance of battery, peak power of the MBS.
Analyzing this information provides an understanding of SOC in relation to open circuit voltage
(Voev) and the state of health (SOH) of the battery system. The test is conducted in various
temperature conditions (-10°, 0°, 10°, 25 °C) both for charging and discharging. power charging
pulse is applied to increase SOC and discharge pulse is applied to reduce SOC level.

Procedure

The test can commence at a temperature of -10°C initially, followed by subsequent test cycles
conducted at increasing temperatures of 0°C, 10°C, and 25°C sequentially.
1. Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC). Measure the voltage and charging current of the MBS during charging.
2. Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.
Apply discharge current pulse to discharge the MBS.
SOC must be discharged during every pulse. Thus, the discharge current must be high
enough to discharge battery in a specific time.
Keep the MBS at rest for 1 minute after every discharge pulse.
Apply the same discharge pulse to reduce more capacity.
Repeat steps 5 and 6 until the SOC level reduces to 0%.
Follow Thour rest phase to evaluate the static equilibrium status.
Measure the voltage and discharge current of the MBS at 5ms interval during every
discharge pulse.
10. Keep a record of all measurements.
11. Repeat the test at 0°C, 10°C and 25°C.
12. In the case of charge pulse test, apply charge pulse to increase SOC following same
steps of discharge pulse test.

»w

© 0N O

Result calculation

As mentioned earlier, the test results provide various aspects of the MBS, providing in general
calculations is challenging. The calculations depend on what parameters need to be estimated
and the calculation method. For example, using the 2nd Order Thevenin Model [84], internal
resistance, polarization resistance, discharge resistance, polarization capacitance, discharge
capacitance can be calculated from the voltage response of the test as shown in Figure 5.10
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Figure 5.10: Voltage response from HPPC test [86].

5.13Thermal Performance Test

The thermal performance test aims to demonstrate the ability of the MBS to provide targeted
output power at various temperatures. The effect of temperature change on device
performance is also measured by conducting the test within the operating temperature range
(-20°C to 55°C). Generally, the test is conducted at the beginning of battery life (BOL) and the
end of battery life (EOL). At the middle of battery life, the highest and lowest operational
temperature are selected for this test [73].

Procedure
1. Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC) at 25°C.
2. Raise or decrease the ambient temperature of the system to the targeted temperature.
3. Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.
4. Conduct an energy storage test and HPPC discharge pulse test.
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Result Calculation

Calculate the parameters from the test results following the calculation of HPPC test. And
compare the results with the results of energy storage test and HPPC test conducted at 25°C.

5.14Cycle Life Test

The test assesses cycle life and performance to ensure the MBS can meet a specified target
over its service life. The test involves repeating the performance of a test profile until the
released reach a specific amount. The battery cycle life is a function of cycle depth or DOD. The
total number of ampere-hours that a battery is able to deliver is relatively constant. A decrease
in the daily cycle depth correlates with a reduction in the battery's lifespan. From the test, it is
possible to track the factors like the number of complete cycles, DOD, especially cumulative
Ah released by the battery. Analyzing these factors can help to assess the SOH and predict the
remaining cycle life of the battery system [87].

Procedure

1. Charge the MBS applying CV mode charging to maximum operating voltage to 850Vdc
(100% SOC). Measure the voltage and charging current of the MBS during charging.

2. Keep the MBS at rest in an active standby state for a certain period of time
recommended by the manufacturer.

3. Discharge the MBS applying CC mode discharging to minimum operating voltage to

reach 600 Vdc (0% SOC). Measure the voltage and discharge current of the MBS during

discharge.

Measure the released power.

The MBS needs to be left at rest for same period of time like step 2 at an active standby

state. Need to keep the battery OCV mood during the rest period.

Repeat steps from 1 to 5 complete the required number of cycles.

Keep arecord of all measurements.

Maintain the temperature at 25°C.

Repeat the test after 28 days.

o ks

© o N

Result Calculation

— Calculate the released power.
— Compare the result with rated power.
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6 Conclusion and Future Work

6.1 Conclusion

A theoretical study on the fundamentals of battery was conducted to gather knowledge of
working principles of battery, different battery chemistries, SOC and SOH. Afterword, the
study investigated battery aging and degradation mechanisms to enhance understanding of
battery performance characteristics. This theoretical investigation elucidates that temperature,
internal resistance, operating voltage, and SOC are the factors that contribute to the aging and
degradation of batteries, consequently leading to a decline in SOC and battery performance.

A literature review was conducted on the mobile battery systems (MBS), followed by a
comparative study between MBS and other battery systems, including those for stationary
applications and EVs. Exploring the research history indicates that technically MBS have
greater similarity to stationary battery systems than to EV battery systems in terms of
applications, system properties, and size. However, similar to EVs the MBS face various robust
environmental conditions. Other challenges confronting MBS include transportation
limitations and relatively higher per unit energy prices.

The analysis of existing testing practices and different battery test standards in both stationary
battery systems and EVs provides valuable insights into battery testing systems considering
test conditions, test equipment and challenges.

These previous theoretical investigations indicate a scarcity of standards testing method
designed specifically for evaluating the performance of the MBS. Thus, a test proposal for
MBS was formulated, taking into account factors such as the characteristics of basic battery
technology, MBS specifications, and existing testing standards. The proposal includes nine
performance tests: energy storage capacity test, energy efficiency test, duty cycle test, self-
discharge test, reference signal tracking test, response time and ramp rate test, HPPC test,
thermal performance test, and cycle life test. To illustrate potential performance test scenarios,
an MBS was chosen, and the necessary testing equipment was studied. It reveals two potential
configurations for test setups. One option comprises utilizing a programmable bidirectional
power supply alongside a battery tester and a data logger. The second option involves
employing a single compact battery cycler. Afterword, a common test picture for all the
proposed performance tests was presented, along with detailed descriptions and procedures for
each individual test.

Limitation

Initially it was planned that one of the proposed tests would be conducted in the laboratory,
depending on time permits. However, no test could be conducted due to limitations in available
time and testing equipment. Instead of conducting any experiment, the focus has been given to
the theoretical presentation of the proposed tests for the MBS.
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6.2 Future work

The following list outlines possible directions for future study, based on this thesis output.

1.

Try to execute each proposed test within the laboratory setting in order to assess the
efficacy and performance of the MBS.

Conduct field-level performance testing on the MBS with high storage capacity.
Implement the test setup according to the two proposed combinations while searching
for other configurations.

This thesis primarily focuses on performance testing for MBS. Conduct similar research
to investigate mechanical, abuse, and safety testing for the MBS.

Further research can be done on software solutions suitable for the proposed tests.
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Appendices

Appendix A: Research Proposal for Master's Thesis.

University of
South-Eastern Norway

Faculty of Technology, Natural Sciences and Maritime Sciences, Campus Porsgrunn

Research Proposal for Master's Thesis

Title: Calibration and testing methodology of mobile battery systems.

USN supervisor: Mohammad Khalili Katoulael (mam supervisor), co-supervisors: Sambeet
Mishra, Thomas Ohyvang, and Mohammed Yassin.

External parmer: Skagerak Energi (Jorgen Nyhus, Hivard Hadland)

Taskn background:

High-power battery systems [1] for charging industrial installations and machines have no well-
established performance testing methodologies. 1e. Such as i [ECG62660 for Electrical
Vehicles (EVs). There 1s a need to conduct research on the area for developing high-power
battery industries fo make relevant comparisons of power density, capacity. charge and
discharge efficiencies, and life cycles. Hence, some testing techniques and methodologies are
needed for the industry to measure performance parameters, frequencies, limit values, etc.

Task description:

L. Review of State-of-the-Art Mobile Bartery Systems:
* Conduct an in-depth review of state-of-the-art mobile battery systems utilized in
charging installations, industrial machinery, and relevant applications.
+ Review battery technology types for energy storage systems
* Review the testing and testbeds used for characterization of mobile battery storage
systems.
» [Identify specific challenges and requirements associated with these systems,
considering variations in voltage, capacity, and charging methods.
* Rewview the degradation mechanism in the battery storage systems.
2. Standardized Test Procedure Proposal:
* Propose relevant test procedures for the evaluation of mobile battery storage systems.
encompassing parameters, test frequency, and test conditions.
3. Battery Performance Testing:
* Design an experimental sefup to conduct performance testing of mobile battery
systems.

o If time allows measure and analyze the behavior of the batteries under various
loads and charging conditions (focusing on key parameters such as capacity,
cycle life, charge/discharge efficiency, voltage, and current characteristics).

4. Documentation and Reporting:
+ Document the experimental setup, procedures, and detailed findings.
+ Provide a comprehensive report on the performance testing outcomes, highlight key
observations and insights.

Student category: EPE

Is the task suitable for online students (not present at the campus)? No

Practical arrangements:
Skagerak Energy will provide equipment to develop the laboratory setup.




Supervision:

As a general rule, the student is entitled 1o 15-20 hours of supervision. This includes
necessary time for the supervisor to prepare for supervision meetings (reading material to be
discussed, ele).

Submitted by: MD NAZRUL ISLAM, ID: 259050, M.Sc. in EPE

Date and signature: r(%'?__. ol p2 298y

Supervisors:

Name Date and signature

¥

Sambeet Mishra (co-supervisors)

Mohammad Khahli Katoulagi (main supervisor) )

Thomas @yvang (co-supervisors)

Mohammed Yassin (co-supervisors) \\M
. A

[1] Skagerak Energi AS - Kverneland Energi
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Appendix B: EVESCO Battery energy storage system.

CVESCO

ELECTRIC VEHICLE ENERGY STORAGE COMPANY

Power: 1000kW
ES-10001000NA Energy: 1106kWh
Containerized Battery Energy Storage System
LiFePO4 Battery Technology

CIFICATIONS
FEATURES Hominal Energy 1106 kWh

* 20" containerized design complete with battery, PCS, Usable Energy (@35% DoD) 1028 kWh
HWVAC, fire suppression, lighting and local confroller

" Siizing the safest of Rated AC Power [via PCS) 1000 kW

*  Maximum s ilizi ithium

battery d\e:lfl'::ryy (LiFgm] unrrb'nt:;ewih an [Tz ==iD) LA
intelligent 3-level Battery Management System Hominal DC Voitage TEE Volls

* Qutfstanding performance and long lifespan with over DC voltage Ranga 572 ~ B52 Vaolts
5000 cycles at 1C Max. Continuous Charge 14408 @ 1C

* Bidirectional PCS with multiple modes for flexible Max. Conlinuous Dischargs 1A @ 1C

charging and discharging of batteries
AC Bus 450 Vac (423 ~ 526

* Prefabricated containerized design makes for quick and | Grid-ilsd AC Connection wac satiable)
eagily onsite assembly

*  Optimized for both on-grid and off-grid applications Charge 32°F (0°C) o 113°F (45°C)
* Integrated local confroller for operation status contral, | Do ode DAL IETAESS)
DiC grid-connection control, protection and data Call Chemistry :-ITFI;::LT Phosphate

exchange
Dimensalona [L X W x H) 6053 x 2436 % 2581 mm mm
AP PROVA LS Walght [Appromw) THC
* UL 93404 thermal runaway tested Enclogure 20" GF contalner |P54
* UM 38.3 certified Battary, PCS, HVAC, FSS,
+  |ECB2B19/62477 certified Containarized System Includes mc:;lr_tmller. Lighting &
= UL 1741 PCS, UL 1642 Celis , UL 1973 Modules STEM LAYOUT

Tom geazmics shew mry afer o Sm Ak st

EVESCO

T: +31 33 7410 700

E: o power-5onic.. evesco.com

1
o
g
%
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Appendix C:

REGENERATIVE BATTERY PACK
TEST SYSTEM MODEL 17040E

Chroma 17040E Regenerative Battery
Pack Test System is a high-precision
system specifically designed for secondary
battery module and pack tests. The energy
regenerative function greatly reduces power

ption during discharge, and a
stable power grid without generating harmonic
pollution on other devices - even under
dynamic charge and discharge conditions.
Where traditional equipment discharges waste
energy in the form of heat, Chroma 17040E
can recycle the electric energy discharged
by the battery module back to the grid, thus
reducing waste energy and alleviating HVAC
requirements.

The 17040E has built-in parallel channels and
dynamic profile simulation functions. The
parallel capability maximizes the charge and
discharge current and power, thus increasing
the efficiency and flexibility of equipment
utilization. The dynamic profile simulation
allows users to load a battery waveform of a
given drive profile in either current or power
mode to mest the NEDC/FUDS requirements.

Its bidirectional architecture assures
uninterrupted current during the charge and
discharge transient state so that the driving
conditions can be accurately simulated in line
with the ISO, IEC, UL, and GB/T international
test standards.

Equipped with Chroma's powerful Battery
Pro software, the test system offers flexible
test editing functions to perform independent
channel tests, and conforms to various
requirements for testing secondary battery
packs with high safety and stability.

Chroma 17040E ensures protected charge/
discharge testing through multiple safety
features including Over Voltage Protection,
Over Current Protection, Over Temperature
Protection, and | parameter detecti

The recovery functions prevent that test data
is interrupted or lost in the case of power

failure.
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Chroma 17040E Regenerative Battery Pack Test System.

MODEL 17040E

KEY FEATURES
W Meets international standards for battery
testing: IEC, 1SO, UL, and GB/T, etc.
W Regenerative battery energy discharge
(Eff. >90%, PF >0.95, |_THD <5%)
W Autoranges with multiple voltage and
current ranges for opti luti
W High accuracy currentivoltage
measurement
+0.02% r.d.g. + 0.02% r.n.g.
+(0.05% of rn.g.)
W Current slew rate (10%~90%)
1ms (100kW~500kW)
10ms (300K ~1.2MW)
W Dynamic (current/power) driving profile
simulation tests for NEDC, FUDS, HPPC
W Test channel parallel function
W Test data analysis function
W Data recovery protection
(after power failure)
W Automatic protection for abnormalities
W Battery simulator (option)
W High power test equipment
Voltage range: 100~ 1700V
Current range: 0~4800A
Power range: 0~1.2MW
W Customized integration functions
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FIELDS OF APPLICATION
W Power battery module

W Energy storage system

W Motor driver

W Power control system

Chroma
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Appendix D: ITECH ITS5300 battery pack test system.

ITS5300 Battery cell/ Battery module
/Battery Pack BOL Test System

ITS5300 battery ¢harging discharging test system provides lumkey testing solution from Milianpere-grade single cell 10 Megawatt batiery pack
Duwing chargng-diseharging life cycie test (BOL Test), it can simulate the real working condition, such as ariving cycie, current pulse and sefi-defined
waveforns, 1o realize the coniprehensive evaluation of battery life time, energy, and endurance mileage. The systen is applicadie to new products
deveioprient, quality analysis/inconing inspection, production test and so on. Modular design provices great fiexidiity and independence for the test
systen configuration.

To meet the deniand of production line testing in large guantities, ITS5300 ¢an sinultaneously test the performance of hundreds of independent
batery modulesicells, greatly inproving the testing efficiency ana production of production ine.ITSS300 also provides regenerative jest solution, and
the regenerative efficiency up to 85%, it soives the prodlen of high electricity cost caused by high power storage battery or large quantity battery
mocule/cell test

ITS5300 provices conprenensive protection function, not mierely hardware itseif has over-vollage, over-current, over-leniperature, anti-isiancing
protections, but also the systen has optional funetions such as emergency stop module, power-off memory function, anti-spariding and reverse
connection protection, under voitage protection ete, 5o as to effectively ensure the reliability of long-time operation of the systen.

The ITSS300 battery test system offers a wealtn of 1est steps and powerful statistical analysis capabilites. The channels can be operated
synchronoustylincependently without affecting each other, and support third-party device control (leriperature box or waler-cooling systen). Without
any language progranining dackground, users can Quickly riaster the test progran editing and running. Powerful statistical analysis function, 1o
assist testers to quickty filter data, efficient comipletion of battery performance paraneters analysis.

FEATURE

* Modutar design, Maxinun voltage and power up to 2250V/1152kwW
* Power regenerative efficiency up to 85%

« Full protection

« High precision measurement, up 10 0.02%+0.02%FS

Strong scalability, easy to integrate other equipnient
High sanipling rate, up 1o 1ns

Rich charging and gischarging test sieps

Seanless current switching, road conditions sinulation

.

* AC/DC imernal resistance test Data query and statistical analysis functions

01 1755300 Battery Cell/ Battery Module/Battery Pack BOL Test System
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