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Abstract

The idea behind the project is to develop a methodology for analyzing and developing
techniques for the diagnosis and the prediction of the state of charge and health of lithium-
1on batteries for automotive applications. For lithium-ion batteries, residual functionality is
measured in terms of state of health; however, this value cannot be directly associated with
a measurable value, so it must be estimated. The development of the algorithms is based
on the identification of the causes of battery degradation, in order to model and predict the
trend. Therefore, models have been developed that are able to predict the electrical, thermal
and aging behavior. In addition to the model, it was necessary to develop algorithms capable
of monitoring the state of the battery, online and offline. This was possible with the use of
algorithms based on Kalman filters, which allow the estimation of the system status in real
time. Through machine learning algorithms, which allow offline analysis of battery deterio-
ration using a statistical approach, it is possible to analyze information from the entire fleet of
vehicles. Both systems work in synergy in order to achieve the best performance. Validation
was performed with laboratory tests on different batteries and under different conditions. The
development of the model allowed to reduce the time of the experimental tests. Some specific

phenomena were tested in the laboratory, and the other cases were artificially generated.






Contents

Introduction fix]
Motivation . . . . . . . .. e il
Original Contribute . . . . . . . . . . ... .. . .. [xiil
ThesisOutline . . . . . . . . . . . . . . [xiiil

1 State of The Art [l
1.1 Electric Mobility . . . . .. ... ... ... .. ... Il
1.2 LithiumIonBattery . . . . . .. ... ... ... . ... ......... 7]

1.2.1 Historyof Battery . . . .. ... ... ... ........... 7
1.2.2 Typeofbattery . . .. .. ... ... .. .. .. ... 9
1.2.3 Battery Chemistry . . . . ... .. .. ... .. ... ... [l
1.2.4 AgeingPhenomena . . . . . ... ... ... ...........
1.3 BMS . . . 17
1.3.1 BMSarchitecture . . . . . . ... ... ... ...
1.32 Datal/O. . . .. . ... 19|
1.3.3 BMS Functionality . . . .. ... ... ... ........... 21l
1.4 Battery model description . . . . . . . . . ... ..o 24
1.4.1 Open Circuit Voltage model . . . . . ... ... ... ...... 26)
1.42 State of Charge dependence . . . . . . ... ... ... ..... 26|
1.4.3 Equivalent Series resistance . . . . . . . . .. .. ...
1.4.4  Single polarization model . . . . ... ... ... ... ... .. 28]
1.4.5 Hysteresisvoltage . . . . .. ... ... ... ... .. ..., 29|
1.4.6 Firs-orderRCmodel . . ... ................... 30l



1.5 Batterystate . . . . . . . ... ] 32
151 StateofCharge . .. ... ... . ... . ... ... ... ] 32
152 StateofEnergy . ... ... ... ... ... ] 35
153 StateofHealth . ... ... ... ... ... ... ....... 137
154 StateofPower . ... ... ... ... . ... 138
155 Stateof Temperature . . .. ... ... ... ... ....... L] 41
156 StateofSafety ... ... ... .. .. ... .. .. ... ... ] 42

1.6 State EstimationMethods . . . . . . . .. ... ... L. L1 45
1.6.1 StateofCharge . .. ... ... ... .. ... ... ... L] 46
1.6.2 StateofHealth . ... ... ... ... ... ... ....... 149

2 Battery Modeling

2.1 TestEquipment . . . . . . . . . . ... .. ] 53

2.2 Parametersidentications . . . . . . . ... ... L] 61
2.2.1 SOC-dependent parameters . ... .. ... ... ...... ] 61
2.2.2 Ageing-dependent parameters . . . ... .. ... ... ... [] 68
2.2.3 Temperature-dependent parameters . . . . . ... ... ... L] 73
2.2.4 Selfdischargeresistance . . . . . ... ... ... ... ... [ 75
2.25 CoulombEfciency . ... .... ... ... ... .. ... .. [ 176
2.2.6 EnergyEfciency. . .. .. ... ... ... .. ... ... 178
2.2.7 AgeingModel . ... ... ... ... ... .. [ 179
2.2.8 Thermal Model Parameters . . . . . ... ... ... ...... ] 82

2.3 ModelDescription . . . . .. ... (184
231 StateModel . . . .. ... ... [ 184
232 CellVoltage. . . . . . . . . .. [185
23.3 Thermalmodel . . . . ... ... .. .. . ... ... 88

2.4 Implementation . . . .. .. .. ... ... 91
2.4.1 Matlabenvironment . . ... ... ... ... 91
2.4.2 Simulink Environment . . . . ... ... o oo 92

1.4.7 Dualpolarizatonmodel . . ... ... ... . ... ...... 130



2.4.3 Python Environment . . ... ... ... ... ... ....... 93
25 ModelResults . . . . . . . . 97
3 State Estimation 101
3.1 Long short therm memory for SOC estimation . . . . . ... ... .... 103
3.1.1 Useddataset .. .. ... .. ... .. .. ... 103
3.1.2 Theory . .. .. . . . . 106
3.1.3 ExperimentalResults . . . . .. ... ... ............ 109
3.2 Extended KalmankFilter . . . . . .. ... ... ... ... . .. 114
3.21 Theory . .. . . . . 114
3.2.2 Batteryapplications . . . ... .. ... ... 124
3.2.3 ExperimentalResults . . . . . ... ... ... ... ... ... 128
3.3 Dual Extended KalmanFilter . . . . . . . ... ... .. ... ...... 137
3.31 Theory . .. .. . . .. 137
3.3.2 Batteryapplications . . . ... .. ... ... 143
3.3.3 ExperimentalResults . . . . . .. ... ... ... . ..., 146
Conclusions 155






List of Figures

1.1 Emission values imposed by regulations depending on the "Euro” class of
registration, gasoline (a),diesel(b) . . . . . ... ... ... ... .... 2

1.2 Citymood 12e Electric bus, developed by Industria italiana autobus, pre-

sented on November29 . . . . . . ... ... 2

1.3 Comparison of the ef ciency of various vehicles, (a) internal combustion

engine (ICE), (b) hybrid electric vehicle (HEV), (c) battery electric vehicle

1.5 Comparison of CO2 emissions by vehicle type, with reference to mass . .
1.4 SUV Marketshare . .. .. ... ... .. .. .. .. ... 4

1.6 Trend of energy production from renewable resources in Italy, trend of

corresponding CO2 emissioNs . . . . . . . . . ... 5
1.7 BikelanesinthecityofBologna . . . . ... .. ... ... ....... 5
1.8 CO2 emissions by used energy, divided by states, [4] . .. ... ... .. 6
1.9 Major components and operating mechanismofLiBs . .. ... .. ... 8
1.10 Comparison between differenttype ofcell . . . . . . . ... . ... ... 9
1.11 Battery Chemistry Comparison . . . . . . . . . . . . v 12

1.12 lllustration of ageing effects on battery negative electrode: the capacity

fade andthe SElgrowth [53] . . . . . . . . . .. .. .. ... ...... 14
1.13 Basic framework of software and hardware of BMS in vehicle [55] . . . . 18
1.14 Structure of a two-level conventional BMS [20] . . . . .. ... .. ... 19
1.15 LIBER BMS, Multiple modules battery pack con guration . . . . .. .. 20
1.16 Typical chargingcurve . . . . . .. . . . . . .. .. ... 22



1.17 Comparison between active and passive equalization strategy . . . . . . . 23

1.18 Opencircuitmodel . . . . . . . ... 26
1.19 Different chemistry OCV comparison . . . .. ... ... ... ..... 27
1.20 ESRmodel . . . . . .. . . 27
1.21 Single polarizatonmodel . . . . . ... .. ... ... .. .. ... .. 28
1.23 LiFePo4 hysteresis characteristic . . . . . .. .. .. .. ... ...... 29
1.22 LiFePo4 hysteresismodel . . . . . .. ... .. .. ... oL 29
1.24 First-orderRCmodel . . . .. ... ... ... ... .. ... . ... .. 30
1.25 Dual polarizationmodel . . . . . ... ... ... oL 31
1.26 Battery state and model architecture [18] . . . . . . . . . ... ... ... 32
1.27 Batterystatemodel . . . . . . .. ... 34
1.28 State of energy comparison between two different chemistries . . . . . . 35
1.29 Energy ef ciency comparison between two different cell chemistries . . . 37

1.30 lllustration of four cases for limiting available battery power in charging
ordischarging conditions . . . . . .. ... ... ... ... .. ... .. 39

1.31 Power capability for a LFP lithium ion battery, in charge and discharge
conditions vs temperature . . . . . ... L. 40

1.32 Power capability for a LTO lithium ion battery pack in BEV, in charge and

discharge in different ageing conditions . . . . . ... .. ... .. ... 40
1.33 Lumped models (a) complete model and (b) radial model [65] . . . . .. 42
1.34 Safety operation area for lithium ion battery [55] . . ... .. ... ... 44
1.35 State estimation task subdivision . . . . . ... ... 0oL 45
1.36 SOC estimationmethods . . . . ... ... ... ... ... ....... 46
1.37 Filter-based algorithm owchart . . . . . . . . .. ... ... ....... 48
1.38 SOH estimation methods . . . . . . ... ... ... ... ........ 49
2.1 Testbench hardwarescheme . . ... ... ... ... .. ... .... 54
2.2 Testingbattery . . . . . . . . . ... e 55
23 Electronicload . .. ... ... .. ... 56
24 Powersupply . . ... 56



2.5 Power-meter . . . . . . ... 56

2.6 Refrigerating & heating bath circulator . . . . . . ... .. ... ..... 57
2.7 Riello UPS (uninterruptible power supply) . . . . . . . ... ... .... 57
2.8 CompactRIO . . . . . . . .. 58
29 Testbench . . . . . . . . . .. 60
2.10 Battery market share comparison[12] . . .. ... .. ... .. ... .. 61

2.11 Pulse discharge test. Current and typical voltage pro le for a 21700 NMC

high power Li-loncell. . . . .. ... .. ... .. ... ... ...... 63
2.12 Pulse discharge test, interestingpoints . . . . . ... .. ... ...... 63
2.13 Opencircuitvoltage . . . . . . . . . . . . . . e 64
2.14 Seriesresistan€® . . . . . . ... e 65
2.15 Timeconstar®y;t1. . . . . . . . . . e 67
2.16 Discharge battery voltage, with different temperature . . . . . .. .. .. 68
2.17 Flowchart of the procedure for ageingtest . . . . .. ... ... ..... 70
2.18 Capacityfadein300cycle . . ... . ... ... ... .. .. ... ... 71
2.19 Resistance growthin300Cycle. . . . . . ... ... .. .. ....... 72
2.20 Discharge battery voltage, with different temperature . . . . . .. .. .. 74
2.21 Resistance downturn versus temperature . . . . . . ... ... ... ... 74
2.22 Self-discharge rates of Ni-MH and Ni-Cdvs SOC . . . . . ... ... .. 75
2.23 Capacity derating over number of cycle, charge and discharge . . . . . . 77
2.24 Coulombic ef ciency over numberofcycle . . . ... ... ... .... 77
2.25 Energy ef ciency derating over number of cycle, charge and discharge . . 78
2.26 Energy ef ciency over numberofcycle . .. ... ... ... ...... 79
2.27 Capacity dreading vs batteryusage . . . . . . . . . .. . ... ... ... 80
2.28 wy coefcienttrend . . . . . . . ... 80
229 wy coefcienttrend . . . . . . ... 81
2.30 wgcoefcienttrend . . . . . ... . . ... 81
2.31 Thermal model parameters validations . . . . . .. ... ... ...... 83
2.32 Equivalent radial thermalmodel . . . . . .. .. ... ... .. ..... 89
2.33 Flowchart of MTLAB" model . . . . . . ... ... ... ... ..... 91



2.34 Simulink modelscheme . . . . . . . . . . . . . . ... ... 94

2.35 Simulink Model Scheme . . . . . .. .. ... ... .. ... 95
2.36 Comparison between two differentchemistry . . . . .. ... ... ... 95
2.37 Flowchart of pythonmodel . . . . . ... .. ... ... .. ....... 96
2.38 Testsresults, voltage comparison . . . . . . . . . .. ... .. ... 98
2.39 Tests results, temperature comparison . . . . .. .. ... ... 99
2.40 Testsresults, SOC comparison . . . . . . . . . o v v v i v .. 99

3.1 Flowchart of the procedure for ageing test for unibo powertools dataset. . 105

3.2 RNN architecture for SOC estimation unfolded intime . . . . . .. . .. 106
3.3 Architecture ofthe rstmodel . . . . ... .. .. ... ... ... ... 107
3.4 Architecture of thesecond model . . . . . . . . . . . .. ... ... ... 108

3.5 UNIBO dataset SOC estimation results (standard), (a, b, c, d) are all tested
with SOH = 100%, (e, f, g, h) are all tested wiOH = 0%, (a,e) cell
capacity = 2.0 Ah, (b,f) cell capacity = 2.85 Ah,(c, g) cell capacity = 3 Ah
and (d, h) cellcapacity=4.0Ah . . ... ... ... ... ........ 110
3.6 UNIBO dataset SOC estimation results (high current), (a, b) are all tested
with SOH= 100%, (c, d) are all tested witBOH= 0%, (a,c) cell capacity
=2.85Ah, (b,d)cellcapacity=3Ah . .. .. ... ........... 111
3.7 UNIBO dataset SOC estimation results (preconditioned), (a) is tested with
SOH = 100%, (b) is tested witlsOH = 0%, both cell have the same ca-
pacity of .0 Ah . . . . . 111
3.8 LG 18650HG data SOC estimation results (mixed cycles), . ... .. .. 113
3.9 Schematic state-space representation of the linear dynamic system in dis-
crete time at the basis of Kalman Iter formulation [71] . . . . . . .. .. 117
3.10 Schematic representation of the application of the Kalman gain to the mea-
sured and estimatedoutputs . . . . . . .. ... Lo 120
3.11 Sequence of the prediction and update steps in the Kalman Iter estimation
Process[36] . . . . . .. 120
3.12 Single polarizationmodel . . . . . ... ... ... . . o0 124



3.13 Three used prole, (a) Cycle A: Energy = 0.951 [Wh], Max power =
42.351 [W], Mean Power = 2.853 [W]; (b) Cycle B: Energy = 0.593 [Wh],
Max power = 15.847 [W], Mean Power = 1.780 [W]; (c) Cycle C: Energy

=0.869 [Wh], Max power = 17.327 [W], Mean Power =2.607 [W] . . . . 128
3.14 Cells examined from left to right: LG M50T, Samsung 50E, Molicel P42A 129
3.15 Tests results, LG - M50T EKF-SOC estimation performance . . . . . .. 131
3.16 Tests results, Samsung - S50E EKF-SOC estimation performance . ... 132
3.17 Tests results, Molicel - P42A EKF-SOC estimation performance . . . . . 132
3.18 Block diagram of the EKF validation procedure . . . . . ... ... ... 133
3.19 testsresults, LG - M50T EKRy estimation performance . . . . . . . .. 134
3.20 Tests results, Samsung - S50E HRfestimation performance . . . . . 135
3.21 Tests results, Molicel - P42A EKRy estimation performance . . . . . . 135
3.22 Graphic representation of the Dual Extended Kalman Filter [57] . . . . . 137
3.23 Sequence of the prediction and update steps in the DEKF estimation pro-

CeSS[36] . . . . . . 141
3.24 Single polarizationmodel . . . . . .. .. ... .. .. ... L. 143

3.25 Three used prole, (a) Cycle A: Energy = 0.951 [Wh], Max power =
42.351 [W], Mean Power = 2.853 [W]; (b) Cycle B: Energy = 0.593 [Wh],
Max power = 15.847 [W], Mean Power = 1.780 [W]; (c) Cycle C: Energy

= 0.869 [Wh], Max power = 17.327 [W], Mean Power = 2.607 [W] . . . . 146
3.26 Cells examined from left to right: LG M50T, Samsung 50E, Molicel P42A 147
3.27 Block diagram of the DEKF validation procedure . . . . . ... ... .. 148
3.28 testsresults, LG - M50T DEKF-SOC estimation performance . . . . . . . 150
3.29 Tests results, Samsung - S50E DEKF-SOC estimation performance . . . 151
3.30 Tests results, Molicel - P42A DEKF-SOC estimation performance . . . . 151
3.31 testsresults, LG - M50T DEKRy estimation performance . . . . . . . . 152
3.32 Tests results, Samsung - S50E DHRgestimation performance . . .. 153
3.33 Tests results, Molicel - P42A DEKRy estimation performance . . . . . 153






Introduction

Motivation

One of the causes of climate change is certainly to be found in mobility. An alternative
to traditional diesel and gasoline engines is certainly the use of other fuels such as LPG
and methane, which allow to reduce CO2 emissions; however, currently the only way to
bring to zero such emissions is represented by electric mobility. The electric car market is
increasing year after year, with record sales all over the world, thanks to the awareness of
the various aspects of environmental protection and thanks to an aggressive campaign of

incentives.

Today we are witnessing a global diffusion of applications based on the use of Li-lon
batteries; for many of them the life cycle of the device is limited by the life of the battery,
as we can see in portable devices such as cell phones or computers. In the case of electric
vehicles, reaching 80% of nominal capacity is to be considered the end of battery life,
however the battery can still be used on stationary applications where such high energy
density is not required. For this reason, it is important to have a Battery Management
System (BMS) that can monitor the battery, to extend its life as much as possible, and that

can estimate its status accurately, so that it can be reused in other applications.

An electric vehicle usually has an installed energy of tens of kWh (they can also reach
hundreds of kwh), to reach such high energy values while maintaining the weight and
volume contained, the current technology is based on lithium. Currently the cell format
that guarantees the highest value of energy density is the cylindrical format. The most

common formats are, 18650, (18 mm radius) and (65 mm height), and 21700, (21 mm
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radius) and (70 mm height), the latter being the most recent format that in the next years.

Cylindrical cells, despite reaching energy densities of 250 Wh/kg, have low energy
values per cell, around 12 Wh for 18650 and 18 Wh for 21700.

This immediately highlights the problem: the number of cells required by a battery
pack exceeds thousands. The Tesla model S 75kWh, for example, has approximately
7000 cells. An aspect to be taken into consideration is certainly related to the safety of
these vehicles, it is especially due to the great reactivity of lithium.

There is a Safety Operation Area (SOA), de ned by the manufacturer, within which
the battery pack must work. If the battery works out of this area of operation, irreversible
processes of degradation are triggered, leading to a decrease in reliability and power avail-
ability; in the worst cases, res or even explosions can occur. The BMS is a system present
in every battery pack composed of lithium cells and is responsible for monitoring the bat-
tery to ensure proper operation and prevent possible malfunctions. The BMS, therefore,
plays a key role in ensuring a good level of safety, also allowing to maximize battery

performance.

Original Contribute

Considering the aspects reported above, the purpose of this work is to develop a BMS
functionality capable of monitoring the battery working zone, to keep it in the SOA. At
the same time, the BMS will evaluate the state of the battery in terms of State of Charge
(SOC), State of Health (SOH), etc.

The existing literature provides important results regarding the estimation of battery
states, however most of them reg@@C In contrast, folSOHthere is little information
about it and, currently, there is no single de nition. The objective of this work is to analyze
different algorithms to estimat®OH, based on the internal resistance of the c@DHis
among the most important parameters to monitor in lithium-ion batteries (LIBs) because
it serves to know their residual functionality of the battery.

In addition to the state estimation, another fundamental aspect to ensure the maximiza-

tion of a battery performance is related to the modelling; being able to have an accurate
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model of the battery, in fact, allows to analyze its behavior in every possible operating
condition, challenging it to the limit of its potentiality.

The Equivalent Electrical Circuit Model (ECM) allows to obtain excellent performance
while maintaining reduced complexity with concentrated parameters. The thesis will il-
lustrate the most popular models in the literature, aiming to analyze the methods to obtain
the parameters starting from experimental tests, also using ad hoc tests developed over the
years. The models developed will be compared with data from laboratory tests to verify

the validity in various con gurations.

Thesis Outline

Chapter 1 contains a general introduction on the state of the art, starting with a quick
description of the context in which this work is inserted and brie y describing the issue
of electric mobility. In the following paragraphs, LIBs and the differences between the
various batteries on the market will be introduced, and nally the BMS will be analyzed,
describing its main functions. Subsequently, the topic of battery modelling will be intro-
duced, leaving to the next chapter a more detailed discussion and the description of the
models most used in the literature. In the last two paragraphs, the possible states that can
be identi ed for a battery will be described, presenting the most common methodologies
for their determination.

Chapter 2 will go into the details of battery modelling, starting with a description of
the test system that has been used for the realization of laboratory tests. The second para-
graph will explain in detail how it is possible to derive the parameters of the equivalent
electrical model starting from the laboratory tests. These same parameters will then be
used in the following paragraphs for the realization of the battery model. In this chapter,
three possible implementations will be presented that have been realized for three dis-
similar purposes, in three different programming environments. The results obtained in
comparison with real tests will then be examined.

Chapter 3 will describe the methods investigated over the years for parameter esti-

mation. An introduction of the theory behind each method will be made, and then the
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application to the battery world will be shown.

Finally, the results of the comparison between the tests and the model analyzed in the
previous chapter will be presented. In this chapter a lot of space will be dedicated to the
estimation methods based on Kalman Filters, as they have shown excellent effectiveness
in estimating the state of the battery, therefore being recognized in the literature as the

state of the art for th€ OCestimation.
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1 State of The Art

1.1 Electric Mobility

Climate change is a central topic nowadays and among the points of the 2030 agenda of
the European Commission there is the ght against climate change. The transition to more
sustainable technologies can not only help to solve the problem of climate change, but also
allow to reduce polluting emissions and thus improve the quality of life of people already
in the short term. In this ambitious program, mobility plays a fundamental role; in fact, a
large part of pollution is caused by the transport of goods and people. In Emilia-Romagna

41% of CO2 emissions are produced by road transport.

Thanks to recent regulations, registered thermal vehicles must comply with increas-
ingly stringent constraints on pollutant emissions. The transition to zero-emission vehicles
can also take place using vehicles powered by fuels with a lower environmental impact,
such as LPG and methane gas, although, due to their very nature, emissions can never be
equal to 0. For this reason, the transition to electric vehicles is currently the only solution.
Market forecasts indicate that electric vehicles are becoming more and more widespread;

it is estimated that they could cover 30% of the car market in 2030 [16].

Electric mobility uses one or more electric motors for propulsion, energy is stored
on board in a variety of ways, the most common being: Hydrogen tanks, the hydrogen
being then converted through fuel-cells into electricity, and batteries, which store chemical
energy, which is converted back into electricity through chemical reactions and then used
by the engines. Currently, electric mobility is spreading across all sectors [2]. Starting

with micro-mobility, i.e., those low-weight vehicles used for small trips such as bicycles,
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State of The Art

(@) (b)
Figure 1.1: Emission values imposed by regulations depending on the "Euro” class of

registration, gasoline (a), diesel (b)

Figure 1.2: Citymood 12e Electric bus, developed by Industria italiana autobus, presented

on November 29

scooters, and electric scooters. In private mobility, electric cars are becoming increasingly
popular with a massive increase in recent years, also thanks to incentives proposed by the
state and regions.

The focus has also been on sustainable public transport, where, for example, the Emilia
Romagna region has recently presented the new "Citymood 12e electric bus Fig. 1.2", [5].
Electric motors can be coupled to traditional internal combustion engines, where it is not
possible to support the demand for power and energy as in the case of agriculture [6].

The choice to use electric mobility is linked to the best use of energy, considering that

in traditional internal combustion vehicle, 84% of the energy used is dispersed in the form

2



1.1. Electric Mobility

(@)

(b)

(©)
Figure 1.3: Comparison of the ef ciency of various vehicles, (a) internal combustion en-

gine (ICE), (b) hybrid electric vehicle (HEV), (c) battery electric vehicle (BEV)

of heat, consequently only 16% is used to propel the vehicle. For electric vehicles the
ef ciency is much higher and 83% of the energy is converted into motion. In Fig. 1.3, the
waste contributions broken down by vehicle type are shown.

The high ef ciency of electric vehicles can be attributed to the absence of an internal
combustion engine, which by its very nature has a very low ef ciency, but is also linked to
the possibility of recovering energy when braking and to the practically zero consumption
in stationary phases of driving, such as, for example, at traf c lights.

Despite the advantages of the transition to electric vehicles, this transition it is not

taking place rapidly, the cause of which is to be found in various factors that limit its
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State of The Art

Figure 1.5: Comparison of CO2 emissions by vehicle type, with reference to mass

diffusion.

Electric vehicles, unlike traditional vehicles, can store less energy on board, due to
their low energy density; in fact, the energy density of gasoline is ten times greater than
that of batteries, and this has repercussions on a shorter range. Recharging times are also
different: to Il the tank of a thermal vehicle can take approximately 5 minutes, to recharge
a battery vehicle can take more than 2 h.

For this reason, the transition must also take place through a change in the mentality
of users, and this must affect the use of vehicles that require a smaller amount of energy
to move.

The market, however, shows an opposite trend,
with an inincreasing diffusion of "SUVs", the vehi-
cles with a high mass. The graph in Fig. 1.4 shows
that the number of these vehicles has tripled, from
10% in 2010 to 35% in 2019. The increase in the
mass of these vehicles increases consumption and
Figure 1.4: SUV Market share consequently has a huge impact on the increase in
emissions. In Fig. 1.5 you can see as the increase of vehicle mass affects CO2 emissions.

It can also be seen that this trend is less pronounced for electric vehicles, which, thanks
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1.1. Electric Mobility

Figure 1.6: Trend of energy production from renewable resources in Italy, trend of corre-

sponding CO2 emissions

to recovery during braking, are able to disperse less energy. A further aspect related to the
high consumption by vehicles is to be attributed to the speed: in fact reducing speed from
130 Kph to 120 kph leads to 14% consumption reduction. What has been said shows how
the transition towards BEVs or PHEVSs can only take place with a change in the mentality
of users. The last aspect that limits the diffusion of electric vehicles is their high cost if

compared to the cost of traditional vehicles.

Talking about electric mobility it is necessary to
analyze the way in which the energy that is used in
vehicles is produced. Europe is still a long way from
achieving climate neutrality Fig. 1.8, [4]. In Italy,
the production of energy from renewable sources is
growing and currently stands at around 35%. How-
ever, in Italy a lot of energy is generated using natu-

ral gas, which produces high values of CO2. Morgjgure 1.7: Bike lanes in the city of

over, due to the nature of renewable sources, tRglogna
are not constant over time, and therefore energy storage systems are necessary, in order to

meet the energy needs when renewable sources are not suf cient.

The investments being made to combat climate change are having enormous results.
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State of The Art

Figure 1.8: CO2 emissions by used energy, divided by states, [4]

In the city of Bologna, 500 km of cycle paths have already been created to encourage the
use of more sustainable vehicles such as bicycles and scooters.

The recharging infrastructure is expanding enormously, and more and more parking
spaces are being reserved for recharging electric cars.

Finally, more and more is going to be invested in research on higher performance bat-
teries, given the great demand for electric vehicles and their greater autonomy. Currently,
batteries with an energy density of 280 Wh/kg can be found at a price that is more and

more decreasing.



1.2. Lithium lon Battery

1.2 Lithium lon Battery

In this section will analyze some of the main characteristics of the batteries that are com-
monly used. The rst part will introduce the principle of operation of the battery in general,

the second will discuss the formats in which batteries can be found, and in the last part
will be shown a comparison between the various types of lithium-based chemicals in the

market.

1.2.1 History of Battery

Research in lithium batteries began in 1912 under G.N. Lewis, but the breakthrough came
in 1958 when Harris noticed the stability of Li-metal in several non-aqueous electrolytes
such as fused salts. The formation of a passivation layer that prevents the direct chemical
reaction between lithium metal and the electrolyte but still allows for ionic transport is at
the origin of the stability of lithium batteries [38].

This type of batteries uses electrode materials intercalation which allow to accumulate
and release lithium ions, in a reversible process. This phenomenon is de ned as host-
guest, the electrode structures accepting lithium ions inside and then releasing them at the
next cycle to the other electrode. The components of the electrodes must be good electrical
conductors, and good ionic conductors.

Although initially batteries were produced with cathodes composed of an acceptor ma-
terial of Li ions and an anode of lithium metal, the use of the latter was later abandoned,
as the high reactivity of Lithium provoked very intense corrosive phenomena at the inter-
face causing both the degradation of the device and safety problems, up to extreme cases
of self-combustion of batteries. For this reason, lithium-ion batteries were introduced to
overcome the safety issues carried by lithium metal batteries.

The major components of LIBs are the negative and positive electrodes, electrolyte,
and separator Fig. 1.9. The negative and positive electrodes correspond to the anode and
cathode, respectively, during discharge, and vice-versa in charge phase.

To avoid contact between the electrodes, which could produce very violent reactions,

a membrane is interposed to act as a separator. The separator allows the passage of ions
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Figure 1.9: Major components and operating mechanism of LiBs

but prevents electrical contact.

The cathodes are typically oxides of Mn, Ni and Co, thanks to the crystalline structure
make easily insert the lithium ions. For the anode is widely used graphite together with
lithium titanates deposited on copper foil. The layered structure of graphite is composed
of strongly bound atoms and arranged in hexagonal structures with the various planes held

together by weaker bonds.

For safety reason, aqueous electrolytes are not usable, so organic solvent are used.
Due to a high potentials stability the battery can operate in high voltage ranges During
the rst charge, the electrolyte decomposes, a passivation Im is so created in the anode-
electrolyte interface. This thin layer is insulating for electrons but very conductive for
ions. This layer is called Solid Electrolyte Interface (SEI). The SEI prevents the formation
of the dendrites structure, which would lead to damage of the separator, and subsequently

make short circuit between the electrodes.

During discharge when the battery is connected to a load, as shown in Fig. 1.9, lithium
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ions are deintercalated from the negative electrode, owing into the electrolyte through
a separator due to the diffusion and migration processes. Finally intercalated into the
positive electrode. The process is reversed during charging [39].

The materials used for electrodes are typically:
» materials with a lamellar structure;
* materials with interstitial sites, where the ions can stay;

« amorphous materials.

1.2.2 Type of battery

Figure 1.10: Comparison between different type of cell

Lithium-ion cells are available in 3 formats, prismatic, cylindrical and pouch Fig. 1.10,
each format has its pros and cons. The cylindrical format reduces the expansion effects due
to chemical reactions, but the integration process is complicated. The prismatic format, on
the other hand, makes the integration process much easier, but it is the format that presents

the lowest energy density for the same chemistry. There are many parameters to consider
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when choosing the chemistry of a cell. The following are the characteristics of the most

common cells, with a brief description of each.

Prismatic The prismatic format Fig. 1.10(a) allows for easy integration and optimal use

of space. Also, for this type of cell there is a vent valve for the gases produced inside.
There are multiple sizes of these cells, to be used in different applications a big ad-

vantage for this format is the presence of the screw connectors for the poles, which make

integration much easier. However also because of the external housing these cells have a

low speci ¢ density. However, they are also used in electric vehicles as they have higher

capacities and nominal energies than the cylindrical format.

Cylindrical Is the most widely used format Fig. 1.10(b). The cylindrical design has
advantages from a constructional point of view as it is easy to manufacture and has me-
chanical stability, since the cylindrical shape can withstand high pressure. However, due
to its nature, there is a loss of space in the integration and consequently battery packs
composed of these cells have a large volumetric footprint. A further disadvantage of this
format is due to the low capacity of the cell, and consequently the number of elements to
be integrated is much higher than with other types.

Many cylindrical cells have a device that can release the pressure generated inside, so
as not to trigger explosions.

Cylindrical cells are mainly used for power tools, electric bicycles. This format is
used by Tesla for some of its vehicles. The most common format is 18650, but currently
other formats such as 21700 are gaining ground, thanks to a higher energy rating. Tesla
currently plans to produce its own cylindrical format 46800, with the aim of reducing the

cost of production and integration.

Pouch These cells Fig. 1.10(c) are made with conductive layers to which electrodes
are soldered. The integration of these cells is a middle ground between prismatic and
cylindrical formats, in fact they have nominal energies like cylindrical cells, and require

a soldering process, but they can be stacked without loss of space like prismatic cells,

also they need to be kept under pressure to avoid swelling during use. This type of cell
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together with the cylindrical cell are the ones with the highest speci ¢ energy density, and
the highest speci c power density. On the other hand, these cells have a strong swelling
effect mainly during the recharge phases, due to the gas that is produced inside the cell,
which can cause a delamination of the layers and therefore a loss of capacity. A further
disadvantage is the low mechanical stiffness, so the design of the external case must be

more robust than other formats.

As for the prismatic cells the format is not standard, but it is made to measure of the
application. Typically, these cells are used in model aircraft or drones due to their high
power density, and high currents they can deliver. This type of cell is also used in electric

vehicles, especially in hybrid vehicles where the currents are high.

1.2.3 Battery Chemistry

Table 1.1: Comparative table of different types of lithium batteries

Positive Negative| Nominal Energy density Thermal | Thermal
Name Cycle
eletrcode eletrcode| voltage | Gravimetric| Volumetric stability | runaway
V] [Whikg] [Whi1] [°C]
ICR-LCO LiCoO2 Grate 3,7 150-200 420 500-1000 Low 150
IMR-LMO LiMn204 Grate 3,9 100-150 350 300-700 Good 265
INR-NMC LiNiMnCo0202 Grate 3,6 205-250 580 500-2000| Good 210
NCA LiNiCoAIO2 Grate 3,6 220-260 600 500 Good 160
IFR-LFP LiFePO4 Grate 3.2 90-130 330 1000-2000| Excellent| 310
LTO LiMn204-LiNiCoAIO2 | Li2TiO3 2.4 50-80 180 3000-7000| Excellent

LCO Lithium-Cobalt

Their high speci ¢ energy makes them the most common choice for consumer electron-
ics. The disadvantage of this type is a relatively short lifetime, low thermal stability, and
limited load capacity (low speci ¢ power). LCO's, due to poor thermal stability, are not

to perform charge-discharge cycles at currents higher than their C-rating.
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Figure 1.11: Battery Chemistry Comparison

IMR-LMO Lithium-Manganese

The architecture forms a structure called "three-dimensional spinel structure" which al-
lows to improve the ionic ux on the electrode. This leads to lower internal resistance
and to easier thermal management. The structure offers high thermal stability and there-
fore a greater safety, allowing to perform charge and discharge cycles with high C-rates
while maintaining low temperatures. The disadvantages of this type of cells are a reduced

number of cycle and a low speci ¢ energy value.

INR-NMC Lithium-Nickel-Manganese-Cobalt

One of the most successful lithium-ion systems is the cathodic combination of nickel man-
ganese and cobalt. Like LMOs, this cell type can be used as either a "High Energy" and
"High Power" cells. The combination of these elements, produces the strength of LCO
and LMO; in fact, nickel is known for its high speci ¢ energy density but has poor ther-

mal stability, while manganese has the advantage of having a structure with low internal

resistance but a low speci ¢ energy. The cathode combination is typically one-third nickel,
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a third manganese and a third cobalt. Since the three elements are easily combined these
batteries can be adapted to a wide range of automotive and energy storage applications

that require a high number of cycles.

NCA Lithium-Nickel-Aluminium-Cobalt

This cell type shares similarities with NCM but without the bene t of manganese. They
tend to withstand lower discharge currents but compensate by offering high speci c en-
ergy and reasonably good power. The addition of aluminum gives the chemistry greater

stability. The disadvantages are certainly a high cost and a poor safety.

LFP Lithium-lron-Phosphate

Lithium phosphate offers good electrochemical performance with low resistance, allow-
ing high currents and a very high number of cycles, good thermal stability, and therefore
greater safety. As a compromise, it has a lower nominal voltage compared to other chem-
istry, lower speci ¢ energy compared to LCOs, and present a higher self-discharge rate

which causes equalization problems.

LTO - Lithium Titanate

The lithium titanate anode replaces the graphite anode of a typical lithium-ion cell. The
cathode can be either LMO or NCM type. LTO cells have a nominal voltage of about of 2.4
V, can be charged quickly and provide a high discharge current over a wide temperature
range. This type of cells has excellent characteristics of durability, safety, and power.

However, they are very expensive and have a low speci ¢ energy density.

1.2.4 Ageing Phenomena

Aging in a battery is a physical-chemical decay involving the different components of
the cell: electrodes, electrolyte, collectors, additives. This leads to a decrease in battery
capacity and maximum available power. The main degradation mechanisms involve the

electrodes and are different from each other over time. Aging leads to a change in struc-
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tural properties, a change in available active material caused by dissolution of the material
in the electrolyte. Most negative electrodes use graphite, carbon, or titanate. Graphite
Is the most widely used because of its better characteristics, particularly about safety, as
shown in Tab. 1.1. The main mechanism to consider is related to the formation of Solid
Electrolyte Interface (SEI) on the graphite negative electrode [53]. This solid interface is
formed when the battery is rst charged, and its purpose is to protect the electrode from
possible corrosive effects and to avoid electrolyte reduction. This phenomenon occurs
mainly at the beginning of the cycle and changes with time, causing a continuous loss of
lithium ions and a decomposition of the electrolyte. In the short term this does not lead
to a large loss of capacity, but over time it leads to a decrease in the active time and to a
decrease of active surface, increasing the electrode impedance. The positive electrode is
subject to low alterations in time, leading to the formation of SEI, which is more dif cult

to detect given the high voltages present on this electrode.

These phenomena occur both with the battery
in use and with the battery at rest and there is an
in uence of the state of charge. In fact, a high
SOC(>80%) can cause an acceleration of this phe-
nomenon given the high potential difference be-
tween the electrode surface and the electrolyte. In
addition, other factors such as high temperatures,
overcharging or short circuits aggravate the pro-
cess. At high temperatures the SEI can dissolve
and create less permeabile lithium ions by increas-

Figure 1.12: lllustration of ageing ef'ing the impedance of the negative electrode. Con-

fects on battery negative elecmde\/:ersely, low temperatures lead to a decrease in
the capacity fade and the SEI grOWtri]thium diffusion between SEI and graphite, which
[53] can lead to the formation of lithium plagues, caus-
ing a loss of battery capacity. In the worst cases the SEI can perforate the insulation
between the two electrodes creating an internal short circuit, which inevitably leads to cell

rupture. The consequences of aging can be identi ed in loss of capacity and increase of
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internal impedance. Both phenomena have chemical causes but with different origins.

The consequences of these mechanisms in lithium-ion cells are:

» The decrease in available lithium over the various cycles increases the cell imbal-
ance, and this occurs on both electrodes due to the formation of SEI by the decom-

position of the electrolyte;

» The loss of active material on the electrode resulting in delamination;

* Increased cell resistance due to the formation of passive Ims on the active surface.

Battery aging can be divided into two processes: one type of deterioration by calendar
and one due to duty cycles. The former corresponds to a situation in which the battery
Is in a state of storage without being used, while the latter describes the consequences of

several charge and discharge cycles [47].

Calendar aging

Thus, calendar aging results in a loss of capacity that can be rapid depending on the con-
ditions under which the battery is being stored. The main cause of an accelerated self-
discharge is the temperature at which the battery operates. In fact, at high temperatures
secondary phenomena such as internal corrosion or loss of active lithium are facilitated.

It is necessary, however, a compromise from the point of view of temperatures since
even too low temperatures limit the diffusion. The other aspect affecting calendar aging
occurs in the case of several cells connected in series, in case of difsD€&etween
the various cells, even at moderate temperatures different aging phenomena occur.

The SOCrepresents the proportion of ions present on the electrodes. This means
that for high levels ofSOCthere will be a large potential imbalance at the electrode-
electrolyte interface. Most studies on the calendar life of batterieS©&€as dependent
on the temperatures during storage. These quantities result in a nonlinear alteration of the

capacity and resistance
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Working cycle aging

Cycle aging happens when the battery is being charged or discharged. Temperature and
current at which battery are used play a central role in this type of aging.

In addition to these factors, tlRESOC which represents the change in discharge during
the cycle is also critical and in uences the health of the battery. Studies conducted by
Bloom et. al. [76] show a loss of deliverable energy from the battery for B§®C
levels.

This phenomenon is mainly caused by degradation at the positive electrode and SEI
formation enhanced by discharges and charges. Another factor that affects aging is the
voltage range at which the cell is operated. Exceeding the range declared by the manu-
facturer causes a greater deterioration of the cell; for example, discharging a battery at a
voltage of 0.1 V lower than that provided by the manufacturer, halves the life of the cell.
This phenomenon greatly affects the life of the cell, is bringing much more critical aging

than an increase in operating temperature oC1[53].
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1.3 BMS

In industrial applications, a single cell cannot provide adequate power for the application.
Therefore, it is necessary to connect several cells in series and parallel to each other to
create a battery that is industrially useful. However, the realization of a battery composed
of many elements, usually in the order of thousands for electric vehicles, brings with it
many critical issues. Consequently, it is necessary to use a device that monitors the various
elements to ensure proper operation, this type of device is called battery management
system (BMS) [40]. Currently, there is still no unanimous consensus on the nal de nition

of BMS and what BMS does. According to [8], the BMS is the device that takes care and
manages the battery.

The BMS is composed of mechanical and electronic components and can be either
software or hardware, while the battery can be a single cell, a battery module or a battery
pack [55].

The BMS has the task of monitoring parameters such as voltage, current and temper-
ature of the individual cells and ensure that they remain within the range provided by the
manufacturer.

For electric vehicles the cost of the battery contributes about 50% of the vehicle, for
this reason, to lower costs typically BMS systems are made with cheap microprocessors
and limited computational power. This therefore reduces the possibility of using powerful
algorithms on the vehicle, but sometime the calculations are decentralized on the cloud,

with edge computing architectures based.

1.3.1 BMS architecture

Usually BMS systems are very complex, and are replaced by many subsystems that coop-
erate with each other. The architecture of the BMS can be of different types: a concen-
trated architecture with a single BMS that controls the entire battery pack, or a distributed
one, with more elements that take the name of slave, and only one master. The single-
element architecture is popular for low-power applications, or in general where the number

of cells in series is small. The Master-Slave architecture is the one used in vehicles.
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