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SUMMARY

In this work, a new energy management system called Hybrid Battery System
(HBS) is proposed in order to recommend a solution to drawbacks of battery electric
vehicles, which are short driving range and low performance. Existing battery models
are investigated, and a novel analytical battery model is proposed to use in
simulations. The model is validated by experiments. Furthermore another model
which indicates the relative capacity is also developed in the study. But this model
become redundant because of the energy management strategy of HBS.

In general HBS consists of two different cells where one of them has high energy
and the other has high power densities. Hybrid Battery concept is based on
simultaneous use of the cells and the major task is to control energy share between
the cells. At first a passive energy management system is proposed and constructed.
However an active energy management system with battery voltage balancing

feature is designed, analysed, simulated and built as the objective.

Key Words: Battery Electric Vehicles, Lithium-lon Cells, Battery Model, Relative

Capacity Estimation, Energy Management System.



OZET

Bu calismada tam elektrikli araglarin disik performans, kisa menzil gibi
problemlerinin ¢6zimdi icin Hibrid Batarya Sistemi olarak adlandirilan bir eneriji
sistemi Onerilmistir. Benzetimlerde kullaniimak Uzere batarya modelleri incelenmis
0zgin sayisal bir batarya modeli 6nerilmis, onerilen modelin gecerliligi deneyler
yardimiyla gosterilmistir. Ayrica calisma kapsaminda bataryanin kullanilabilir
kapasitesini gosteren bir model daha gelistirilmistir. Ancak tercih edilen enersji
yonetim stratejileri nedeniyle bu model calismanin ilerleyen boélimlerinde
kullanilmamistir.

Genel olarak Hibrid Batarya konsepti birisi yiksek enerji yogunluguna, digeri
yliksek glic yogunluguna sahip iki farkh bataryanin birlikte kullanilmasina
dayanmaktadir ve temel amacg bataryalar arasindaki enerji dagiliminin kontrol
edilmesidir. Tez kapsaminda 6ncelikle pasif bir enerji yonetim sistemi tasarlanmis ve
gerceklestirilmistir. Ancak nihai hedef olarak dengeleme 6zelligine de sahip aktif bir

enerji yonetimi énerilmis, tasarimi ve analizi yapilmis ve gergeklestirilmistir.

Anahtar Kelimeler: Tam Elektrikli Araglar, Lityum-iyon Bataryalar, Batarya Modeli,

Kullanilabilir Kapasite Kestirimi, Enerji Yonetim Sistemi.
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1. INTRODUCTION

Dependency on fossil fuels is the main reason of most of environmental
problems today. The effects of fossil fuel usage in conventional transportation can be
divided as direct and indirect effects. Increase in air and noise pollution are direct
effects. Indirect effects can be listed as decrease the soil and water quality,
appearance of oil spills and acid rains, shifting the reduction of biodiversity, and
obviously global warming and climate change. Air pollutants are substances that
adversely affect the environment by interfering with climate, the physiology of
plants, animal species, entire ecosystems, as well as with human property in the form
of agricultural crops or man-made structures [1].

Resulting pollutants of fossil fuel usage are investigated under four headlines,
which are gaseous pollutants (including lead (Pb), carbon monoxide (CO), carbon
dioxide (CO2; not a pollutant), methane (CH4), nitrogen oxides (NOx), nitrous oxide
(N20), chlorofluorocarbons (CFCs), perfluorocarbons (PFCs), silicon tetraflouride
(SF6), benzene and volatile components (BTX), ozone), persistent organic pollutants
(e.g. dioxins), heavy metals (e.g. lead, mercury, zinc, chrome, copper and cadmium)
and particulate matter (ash, dust) [2], [3]. Gaseous pollutants such as carbon
monoxide (CO), sulfur dioxide (SO2), nitrogen oxides (NOx), volatile organic
compounds (VOCs), ozone (03) are mainly due to combustion of fossil fuels [4].
Respiratory, cardiovascular, nervous, urinary and digestive systems are directly
affected by the high air pollution concentration. Long-term exposure to lower
pollutant concentrations have similar effects as well. Air pollution can also has
hazardous effects during pregnancy because pollutants affect the developing foetus.
Besides hazardous effects of air pollutants in cellular basis are also proven where a
review is available in [2].

Furthermore, security of future oil supply and its price stability are uncertain.
900.000.000 vehicles in all around the earth consumes 20.000.000 barrels of crude
oil per day according to 2012 report of IEA named world energy outlook. Furthermore
according to the same report the vehicle count is expected to be 1.7 billion by the

year 2035 [5]. For this purpose hybrid electric vehicles must be accepted as transition



phase as battery electric vehicles are the ultimate solution. According to Turkish
Statistical Institute (TUIK), by January 2016 there are 20.098.994 vehicles exist in
Turkey [6]. Also, again according to a report prepared by TUIK which ended in 2015,
carbon dioxide emissions are 459.1 million tonnes per year for 2013. 82.2 % of this
amount is because of energy production and distribution [7]. Also according to
another local report 12% of total carbon emissions are caused from road
transportation [8]. According to an investigation of IEA among EVI (Electric Vehicles
Initiative) member countries, the ratio of electric vehicles over all vehicles is 0.08%
[9]. In Turkey, in 2015 the amount of total automobiles sold is 725.596 where only
120 of them are electric vehicles [10]. 38 of them have under 85 kW and 82 of them
have over 121 kW battery capacity. As a result the ratio of electric vehicles sold in

Turkey in 2015 over all road vehicles is 0.0165 %.

1.1.Motivation

Electric vehicles (EV) are important alternatives on clean transportation and
expected to gain significant market share in near future [11]. Electric vehicles (EVs)
can be classified as Hybrid Electric Vehicles (HEVs) in which an electric motor is used
alongside an internal combustion engine, Plug-in Hybrid Electric Vehicles (PHEVs)
which can be charged externally and Battery Electric Vehicles (BEVs) in which only
propulsion mechanism is an electric motor. Main deficiencies of BEVs are short
driving range with single charge, low life span of battery stacks and low performance.

BEVs are the optimum way of clean transportation without any pollutant
emission. The power source of a BEV needs to have both high power and high energy
densities in order to extend driving range and increase performance. Lithium-lon, is
the most energy and power dense battery type when compared with the other types,
however none of commercial batteries provide both energy and power ratings
together. Therefore mostly battery-supercapacitor (SC) hybrid systems including high
energy batteries and high power SCs are used. SCs have higher power densities and
longer cycle life than batteries, however they are heavy, have longer charge and
discharge times, high self-discharge rates, and low energy densities [12], [13]. By

2013 average energy densities for SC are 05 to 15 Wh/kg. Life cycle of SCs is around



several 100000s and power density is around 15 kW/kg. There are numbers of
lithium cells and SCs which are commercially available. Hence Ragone plots or charts
are used to indicate for comparison of energy and power densities of electrical

sources. A recent example of Ragone chart is shown in Figure 1.1.
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Figure 1.1: A Ragone chart.

Besides, following the development in lithium battery technologies, features of
lithium batteries are improving while the prices decrease. Thus a suitable battery can
be used rather than a SC in order to maintain high power.

The main purpose of this study is to develop an energy system formed by a
battery-battery hybrid. This concept is named as Hybrid Battery System (HBS). HBS
consists of two different battery types. One type should have high energy density and
the other should have high power density. For this purpose, in this study power dense
LTO [14] and energy dense NMC [15] cells are used. Energy share between these
batteries is arranged such that the LTO cell supplies most of the charge in power
demanding parts of the course, and NMC cell supports the LTO cell. With this
arrangement the drawn current from energy dense cell is limited. Hence, high power
will be drawn from power dense cell and the power dense cell is supported by energy
dense cell, consequently the overall performance of the vehicle will be increased and

driving range will be extended.



1.2.0bjectives

In EVs energy management is a complicated task. Many approaches which have
different purposes for different vehicle types exist in the literature. For example in
HEVs main objective is to decrease fuel consumption, while in SC-battery hybrids the
goal is to extend battery range by drawing high transient currents from the SC which
has higher power density. A comprehensive review is provided in Section 4.1. Voltage
imbalances between cells which form a battery pack is also a problem. In order to
increase efficiency, this situation should be resolved by a method which is not based
on energy dissipation.

Energy management of HBS is mainly based of determining the level of shared
load current between different cell types. There are different approaches to follow
for this purpose. For most of these alternatives battery state parameters such as SoH
or SoC must be estimated accurately.

Simulations have great importance in EV studies. The most important
components of these applications are batteries and to develop accurate battery
models is crucial. One of the objectives of this study is to investigate existing battery
models in the literature and develop different battery models for different purposes.
Also another objective is to investigate SoH estimation methods and propose a simple
and accurate method.

Main objective of this thesis is to introduce the hybrid battery concept and
show the feasibility of Hybrid Battery System with application. For this purpose the
energy management. For this purpose investigation of existing energy management
strategies and implementation of a novel system, which is designed according to the
specifications of the cells and requirements of the HBS, is aimed. Also battery voltage
imbalances needs to be handled by the system. In this way validity of the hybrid
battery concept and success of the HBS with suitable components will be

demonstrated.



1.3.Thesis structure and content

Thesis report is divided to 4 sections. In the next section battery modelling
studies and a detailed review about modelling approaches are provided. Firstly a
novel analytical battery model is introduced. Model is based on capacity estimation.
Therefore it is capable of SoC estimation. This study is accepted to be presented in
ECRES 2016 conference. Another model which was introduced is an electric
equivalent circuit model. This model was proposed in several symposiums and
conferences, such as EVK [16], ISIE [17] and ENERGYCON [18]. The model is used in
SoH estimation studies. A third model which is introduced in this section is a generic
model, provided by Simulink software. This model modified in order to represent
batteries and used in energy management simulations. Both of the three models are
validated with experiments.

In the third section battery SoH estimation method is introduced. First a
detailed review is presented about SoH estimation approaches. Proposed method is
based on representing SoH by using relative capacity (RC) of a battery. Hence, a
parametric RC model is proposed for SoH estimation, which is also presented in
several symposiums or conferences such as ISIE [17] and ENERGYCON [18]. Also, in
the context of this thesis the RC model is edited and simplified. This version is
presented as the slope approach. Both RC models are validated with experiments.

The fourth section is about HBS. In this section firstly the hybrid battery concept
is introduced. As the main objective is to develop an EMS for HBS, EMS approaches
are investigated in the study. A detailed review of the literature is also provided in
this section. Two different EMS approaches are proposed in the thesis. The first one,
the passive approach is based on direct, parallel connection of different type cells. In
this approach none active components are used. This study is published as a chapter
in the book, Progress in Clean Energy [19]. The second EMS approach is an active
EMS. A bidirectional converter is used for energy transfer between two cells. A
research on bidirectional DC/DC converters is done for this purpose, and a literature
review is presented within this section. Later on, first a single level then a two level

system is designed, simulated and implemented.



2. BATTERY MODELLING

When compared to other secondary battery types, a lithium-ion battery has
relatively higher volumetric energy and power densities, low self-discharge rate and
very small memory effect. Therefore, they are preferred and used in a wide scale of
applications such as home and portable electronics or EVs [20]—[24]. Battery models
are important in design and simulation stages of these applications.

Two type of lithium-ion batteries with different anode structures are used in
this study. Both batteries are automotive grade and in pouch type. The chemistries
of the batteries are lithium-titanate — LTO (Li4Tis04,) [14], and lithium-nickel-
manganese-cobalt-oxide — NMC (LiNiMnCo0,) [15]. The properties of the batteries
are compared in Table 2.1.

Two basic routines, which have to be mentioned separately, are commonly
used during the study. First is the charging and discharging routines during aging.
Especially NMC cells are subjected to this routines during aging process. The details

of this process is provided by the manufacturer and following rules are followed:

e Charge: Batteries are charged with constant 11 A (1 C) until the terminal voltage
reaches 4.2 V (Constant current mode). Than charging continued in the same
terminal voltage until charging current stays in 0. 55 A (0.05 C) for a specific
time (Constant voltage mode)

e Discharge: Batteries are discharged with constant 11 A (1 C) until the terminal
voltage drops down to 3.0 V.

e Rest time: Batteries are rested between charge and discharge processes for 10

minutes [15].

The other routine is capacity tests. To obtain actual capacities of batteries, a
fully charged battery is totally discharged with 1 C constant current (11 A for NMC

and 13 A for LTO). The discharge time is recorded and compared with 3600 seconds.



Table 2.1: Comparison of the properties of the batteries.

Properties Battery Model
Kokam
Model name Altairnano 13Ah
SLBP55205130H
Type NMC LTO
Chemistry LiNiMnCO, LiyTi504,
Nominal voltage 3.7V 2.25V
Nominal capacity 11 Ah 13 Ah
Maximum continuous charge current 33A 130 A
Maximum continuous discharge current 88 A 130 A
Maximum peak discharge current 110 A 260 A
Weight 280 g 400 g
Energy 42 Wh 29 Wh
Maximum power (at 50% SoC) 380 W 670W
Energy density 150 Wh/kg 73 Wh/kg
Power density 1357 W/kg 1675 /kg
Length of life (Cycles) 1400 16000

2.1.Background

A lithium-ion battery has complex electrochemical structure and nonlinear

characteristics. Therefore, modelling of a battery is a tedious task. The criteria for

designing a battery model and comparing it with existing models can be summarized

as; accuracy of the model, length of calculations used for model, the number of

parameters and contribution required from other scientific disciplines [16], [17], [25].

In addition, the duration of repeating experiments also increases the difficulty of

modelling. For example, for health modelling, the experiments continue until the end

of battery life, which may last for months.

Battery models may be classified as electrochemical, statistical, analytical and

electrical equivalent circuit models according to the available literature [25]-[27].




Electrochemical or physical models are based on internal chemical reactions of
batteries. Therefore these models are highly accurate and complicated. An
electrochemical model requires long computational time because it includes several
number of nonlinear equations. Electrochemical models are very detailed but some
of these details are unnecessary for some studies [25], [26], [28]—[30].

Statistical or stochastic models are based on extracting meaningful information
from experiments instead of using internal chemical characteristics [31]. They require
less computational time although they are not as accurate as physical models.
Statistical data for these type of models are collected through several experimental
scenarios. Accuracy of these models decrease when tested within conditions
different than experimental scenarios. There are different examples of this type of
modelling including stochastic [32] or semi-empirical approaches [33], statistical
analysis [34] and fuzzy neural network [35].

Analytical modelling can be accepted to begin with a pseudo-two-dimensional
model [36] or a kinetic battery model in which the recovery effect is mainly
investigated [37]. Besides, early examples of analytical models are based on
indicating remaining charge of batteries [38]. In analytical models battery condition
and characteristics are indicated as analytical expressions. Because of the analytical
structure, these models need less computational time. However, analytical models
generally represent the fundamental principles of electrochemistry [39]-[41].

The most important advantage of modelling batteries as electrical circuits is
capability to make mathematical extractions by using circuit analysis theories.
Therefore these models are used successfully in several areas including EV
applications. Battery parameters are represented as circuit elements or subcircuits in
this approach. Values for parameters can be evaluated either by advanced chemical
techniques such as EIS (Electrochemical impedance spectrometry) [42] or
experimental data [17], [43], [44]. Complexity of the model increases with detail
level. An equivalent circuit battery model may include even a single [17], [45] or two
resistor-capacitor subcircuits [46], [47] or more subcircuits including more RC pairs
[48] depending on detail level.

Within the scope of this thesis two different battery models are investigated

and proposed. One of the proposed model is a simple analytical model. This model



includes just a couple of equations, representing charge and discharge models of the
battery. Accuracy of the model is around 4%. The purpose of the analytical model
was to use it with metaheuristic methods and optimisation algorithms, for a smart
energy management system. During the process of thesis, the idea of a smart energy
management system is abandoned. Therefore this modelling method isn’t preferred
in any stage of the study. Yet a comprehensive infrastructure about analytical
modelling is built. The modelling method, which is also very simple, is introduced in
details in this thesis either. The method is validated by modelling different types of
lithium model.

Second model is an electric equivalent circuit model which was proposed in
earlier studies [16], [17] and used in several other studies [18], [49]. The model
includes a single R/C pair. The parameters of the model are derived from several
experiments. Both details of experimental study and validation of the model is
included to this chapter.

Generally a thermal management system exists in EVs. Thus the battery
temperature is limited in a desired band. Both of two proposed models are designed
for EV applications, consequently none of them reflects neither the ambient or cell
temperature nor thermal effects. Analytical model is needed. For this reason no aging
experiments were conducted during building of the model and is based on
representing the change in battery capacity under different circumstances. The
electric equivalent circuit is suitable for health applications and includes aging effects.
But only NMC cells could be modelled because of long experimental study required.
Therefore another model is needed for some phases of the study. For this reason a
generic battery model of Matlab/Simulink is arranged to represent existing batteries.

The accuracy of generic models are also presented in this chapter.

2.2.Analytical Battery Model

In general, analytical battery models are based on representing state of charge
or capacity of a battery as a mathematical function. A simple analytical model can be
easily implemented in EV applications, especially in energy management studies,

where the main objective is to control the energy share between sources. For this



purpose, numerical analysis methods or heuristic optimization techniques may be
preferred more, if a simple model, which is suitable to be embedded in algorithms or
iterative solution methods, is used. As a result, solution accuracy may be increased
while calculation time may be decreased.

A healthy and unaged battery will be totally discharged in 1 hour, if it is
discharged with its nominal current. The charge which is consumed in 1 hour by
drawing nominal current is called the nominal capacity. Nominal capacities of the LTO
and NMC cells are 13 Ah and 11 Ah respectively [14], [15]. According to Peukert’s law,
available capacity of a battery decreases as discharge rate increases [50]. Because of
this fact, an acception about linear relationship between battery capacity and
discharge current is not proper. Therefore, in this study, the effect of different charge
or discharge rates on battery capacity is investigated and the capacity change in any
discharge or charge current rates is modelled. Thus the analytical battery model
consist of two components, charge and discharge models.

To generate the discharge model, fully charged batteries are totally discharged
with various load currents, and the discharge durations are recorded. By using this
time values, three individual equations for battery discharge time (depending on
discharge current) are generated. Than the discharge model is created by modifying
the most accurate equation. The model gives the amount of capacity used, after
discharging the battery with a specific current for a specific time. Charge model is
also created in the same way. Batteries are charged with various currents and
charging durations are recorded. This model gives the amount of capacity increased,

after charging with a specific current for a specific time.
2.2.1. Modelling of LTO Cell

Maximum and minimum voltage limits are 2.8 Vand 1.9 V in 300C, respectively
for LTO cells. Discharge experiments are conducted with constant currents of 6.5 A
(0.5C), 13 A(1C),26 A(2C),39A(3C),52A(4C),65A(5C), 78 A (6 C) and 100 A,
as the nominal current of an LTO cell is 11 A. Maximum discharge current is chosen
as 100 A because of the limitations of DC power source. Similarly charge experiments

are also operated with same current levels. Discharge and charge curves for every
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current level are given respectively in Figure 2.1 and Figure 2.2. Discharge and charge

durations corresponding these experiments are given in Table 2.2.
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Figure 2.1: Discharge curves of LTO cell for different current rates.
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Figure 2.2: Charge curves of LTO cell for different current rates.

Table 2.2: Charge and discharge durations of LTO cell for different current rates.

Current (A) 6,5 13 26 39 52 65 88 | 100

Charge Duration (s) | 8033 | 4142 | 2022 | 1342 | 1066 | 917 | 823 | 766

Discharge duration (s) | 8199 | 3970 | 1889 | 1245 | 893 | 697 | 505 | 286
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2.2.1.1. Discharge Model of the LTO Cell

Three equations which give discharge durations (¢gischarge) depending on
discharge currents are generated by using three different curve fitting scheme. These

are:
Laischargel = 60930 /=107 (2.1)
Laischarge2 = 54570 171001 —183.9 (2.2)

0.06066 I® + 6.979 I> — 560.7 I + 52070

tdischarge3 = I r_ 0 03522 (2'3)

where [is the discharge current. Later these equation are modified to build a

discharge model (fcapdischarge) to show used capacity. These models are given in Eq.

(2.4), (2.5), and (2.6).

13t
fcapdischargel = 60930 [—1.07 (24)
13t
fcapdischargez = 54570 [—1.001 _ 183.9 (2.3)
13t (1 —0.03522)
Fn _ (2.6)
Pdischarges — (0,06066 I3 + 6.979 12 — 560.7 I + 52070

Models give the used capacity in terms of Ah if current I is drawn from the
battery for t seconds.

Each of three models are evaluated with discharge durations given in

Table 2.2. Results of the models are compared with nominal capacity of the
LTO cell. Comparison of the models are given in Figure 2.3. Average errors are 928

mAh and 6.78 % for the first, 604 mAh and 4.65 % for the second, and 143 mAh and

12



1.1 % for the third models. From the errors it can be said that the third model is the

most accurate one.
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Figure 2.3: Comparison of the discharge models for LTO cell.

2.2.1.2. Charge Model of the LTO Cell

Three equations are also generated by using three different curve fitting

scheme for charge model. These are:

tenarger = 48410 [70-9602 (2.7)

tehargez = 54590 71936 4 203.3 (2.8)

0.04527 I3 + 13.341?> — 780.8 I + 67260

tcharges = I+ 131 (2.9)

where [ is the charge current. The charge models (fcapcharge) derived from above

equations are given in Eq. (2.10), (2.11) and (2.12).
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13t

f;:apchargel = 48410 [~0.9602 (210)
13t

Jeapanarge: = 54590 11036 1 203.3 211

~ 13t (I + 1.31) (2.12)

f“‘pdewrﬂ 0.04527 I3 + 13.34 12 — 780.8 ] + 67260

Models give the charged capacity in terms of Ah if current I is applied to the
battery for t seconds.

Each of three models are evaluated with charge durations given in Table 2.2.
Results of the model is compared with nominal capacity of the LTO cell. Comparison
of the models are given in Figure 2.4.

Average errors are 3.95 Ah and 30.39 % for the first, 1.17 Ah and 8.91 % for the
second, and 4.02 Ah and 30.92 % for the third models. From the errors it can be said

that for charging simulations the second model is the most accurate one.
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Figure 2.4: Comparison of the charge models for LTO cell.
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2.2.2. Modelling of NMC Cell

The same procedure with LTO cells is followed for NMC cells. Maximum and
minimum voltage limits are 4.2 V and 2.7 V [15], and discharge experiments are
conducted with constant currents of 5.5 A(0.5C),11A(1C),22A(2C),33A(3C), 44
A(4C),55A(5C),66 A (6 C)and 88 A (8 C), as the nominal current of an NMC cell is
11 A and maximum continuous discharge current is 88 A. Similarly charge
experiments are also operated with same current levels. Discharge and charge curves
for every current level are given respectively in Figure 2.5 and Figure 2.6. Note that
the maximum continuous charge current of the NMC cell is 33 A, and inevitably the

cell is damaged during charge tests.
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Figure 2.5: Discharge curves of NMC cell for different current rates.
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Figure 2.6: Charge curves of NMC cell for different current rates.

15



Discharge and charge durations corresponding these experiments are given in

Table 2.3

Table 2.3: Charge and discharge durations of NMC cell for different current rates.

Current (A) 5.5 11 22 33 44 55 66 88

Charge Duration (s) | 7274 | 3697 | 2029 | 1537 | 1214 | 1066 | 987 | 983

Discharge duration (s) | 7316 | 3658 | 1811 | 1201 | 862 | 709 | 590 | 415

2.2.2.1. Discharge Model of NMC Cell

Three equations which gives discharge durations depending on discharge

currents (tgischarge) are generated by using three different curve fitting scheme.

These are:
taischarger = 41130 171012 (2.13)
taischargez = 39940 170991* — 51.49 (2.14)
—0.01352 13 + 1.941? — 123.51 + 40950
taischarge3 = T+ 0.1485 (2.15)

where I is the discharge current. Later, these equation are modified to build a

discharge model (fcapdischarge) to show used capacity. These models are given in Eq.

(2.16), (2.17), and (2.18).

11t

f;:apdischargel = 41130 [—1012 (216)
11¢

fcapdischargez = 3994 [~0-9914 _ 51.49 (2.17)
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~ 11t (I +0.1485) (2.18)
feapaisenarges = Z5.01352 15 + 1.94 12 — 123.5 1 + 40950 '

Models give the used capacity in terms of Ah, if current I is drawn from the
battery for t seconds.

Each of three models are evaluated with discharge durations given in Table 2.3.
Results of the model is compared with nominal capacity of the NMC cell. Comparison

of the models are given in Figure 2.7.
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Discharge Current (A)

Figure 2.7: Comparison of the discharge models for NMC cell.

Average errors are 175 mAh and 1.59 % for the first, 81 mAh and 1.25 % for the
second, and 79 mAh and 0.9 % for the third models. From the errors it can be said

that the third model is the most accurate one.
2.2.2.2. Charge Model of NMC Cell

Three equations are also generated by using three different curve fitting

scheme for charge model. These are:

tenarger = 30960 708593 (2.19)
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tchargez = 44540 I71113 4+ 5975 (2.20)

0.1087 I3 — 11.98 I? + 849.2 | + 29660

tChaT'geg = I _ 0 8687 (2.21)

where [ is the charge current. The charge models (fcapcharge) derived from above

equations are given in Eq. (3.22), (3.23) and (3.24):

11¢

fcapchargel = 30960 1—0.8593 (222)
11¢
Jeapenargez = 34540 171133 1 597.5 (2:23)

11¢ (I —0.8687)

= 2.24
fcapc”“rge3 0.1087 I3 —11.98 12 + 849.2 1 + 29660 ( )

where t is the charge duration and I is charge current. Models give the charged

capacity in terms of Ah if current I is applied to the battery for t seconds.
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Figure 2.8: Comparison of the charge models for NMC cell.
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Each of three models are evaluated with charge durations given in Table 2.3.
Results of the model is compared with nominal capacity of the NMC cell, 11 A.
Comparison of the models are given in Figure 2.8.

Average errors are 1.23 Ah and 11.16 % for the first, 303 mAh and 2.75 % for
the second, and 75 mAh and 0.68 % for the third models. From the errors it can be
said that for charging simulations the third model is the most accurate one.

For LTO cell Eq. (2.6) and Eq. (2.11) is chosen as discharge and charge models
respectively. On the other hand Eq. (2.18) and Eq. (2.24) are chosen as the discharge

and charge models, respectively for NMC cell.
2.2.3.Validation of the Models

For validation of the models, a load cycle, which reflects both peak discharge
and charge situations, is used. The test cycle includes both charging and discharging
parts. The profile of the load signal is shown in Figure 2.9. The cycle lasts for 360

seconds with maximum load current of 80 A and maximum charge current of 20 A.
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Figure 2.9: The test cycle which is used in validation experiments.

The test cycle is applied to fully charged and new LTO and NMC cells repetitively
until they are fully discharged. The voltage outputs and the SoCs of the cells are given
in Figure 2.10. From the Figure 2.10 it can be noticed that LTO and NMC cells are

totally discharged in 4574 and 3482 seconds respectively.
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Test cycle is divided into 20 sequences, in order to implement charge and
discharge models. The simulations are performed by summing capacity values
calculated by using corresponding model for each sequence. According to the
simulation results, discharge times are 3613.16 and 4758.32 seconds for NMC and
LTO cells respectively. The error between the experimental discharge time and

simulations are 131 seconds and 3.7 % for NMC and 184 s. and 4 % for LTO cells.

SoClto

e V|1 o T

SoC (%)

Terminal Voltage (V)

1000 2000 3000 4000 5000

Time (s)
Figure 2.10: SoC and terminal voltage changes of both cells under test cycle.

The most important feature of analytical modelling is the simplicity. Although
battery modelling is a time consuming task, this method enables to build a battery
model following a small number of experiments. The proposed model is not detailed.
Temperature or aging effects are not reflected. Yet the model is capacity model and
the accuracy of the two models are around 96%. Furthermore analytical model gives

lllll

consumed capacity during time “t” under the load current of “I” amperes. Hence the

model can be used as a SoC estimation method.

2.3.Electric Equivalent Circuit Battery Model

Another modelling approach which was adopted in the study is electric
equivalent circuit modelling. Battery model is more detailed than the analytical
model. For this purpose a previously proposed electric equivalent circuit are

enhanced to reflect aging effects of a battery.
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The model, which was proposed earlier [16], [17], consists mainly of an internal
resistance and a parallel R/C block. The change of V,. depends on SoC and an

analytical Vo model derived from series of experiments are as;

Voc = —1.035e72559C 4 (0.325 SoC? — 0.495 SoC + 3.575 (2.29)

The model is validated in Simulink environment. Comparison simulation and
experimental results for the model is given in Figure 2.11. As seen from the Figure

2.11 average error is 0.422 % and the maximum error is 3.642 %.
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Figure 2.11: Validation of the battery model.

Aging of a battery is simulated by using relative capacity. Model is modified in
order to reflect aging effects by using relative capacity — cycle number information
which was provided by manufacturer. A graphic which indicates this relationship is
given in Figure 2.12.

Change in the relative capacity of the battery can be reflected to the maximum
capacity. As a result SoC is affected by this capacity degradation in the model. The
model are tested with constant 11 A current and the results of aging simulations are
displayed in a 3d surface plot as in Figure 2.13. The axes indicate battery voltage,

discharge time and the cycle age of the battery, respectively.
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Figure 2.12: Change of relative capacity with age.
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Figure 2.13: Results of aging simulations of a battery.

2.4.Generic Battery Model

Although each of the previously introduced models are successful they can’t be

used in energy management studies. Analytical model is suitable to use with
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numerical methods. Yet it only represents the capacity change and incapable of
reflecting other battery parameters such as terminal voltage. Electric equivalent
circuit model is capable of reflecting the changes in terminal voltage. But it is difficult
to embed the tools shown in a complicated simulation environment. Although the
model is only available for NMC cells. Therefore it is not possible to use electric
equivalent circuit model in energy management studies but in health estimation.

The generic battery model in Matlab is used in this study. There are several
advantages of the generic model over other models for energy management studies.
First of all generic model is a block in Simulink library and easy to implement any
simulation circuit. Second the model can easily be modified to reflect actual LTO and
NMC cells. Drawbacks of the model are, it doesn’t reflect any temperature changes
and aging effects.

In Figure 2.14 and Figure 2.15 generic model parameters and the discharge

characteristics of the NMC and LTO cells are given respectively.

i W | I g 2 Battery Discharge Charscteristc L B=E =
“ ||| File Edit View [lnsert Tools Desktop Window Help Ll
Impiements a generic battery that model most popular battery I 3 He bt R0999L- A DE D
types. Uncheck the "Use parameters based an Batbery type and <ali= = = —
nomanal vakues™ parameter to edit the discharge characteristics.
| I Nommzi Curen Discharge Charactenstic at 050 5.58)
Perametors | View Discharge Charactenstics | Battery Dyni ¢ | o £
|| Battery type |Lithium-lan - i
|| rarminal voitage (v) \ i
& 57 g I
|| mated capacity (an) = TR
- 3 35 | 4
Tnitiad State-Of-Charge (%) i \
100 3 1
1|71 Use parameters based on Sattery type and nomnal vakues : | ! ! P : :
|| Masirum Capacity (Ah} 0 B = L ; E] 12 " 16
ra-haur
113 i .
|| Fully Charged VoRiage (V) ED=38325 R=00033, K'=0.0034835, A =0.38567, B=1.1809
42 450 o T 1
| 1A
|| Haminal Discharge Current (A) i —8A
55 VN
Tnternal Resistance {Ohms) 5 T s
= s i
0.0033 g8
||| capacity (4h} @ Mominal Voitage
ol 7 i \
-4 . \
4| Expanential zone [Voiage (V), Capaciy (Ah)] \
4 \
o&ii| [3.7574 2.54043] L i i il i i (-
X o B e o 12 " 16
Ll Ampare-haur (8h)
L
i) litanel.o) |- Help: Apply
\ L

Figure 2.14: Generic model parameters and discharge characteristics of NMC cell.
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Figure 2.15: Generic model parameters and discharge characteristics of LTO cell.

For validation, generic models are conducted to the driving cycle (Figure 2.9)

and the results are compared with actual outputs of batteries, which were given in

Figure 2.10.
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Figure 2.16: Comparison of generic model results of NMC cell.

Comparison of actual and simulation results of NMC and LTO cells are given in
Figure 2.16 and Figure 2.17 respectively. Maximum error for generic model of NMC

cell is 0.7 V and 20.42 % where the average error is 0.097 V and 2.69 %. Discharge

24



time of the model is 3119 seconds where the actual battery discharges in 3482
seconds.

Maximum error for generic model of LTO cell is 0.42 V and 17.35 % where the
average error is 0.149 V and 6.24 %. Discharge time of the model is 4207 seconds

where the experimental discharge time is 4574 seconds.
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Figure 2.17: Comparison of generic model results of LTO cell.
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3. BATTERY STATE OF HEALTH ESTIMATION

Performance of a battery decreases with age. The reason of this decrease can
be a number of intertwined complex processes which occur in similar instances.
Therefore it is difficult to determine the level of this decrease [51]. Remaining battery
life information is important for reliable operation in EV applications. For this reason
a parameter called state of health (SoH) which indicates actual health condition of
battery is defined. SoH is the comparison between initial and the actual conditions of
a battery, and 100 % SoH indicates an unused battery.

There is a multiplicity in the definition of SoH. SoH may be obtained by different
approaches and different variables [52]. Studies to obtain SoH can be divided into
two categories which are experimental approaches and adaptive approaches [53]. In
adaptive approaches, model parameters which define SoH or battery health
condition itself, are obtained by using adaptive algorithms or methods. Also on-line
SoH estimation is possible with adaptive approaches. Kalman filter variations [54]—
[57], observers [58], and fuzzy logic applications [59], [60] may be included to this
category. Experimental approaches may also be divided into two categories. These
are measurement based and model based approaches. Measurement based
approaches include measuring internal resistance or impedance of a battery, which
increase with age. By using this increment, an estimation can be made about SoH
[42], [61]-[67]. In model based studies experimental data is used to develop a model.
There are studies in which data fitting techniques [68], [69], probabilistic methods
[70] and coulomb counting [71] are used. Experimental approaches based on
measurement of internal resistance or impedance of batteries are the most accurate
approaches but not capable of online estimation. It is difficult to establish a detailed
model in both probabilistic and experimental approaches and excessive
computational effort is needed during operation. Furthermore, for the models which
were developed by using experimental data, the accuracy decrease at different
conditions than their experimental conditions.

In this study SoH is represented in terms of relative capacity (RC). RC is the

comparison between actual and nominal capacity values of a battery. There is a
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capacity fade in an aging battery, which is the decrease of charge-discharge capacity
of the battery [72]. In this study capacity fade is used to estimate RC. RC is related
with the cycle number (CN), which represents the age of the battery. In order to
investigate CN-RC relationship a battery should be aged until it is out of service (SoH
< 80%) This is a repetitive task and takes a long period of time. Manufacturers usually
provide CN-RC information to the end user. In this study NMC cell and the
information provided for this cell are used [15]. The CN-RC relationship for NMC cell
is shown in Figure 2.12, where the red dotted line is the 80% limit. Manufacturers use
specific charge-discharge routines during the aging process of a battery. In this study
| named a single cycle with manufacturer’s charge-discharge routine as “reference
cycle” (RCN). Therefore, the information provided by manufacturer, gives the
relationship between RC and RCN of a battery. As a result, RC can be estimated by
this relationship if age of a battery can be obtained in terms of RCN.

Performance degradation of aging batteries can be used to determine
reference cycle number. This degradation can be observed by using terminal voltage
of battery. When a current is drawn from a battery, terminal voltage decreases. This
decrease is different for different aged batteries under same load signal.

In the context of this thesis a simple method for RC estimation by using RCN is
proposed. For this purpose two different RCN models, which are both based on the
change of terminal voltage under a significant load signal, is developed. The electric
equivalent circuit battery model which was introduced in section 3.3 is used for this
purpose. The maximum error of the battery model is less than 4 %. Behaviours of
batteries in different reference cycles are simulated. Different responses of batteries
to the same load signal, by means of differences in terminal voltages are investigated.
These differences are transformed to numerical quantities to develop RCN models
and thereafter RC is estimated by using the relationship between RCN and RC. Both

models are validated with two groups of experiments.

3.1.The Relative Capacity Models

As mentioned before battery reactions differ in different age and health

conditions. This difference can be noticed below in Figure 3.1 and Figure 3.2. Terminal
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voltage graphics of two different aged batteries are given in Figure 3.2 after a specific
load profile, ECE 15 (Figure 3.1) is applied to them. These batteries are aged with
manufacturer’s procedures as given in details in Section 2. Therefore the ages of

these batteries can be noted as 100 and 700 RCNs.
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Figure 3.1: ECE 15 driving cycle profile.
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Figure 3.2: Reactions of batteries in different RCNs to the same load profile.

As seen from Figure 3.2. the differences of battery responses depending on
health-age condition may be used to determine RC of a battery. Therefore the

proposed method is based on determining the change of terminal voltages by age
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under same load conditions. In order obtain this difference two similar methods are
use during the thesis. In both methods three zones with downward slopes which may
easily be recognized from the figure are used. The object was to represent the
difference in numbers. In first method a couple of variable parameters (a and b) are
defined and values of one of them is used for identification. This method is named as
“parametric approach”. In the second method the slopes of the different voltage
signals are used for this purpose and this approach is named as “slopes approach”.
The three indicative zones in the cycle is selected and used as load signals. In
order to clarify the test signals, this zones are shown in Figure 3.3. Amplitudes of
these signals increase in time and all three signals have different slopes. Peak
amplitudes are 40 A, 50 A and 65 A, and durations are 5's, 15 s, and 25 s for first,
second and third signals respectively. In the simulations the signals are generated by
“controlled current source block” where in experiments they are generated by a

programmable DC power source.

20.00
60.00
50.00

.
40.00 .

30.00 .

Current (A)
-

===maSional #] eesee Signal #2 Signal #3

Figure 3.3: Test signals.

3.1.1.The Parametric Approach

A linear voltage signal can be represented as in equation (3.1) where a and b

are the parameters, I/, is voltage and t is the corresponding time value.
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(3.1)

a+t

The parameters a and b reflects the difference between the slopes of lines.

These parameters can be obtained by using two voltage values during the slope.

_ Wata=Vity ;. _ ViVa(ta—ty)
Vi-Vv, Vi-V2

(3.2)

In equation (4.2), V; and V, are the voltage values observed at t; and t,
instances, which are the starting and finishing instances of slopes respectively.

Because these two parameters are dependent on each other they will give same

results.
RCN(a,) = —0.001371a3 + 0.4846a? — 58.15a, + 2579 (3.3)
RCN(b;) = —0.001713b3 + 0.02631b2 — 13.71b, + 2637 (3.4)
RCN(a,) = —0.0003195a3 + 0.179a3 — 35.28a, + 2642 (3.5)
RCN(b,) = —4.019 X 107°b; + 0.009731b2 — 8.29b, + 2678 (3.6)
RCN(a3) = —1.612 x 10™*a3 + 0.1074a2 — 25.82a; + 2233 (3.7)
RCN(b3) = —2.055 X 107°b3 + 0.005887b3 — 6.09b; + 2259 (3.8)

Time values are accepted as t; = 1, t, = 6 seconds for the first zone, t; =1,
t, = 16 seconds for the second zone and t; = 1 and t, = 26 seconds for the third
zone. The simulation results of a battery for every centenary cycles of age for first
signal is given as an example in Table 3.1. In the table given quantities are the

recorded voltage values in corresponding seconds of simulation
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Table 3.1: Simulation results of the battery for the first signal for every centenary
cycle.

Time (s) V't Viti00 Vita00 Vits00 Vitaoo Vitsoo Viteoo

1 4,310 | 4,310 4,310 4,310 4,310 4,310 4,310
2 4,294 | 4,291 4,287 4,273 4,269 4,261 4,257
3 4,274 | 4,267 4,257 4,230 4,221 4,204 4,196
4 4,249 | 4,238 4,222 4,181 4,167 4,142 4,128
5 4,219 | 4,204 4,183 4,127 4,108 4,073 4,053
6 4,187 | 4,167 4,140 4,069 4,045 4,000 3,975

Vtso0 | Vigoo Vigoo Vtiooo | Vtitoo | Vtizoo | Vtizoo

1 4,310 | 4,310 4,310 4,310 4,310 4,310 4,310
2 4,252 | 4,244 4,235 4,226 4,217 4,207 4,196
3 4,185 | 4,169 4,151 4,132 4,113 4,093 4,071
4 4,112 | 4,086 4,059 4,030 4,001 3,970 3,936
5 4,032 | 3,996 3,959 3,920 3,881 3,838 3,792
6 3,947 | 3,903 3,855 3,806 3,756 3,702 3,644

Vtisoo | Vtisoo | Vtieoo | Vtizoo | Vtisoo | Vtisoo | Vitzo00

1 4,310 | 4,310 4,310 4,310 4,310 4,310 4,310
2 4,185 | 4,173 4,161 4,149 4,136 4,123 4,108
3 4,048 | 4,024 3,999 3,974 3,948 3,920 3,892
4 3,901 | 3,865 3,827 3,788 3,749 3,707 3,663
5 3,745 | 3,696 3,644 3,591 3,538 3,480 3,421
6 3,584 | 3,522 3,457 3,389 3,323 3,251 3,175

For given simulation results in Table 3.1, a and b can be obtained as given in
Table 3.2, by using equation (3.2). Time values are normalized as t; = 1,t, = 6 for
thefirst,t; = 1,t, = 16 forthesecondand t; = 1,t, = 26 for the third zone for this
calculations.

The change in the values of parameters are taken in to account to generate a
function for RCN. By using curve fitting and the parameter values given in Table 3.2,

equations (3.3) and (3.4) are generated to calculate the value of RCN depending on
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parameter a and b respectively, where the subscript represents the signal which the
parameter belongs. Equations for the other signals were also generated with the
same logic by using Table 3.1.

Parameter values for second and third signals obtained with same procedures
are given in Table 3.3 and Table 3.4, respectively. As seen from Table 3.4 there are no
available parameter values for third signal, for the battery over 900 cycles. Because

batteries over 900 cycles are totally discharged in simulations of the third signal.

Table 3.2: Values of a and b parameters for the first signal.

Param. Vi, Vtioo Voo Vo0 Vtsoo Visoo Vitsoo
a 169,284 | 144,728 | 120,665 | 83,433 75,351 63,545 58,398

b 733,923 | 628,087 | 524,374 | 363,905 | 329,074 | 278,189 | 256,006
V700 Vtgoo Vtaoo Vtiooo | Vti100 | Vtizoo | Vtizoo

a 53,424 46,907 41,412 36,733 32,923 29,419 26,369

b 234,567 | 206,481 | 182,794 | 162,630 | 146,210 | 131,108 | 117,962
Vtiso0 | Vtisoo | Vtieoo | Vtizoo | Vtisoo | Vtisoo | Vtao00

a 23,698 21,345 19,262 17,408 15,837 14,342 12,995

b 106,449 | 96,308 87,328 79,339 72,567 66,122 60,318

SoH of a battery can be estimated by using value of the RCN of the battery and
the correlation between RCN and capacity which was given in Figure 2.12. The RC-
RCN relationship in the figure is smoothened by moving average method and the RC

model is derived as a 6th order polynomial in terms of RCN, as given in equation (3.9)

RC (%) = 1.165 X 10"17RCN® — 8.103 x 10~ RCN°> +
2.15x 1071 RCN* — 2.66x10"7RCN3 +
1.441 x 10"*RCN? — 0.3418RCN + 99.95

(3.9)

As a result, in order to obtain remaining capacity of a battery this procedure

should be followed.
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e A specific test signal is applied to the battery,

e The value of the parameter, a is calculated by using appropriate equation.

e RCN value is obtained by using appropriate model.

e RCis obtained by using equation (3.9)

Table 3.3: Values of a and b parameters for the second signal.

Param. Vi, Vtioo Vt,lo0 Vtso0 Vtsoo Vitsoo Vtsoo
a 255,764 | 223,348 | 191,527 | 142,023 | 128,823 | 110,579 | 101,736
b 1104,08 | 964,696 | 827,867 | 615,001 | 558,239 | 479,790 | 441,763
Vt700 Vtgoo Vtaoo | Vtiooo | Vtizoo | Vitizoo | Vitizoo
a 93,270 | 82,608 | 73,434 | 65,483 | 58,868 | 52,732 | 47,319
b 405,361 | 359,515 | 320,068 | 285,877 | 257,430 | 231,046 | 207,774
Vtisoo | Vtisoo | Vtieoo | Vtizoo | Vitisoo | Vtisoo | Vtzo00
a 42,521 38,248 34,426 30,993 28,047 25,234 22,681
b 187,142 | 168,766 | 152,330 | 137,569 | 124,903 | 112,806 | 101,828
Table 3.4: Values of a and b parameters for the third signal.
Param. Vt, Vtioo Va0 Vts00 Vtso0
a 169,284 144,728 120,665 83,433 75,351
b 733,923 628,087 524,374 363,905 329,074
Visoo Vteoo Vt700 Vtgoo Vitgoo
a 63,545 58,398 53,424 46,907 41,412
b 278,189 256,006 234,567 206,481 182,794

3.1.2.The Slope Approach

Slope of the terminal voltage during a period of time can be calculated by using
(3.10) where V; and V, are the voltage values which were recorded at t; and t,

instances respectively during the slope.
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UV, =V
=t

m = (3.10)

Reactions of different aged batteries is simulated by using battery model and the
simulation setup. In simulations the slope of a battery terminal voltage is recorded
for every centenary reference cycles for each of the three test signals. In Table 3.5,

Table 3.6, and Table 3.7 below slope values, respectively for the first, second,
and third signals are listed. Like in the parametric approach, there are no available

slope values for 3" signal for a battery over 900 cycles, which is shown in Table 3.7.

Table 3.5: Slope values for the first signal.

Slope V't Vtioo V200 V300 Vitao0 Visoo Vieoo
m -0.025 -0.029 -0.034 -0.048 -0.053 -0.062 -0.067
V700 Vigoo Vitgoo Vtiooo | Vtitoo | Vtizoo | Vitizo0
m -0.073 -0.081 -0.091 -0.101 -0.111 -0.122 -0.133
Vtisoo | Vtisoo | Vticoo | Vtizoo | Vitisoo | Vitisoo | Vitzoo0
m -0.145 -0.158 -0.171 -0.184 -0.197 -0.212 -0.227
Table 3.6: Slope values for the second signal.
Slope vty Viti00 Vta00 Vitso0 Vitso0 Vitsoo Vteoo
m -0.016 -0.018 -0.021 -0.027 -0.030 -0.034 -0.037
Vts00 Vitgoo Vitggo Vtiooo | Vtitoo | Vtizoo | Vtizoo
m -0.039 -0.044 -0.048 -0.053 -0.057 -0.063 -0.068
Vtia00 | Vitisoo | Vtieoo | Vtizoo | Vtisoo | Vtisoo | V2000
m -0.073 -0.079 -0.085 -0.092 -0.098 -0.104 -0.111
Table 3.7: Available slope values for the third signal.
Slp. Vi, Vtioo | Vizoo | Vtsoo | Vtaoo | Visoo | VEeoo | Vt7o0 | Visoo | Viooo
m -0.017 | -0.019 | -0.024 | -0.026 | -0.030 | -0.032 | -0.034 | -0.038 | -0.041 | -0.045
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The changing pattern of slope values used to form an equation by using curve
fitting. As a result cycle number is modelled depending on slope. Three models for
three test signals are achieved and listed below. In the equations RCN is the

reference cycle number, m,, is the slope of the nt" test signal.

RCN = —6.243 10*m3 — 4.613 10*m? — 1.783 10*m, — 402.2 (3.11)
RCN = —4.384 10°mj — 1.78 10°m3 — 3.718 10*m, — 540.3 (3.12)
RCN = 2.836 10"m3 + 2.628 10°m3 + 4.444 10*m; + 155.7 (3.13)

Slope of any battery can be obtained by equation (3.10) after applying test
signal. Then cycle number of the battery can be calculated by using corresponding
equation for the applied test signal.

In the next step relative capacity is estimated by using RCN. For this purpose
relationship given in Figure 2.12 and equation (3.9) is used. As a result in order to
obtain remaining capacity of a battery, the procedure of the slope approach may be

summarized as below.

e Atestsignal is applied to the battery,

e The value of the slope is calculated by using appropriate equation (equation
(3.10)).

e RCN value is obtained by using appropriate model (equations (3.11), (3.12), or
(3.13)).

e RCis obtained by using equation (3.9)

3.2.Validation of the RC Modelling Methods

Two different groups of experiments are conducted to validate the method and
determine the accuracy. For the first group of experiments, method is tested on

batteries which were aged with manufacturer’s charge-discharge procedures.
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Therefore ages of these batteries can be represented in terms of RCN. This group of
experiments is called “controlled tests”, since these batteries are aged in a controlled
manner. Second group of experiments are conducted with randomly aged batteries
which were used in different applications. Since these batteries are not aged in a
specific routine, this group of experiments is called “uncontrolled experiments”.

A fully charged battery with relative capacity of 100 % is expected to be fully
discharged in 1 hour if it is discharged with 1 C. After testing the batteries with test
signals (slope test), fully charged batteries are discharged with 11 A (1 C) and the
discharge time is recorded. Discharge time is compared with 3600 s in order to

calculate RC (capacity test).

3.2.1.Validation of the Parametric Approach

3.2.1.1. Controlled Tests

In Table 3.8, experimental results for every 100 cycles of the battery is given,
where V/; and V, are the voltage values recorded in t; and t,, which are the starting
and ending instances of slopes respectively.

Comparison between calculated and known cycle numbers is given in Table 3.9
and a comparison between estimated RC and the actual capacity values is given in
Table 3.10. As seen from the Table 3.10 average error in RC estimation is 2.14 %,
2.022 %, and 1.908 % for the first, second, and the third signals respectively. Summary

of the errors for controlled tests are listed in Table 3.11 .

3.2.1.2. Uncontrolled Tests

Uncontrolled tests were undertaken with five different batteries which were
previously employed in several applications and tests. Thus these batteries are not
aged with standard procedures and their cycle numbers are unknown. In the first
phase, experimental results of the batteries under the test driving cycle were used in
the proposed method. Then RCN and SoH estimations are performed. In the second

phase capacities of tested batteries are measured and compared with estimated
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values. In Table 3.12 experimental results of 5 different batteries are given for all

three zones.

Table 3.8: Experimental data of the batteries which were aged with catalogue

procedures.

Signal Cycle num. 100 200 300 400 500
4] 4.209 4.214 4.188 4.207 4.201

v, 4.048 3.982 3.902 3.871 3.815
' ty 12.058 10.9 12.4 10.579 13.519
ty 17.868 16.858 18.68 16.809 19.505

41 4.209 4.183 4.168 4.188 4.172

v, 3.931 3.845 3.784 3.753 3.698
S tq 51.337 51.099 52.819 52.578 53.499
ty 67.326 67.798 67868 66.99 67.455

A 4.176 4.146 4.146 4.137 4.13

v, 3.698 3.589 3.477 3.405 3.367
v ty 121.87 121.39 122.51 120.75 120.63
ty 146.78 146.09 147.08 145.57 144.77

Table 3.9: Comparison between the calculated and the known cycle numbers in
controlled tests.

Signal Cycle number 100 200 300 400 500

Value of the Parameter a | 148.72 | 103.72 | 87.359 | 72.685 | 59.852

1 Calculated Cycle Number | 139.43 | 231.15 | 283.31 | 386.09 | 540.61

Error (%) 39.43 | 1557 | 556 | 3.47 8.12

Value of the Parameter a | 230.32 | 183.02 | 152.46 | 127.05 | 11.649

2 Calculated Cycle Number | 108.16 | 222.19 | 291.63 | 393.80 | 489.68

Error (%) 8.16 11.10 2.79 1.55 2.06

Value of the Parameter a | 197.11 | 157.84 | 131.61 | 119.31 | 110.27

3 Calculated Cycle Number | 75.95 | 194.64 | 323.64 | 403.87 | 472.29

Error (%) 24.050 | 2.68 7.90 0.99 5.52
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Table 3.10: Comparison between estimated RC and measured capacity values in

controlled tests.

Signal Cycle number 100 200 300 400 500
Estimated RC (%) 97.342 | 97.025 | 97.027 | 97.047 | 96.472
1 Measured Capacity (%) | 102.167 | 100.667 | 98.167 | 97.694 | 97
Error (%) 4.723 3.617 1.162 | 0.663 | 0.535
Estimated RC (%) 97.631 | 97.033 |97.031 | 97.039 | 96.774
2 Measured Capacity (%) | 102.167 | 100.667 | 98.167 | 97.694 | 97
Error (%) 4.440 3.609 1.157 ]0.671 |0.233
Estimated RC (%) 98.076 | 97.082 |97.049 | 97.027 | 96.085
3 Measured Capacity (%) | 102.167 | 100.667 | 98.167 | 97.694 | 97
Error (%) 4.004 3.561 1.139 | 0.683 | 0.155
Table 3.11: Summary of errors in the controlled tests.
Signal 1 Signal 2 Signal 3 Average
RCN Prediction Error (cycles) 28,35 11,02 16,93 18,77
RCN Prediction Error (%) 14,43 5,13 8,23 9,26
Capacity Estimation Error (%) 2,14 2,02 1,91 2,02

As seen from Table 3.12, there is no available voltage or time values for the

battery #3. The reason of this situation is that the battery is totally discharged during

or before the third signal applied and no available parameter could be measured.

In Table 3.13, value of parameter, a, value of the calculated cycle number

belonging to a, estimated capacity and measured capacity values are listed for each

batteries listed.

As seen from Table 3.13 average errors of RC estimation with the parametric

approach is 3.016 %, 2.749 % and 2.704 % for first, second, and third signals

respectively.
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Table 3.12: Experimental data of the 5 batteries without aging information.

Signal Battery ID #1 #2 #3 #H4 #5

4 4216 4.216 4.193 4.205 4.186
V, 4.054 4.014 3.166 4.005 4.005

! t1 12.45 12.47 11.939 13.758 12.918
t, 17.87 17.218 16.518 20.238 17.781
4 4214 4.195 4.136 4.191 4.171
v, 3.944 3.815 2.651 3.904 3.828

2 ty 51.937 51.658 82.039 53.778 52.5
ty 66.857 66.558 66.349 68.793 68.089
4 4.17 4.169 N/A 4.162 4.141
v, 3.67 3.569 N/A 3.65 3.585

3 ty 122.157 | 122.257 | N/A 124.356 | 122.739
t, 146.28 146.446 | N/A 147.404 | 145.629

Table 3.13: Comparison of estimated and measured capacity values in controlled

tests.

Signal Cycle number #1 #2 #3 #a #5
Value of parameter (a) 137.77 | 95.375 | 13.638 | 132.16 | 109.91
Calculated Cycle Number | 180.53 | 251.61 | 1872.6 | 193.30 | 221.47

1 Estimated RC (%) 97.124 | 97.018 | 74.808 | 97.085 | 97.034
Measured Capacity (%) 99.722 | 98.583 | 77.666 | 101.33 | 100.05
Error (%) 2.605 1.587 3.679 4.192 3.0193
Value of parameter (a) 221.69 | 152.70 | 26.126 | 208.94 | 178.84
Calculated Cycle Number | 136.93 | 290.92 | 1836.7 | 170.67 | 230.01

2 Estimated RC (%) 97.360 | 97.031 | 75.452 | 97.162 | 97.026
Measured Capacity (%) 99.722 |98.583 | 77.666 | 101.33 | 100.05
Error (%) 2.179 1.574 2.850 4.116 3.027
Value of parameter (a) 180.37 | 147.35 | N/A 168.61 | 152.31
Calculated Cycle Number | 114.577 | 240.10 | N/A 155.00 | 217.69

3 Estimated RC (%) 97.549 |97.021 | N/A 97.241 | 97.038
Measured Capacity (%) 99.722 |98.583 | 77.666 | 101.33 | 100.05
Error (%) 2.179 1.584 N/A 4.038 3.015

39




3.2.2.Validation of the Slope Approach

3.2.2.1. Controlled Tests

The slope values extracted from slope tests are used in RCN model to validate

the RCN estimation. Since test batteries in controlled experiments are aged with

manufacturer’s procedures, estimated RCN values can directly be compared to actual

ages of the batteries. Results are given in Table 3.14, (a), (b) and (c) for the first,

second, and third signals respectively.

Table 3.14: RCN estimation results for controlled experiments.

Test signal Cycle Value of Calculated Error Error
ID Number “m” Cycle Number (Cycle Number) (%)

100 -0,0277 57,790 42,210 42,21

200 -0,0389 225,827 25,827 12,91

1 300 -0,0455 320,025 20,025 6,67
400 -0,0539 435,032 35,032 8,75

500 -0,0645 572,470 72,470 14,49

100 -0,017 54,641 45,359 45,36

200 -0,022 182,051 17,949 8,97

2 300 -0,026 299,797 0,203 0,07
400 -0,030 431,803 31,803 7,95

500 -0,034 534,322 34,322 6,86

100 -0,019 70,293 29,707 29,71

200 -0,023 188,829 11,171 5,59

3 300 -0,027 321,533 21,533 7,18
400 -0,029 403,302 3,302 0,83

500 -0,032 480,994 19,006 3,80
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As it can be seen from Table 3.14, average errors are 37.646, 24.193, and
17.911 cycles and 14.897%, 11.906%, and 8.391% for first, second, and third signals
respectively.

In the next phase relative capacity of the batteries are estimated by using RCN
values. The estimated values are compared with actual RC values which were
extracted from capacity tests. The results are given in Table 3.15. As it can be seen
from Table 3.15, maximum errors are 3.680%, 3.617%, and 3.910% and average
errors are 1.744%, 1.690%, and 1.683% for first, second, and third signals

respectively.

Table 3.15: RC estimation results for controlled experiments.

Test Cycle Estimated Estimated Measured
Error (%)
Signal ID | Number | Cycle number Capacity (%) Capacity (%)
100 57,790 98,407 102,167 3,680
200 225,827 97,030 100,667 3,613
1 300 320,025 97,047 98,167 1,141
400 435,032 96,969 97,694 0,743
500 572,470 96,223 97,000 0,802
100 54,641 98,471 102,167 3,617
200 182,051 97,119 100,667 3,524
2 300 299,797 97,036 98,167 1,152
400 431,803 96,977 97,694 0,735
500 534,322 96,516 97,000 0,499
100 70,293 98,172 102,167 3,910
200 188,829 97,097 100,667 3,546
3 300 321,533 97,048 98,167 1,140
400 403,302 97,028 97,694 0,682
500 480,994 96,813 97,000 0,192
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3.2.2.2. Uncontrolled Tests

In these experiments five different batteries are used. These batteries were

already employed in different applications such as electric vehicles tests or

competition robots. Therefore, neither there are not much information about

conditions of these batteries (such as their cycle numbers), nor are they aged by

manufacturer’s aging procedures. At first, these batteries are subjected to slope tests

and their slopes are measured. Then by using these slope values their RCN obtained

and by using the model their relative capacities are calculated. Meanwhile capacity

tests are applied to the batteries and their actual capacities are measured.

The comparison between measured and estimated capacities of these batteries

are given in Table 3.16 Since the third battery is fully discharged during the test with

third signal, there is no available data for slope test of third signal for third battery.

Table 3.16: Capacity results for uncontrolled tests.

Test Bat. Estimated Measured Cap. Error
Signal ID | ID m RCN Cap. (%) (s) (%) (%)

#1 -0,03 91,18 97,844 3590 99,722 1,883

#2 | -0,043 | 278,83 97,025 3549 98,583 1,580

1 #3 | -0,224 | 1980,6 70,935 2796 77,666 6,091
#4 | -0,031 106 97,655 3648 101,333 3,630

#5 | -0,037 | 200,86 97,067 3602 100,055 2,986

#1 | -0,018 | 76,834 98,061 3590 99.722 1.665

#2 | -0,026 | 299,41 97,036 3549 98.583 1.569

2 #3 | -0,104 | 1891,1 74,478 2796 77.666 4.105
#4 | -0,019 108,4 97,628 3648 101.333 3.656

#5 |-0,022 | 196,26 97,077 3602 100.055 2.976

#1 | -0,021 | 111,08 97,598 3590 99.722 2.129

#2 | -0,025 237,5 97,022 3549 98.583 1.583

3 #3 N/A N/A N/A N/A N/A N/A
#4 | -0,022 | 154,47 97,244 3648 101.333 4.035

#5 | -0,024 | 220,36 97,035 3602 100.055 3.018
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As it can be seen from the Table 3.16, maximum errors are 6.091%, 4.105%,
4.035 % and average errors are 3.234%, 2.794%, and 2.691 % for first and second

signals respectively.

3.3.Conclusion

The proposed RC estimation methods, which are different variations of the
same approach and very similar, may be used for RC estimation for high accuracy.
The basic drawbacks of the methods are that they need a specific test signal and
online estimation is not possible. But these methods may be implemented to any
vehicle with a simple initialization procedure. After the battery of the vehicle is fully
charged, following a test signal RC or SoH of a vehicle may be obtained. The

conference proceedings published from these study exists in the literature.
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4. HYBRID BATTERY SYSTEM

Although BEVs are the most clean transportation alternatives, they have some
drawbacks such as short driving range with single charge, low life span of battery
stacks, voltage imbalances in a battery stack and low performance. To overcome
these disadvantages and to improve performance using SCs with batteries is a
common strategy for BEVs [23]. But SCs also have drawbacks when compared to
batteries, such as, low energy densities, high self-discharge rates, and to be more
prone to voltage imbalances [12], [13].

In this study a new approach, Hybrid Battery Concept is proposed. This concept
includes a battery-battery hybrid energy system instead of battery-SC hybrid. The
Hybrid Battery Concept in this study consists of two different of batteries instead of
a battery-SC hybrid. One of these batteries has high energy density and the other one
has high power density. The battery with high power density will be employed in high
performance (hence high power) demanding conditions and the battery with high
energy density will help to increase the driving distance. LTO battery is being
operated in demanding conditions meanwhile NMC battery is subjected to support
LTO without exceeding a current limit. Consequently lifetimes of both batteries are
increased. In this study a Kokam SLPB55205130H model LiNiMnCo, battery [15] is
chosen as the energy dense cell with energy density of 160 Wh/kg and lifespan of
1400 cycles and the Altairnano 13Ah model Li,Ti50,, battery [14] is chosen as the
power dense cell with power density of 1675 W/kg and a lifespan of 16000 cycles. A

general block diagram of a hybrid battery system can be seen in Figure 4.1.

4.1.Background

Energy management systems (EMS) are computer aided tools which handles
basic tasks in order to control and optimize the performance of the system. Generally
in electric vehicles EMS takes on the coordination of the energy supplied by several
sources which exist in the vehicle and the recovery of the energy which is generated

by regenerative braking system. This coordination can be achieved by the use of some
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factors such as driving cycles, charge and discharge characteristics and energy storage
parameters [73]. Basically EMSs are the tools which decide when and which source

to use.

| i i
| | |
— Sacks LI oooe o |
| | |
Modules for I I
Battery |
Management I ' DRIVE TRAIN
System |
| BATTERY I — beibc I
| STACK #2 I I
| | |
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b Controller
| | |
Battery Management I Batteri I Energy Manegement I Drive Trai
System | gieries I System I rive Train

Figure 4.1: General block diagram of HBS.

As an energy management system for FEVs, in Hybrid Battery Systems (HBS)
the task of EMS is determination of which battery to be used and amount of energy
to be drawn depending on the driving and route conditions. In contrast with FEVs, in
HEVs EMSs are mostly used for determination of the ratio and frequency of
employment of internal combustion engine or electric motor. The main motivations
of energy management strategies for HEVs are decreasing the fuel consumption
and/or reducing the carbon monoxide emissions. The objective is to use electric
energy more efficiently. For instance an internal combustion engine has low torque
values in low speeds meanwhile an electric motor can generate high torques. In this
manner, a general strategy is using the electric motor until a specific speed limit, then
switching to the engine [74]. Gonder and Markel described three different strategies,
a strategy where only the electric motor is employed, the electric motor used
dominantly and the internal combustion engine used dominantly [75].

Primarily numerical methods are preferred in energy management of hybrid

vehicles. Commonly dynamic programming is used for optimization in a particular
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time period. A-ECMS (Adaptive Equivalent Consumption Minimization Strategy) is
used [76] but numerical analysis takes long time. In another study target routes are
divided into a series of time segments and optimized separately [77]. By this
approach also the solution duration is shorter but the solution itself is suboptimal.
Also in [78] a simple method based on static optimization is proposed. Another
approach to decrease the effort for calculations is based on Hamilton-Jacobi-Bellman
equations and principles [79]. Some heuristic algorithms in which Boolean or fuzzy
rules were employed also used for the same purpose [80]. For this purpose rule based
strategies developed in [81] and fuzzy logic is used in [82]. In order to obtain a global
and optimal solution linear [83] and dynamic programming methods [84], [85] are
studied. Drawback of these methods is that an online solution can’t be obtained
because the proposed strategies are performed for known driving cycles. Thereby in
these approaches the whole route information is assumed to be known. Nevertheless
solutions of these studies may be used as a benchmark while developing a different
strategy, or used while generating rules for a rule-based method.

To avoid this [86] used an alternative driving cycle, which is a combination of
several driving cycles instead of a single cycle. Although these methods use
independent driving cycles, still it will be difficult to cover a real life driving situation.
In some studies the current conditions of the vehicle and route are taken into
consideration by EMS [87]-[89]. Some methods in which the EMS predicts future
conditions and events such as model predictive control [90], stochastic control [91]
or global optimization [92], [93] methods are also studied. Thus a connection
between the upcoming situations and EMS can be established. These approaches
have heavy computational work as a result of advanced control techniques.
Estimation accuracy and estimation duration are the parameters to determine the
success of the strategy. Estimation of conditions of near future allows the EMS to
perform optimization even in small time frames and gives good results [94]. For these
approaches the benefits of the control strategy directly depends on the accuracy of
estimations. In some studies the required parameters for optimization were obtained
by using pattern recognition [95], collected continuously during the ride [87] or

battery state of charge as a parameter [96].
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However in HBS these motivations and objective are invalid. Therefore the
studies about battery-SC hybrids are also examined. In applications of battery-SC
hybrids the main motivation is reducing the usage frequency of battery thus reducing
the number charge-discharge cycles and increasing the battery life. The basic
principle is supplying power demand by employing the SC while supplying energy
demand by employing the battery [97]. With this approach fast charge and discharge
cycles and high power to be drawn from the battery can be limited. Besides there are
also ongoing studies about satisfying the energy demand of oscillating loads and
optimizing the parameters and ratio of the SC.

Battery-SC hybrids can be divided into three categories as passive, semi-active
and active [98]. In passive topology battery and SC are connected in parallel and
directly coupled to the load. Although the semi-active topology is more successful
then the passive, a dc/dc converter is needed. In active hybridization two dc/dc
converters are needed which makes this topology complicated [98], [99]. In passive
hybridization both battery and the SC are connected in parallel with load [98]-[102].
Semi-active hybrids include a DC/DC converter in order to adjust voltage of a source
with respect to other. There are three different configurations for semi-active
hybrids. In battery semi-active hybrid battery and SCs are cascaded where the
converter is placed between the battery and the load. The purpose of this
configuration is to control battery current [103]-[105]. In capacitor semi-active
hybridization DC/DC converter is placed between SC and the load to improve usage
of SC energy [106]-[108]. The third configuration is called parallel or load semi-active
hybridization. In this topology, battery and the SC are connected in parallel where the
DC/DC converter is placed between this parallel block and the load. This structure
enables to satisfy high load demands with limited energy sources [108], [109]. Active
hybridization topologies can also be categorized as series or parallel active hybrids.
Series active hybrid topology can be achieved by adding another DC/DC converter to
a semi-active hybrid where in parallel active hybrids all sources and the load are
connected in parallel with DC/DC converters between each connection [108], [110]-
[114].

The advantage of the passive topology is its simple structure without a control

circuit or power electronics. Thus both the price and the volume of the system
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decreases while durability and reliability increases. Also the regenerative breaking is
possible without spending extra effort. Major drawback of this topology is that the
load sharing between the battery and the SC is totally uncontrolled. General
approach in passive hybridization is deciding the voltage and capacitance values of
the capacitor by using a load profile of a specific pulse train [98]-[102]. Although this
approach gives a good point of view about steady state operation of the system, it is
insufficient for transient process [99]. Generally in passive hybridization studies it is
shown that the driving distance increases when compared with a system without
capacitors [115]-[117]. E.g. [117] hybridized a 600 mAh lithium battery with a 600
mF SC, used a load profile of 2 A, proven that the driving distance is increased without
giving any analytical explanation. [102], [118], [119] also made similar studies
however [119] made assumptions by using chemical inner structure and simulated in
time domain and by a pulse train. [120] uses ECE 15 driving cycle and a novel driving
cycle which they have generated in Warsaw including effect of temperature.

In this study two different topologies are investigated, passive and semi-active
topologies. First a parallel battery-battery hybrid is proposed and implemented [19].
Unlikely battery-SC hybrids battery-battery hybrids requires high inductances in
order to limit the drawn current from a specific selected battery. Another proposed
strategy is a semi-active topology with a novel DC/DC converter. In this topology,
active elements commutates with a constant duty ratio of 50% during whole
operation any active control scheme is not needed, hence can be categorized as a

passive topology.

4.2.The Passive EMS for HBS

A totally uncontrolled operation is not possible while using two different type
of batteries instead of a battery-SC hybrid. In passive battery-SC hybrids the peak
power demand is satisfied by the SC and the battery is used in order to provide longer
system operation. In HBS the peak power demand is shared between both batteries
although one of them has higher power density. To avoid this situation and to operate
system likewise a battery SC hybrid an additional passive power electronics element,

a Choke inductor is added to the system. The Choke inductor is connected in series
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with the battery which has higher energy density to limit the drawn current from that
battery during the peak power phases of the route. Circuit diagram of the passive

HBS topology is given in Figure 4.2.
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Figure 4.2: Circuit diagram of passive HBS.

NMC and LTO cells have maximum voltages of 4.2 V and 2.8 V depending on
temperature conditions, respectively, as given in [14], [15]. Thus, in order to level
branch voltages, NMC cells are used in a stack of two batteries connected in series
and LTO cells are used in a stack of three batteries. Hence a bus voltage of 8.4 V is
reached in both two branches.

An analytical explanation for the system couldn't be available for this stage of
the study, because battery specifications given by the manufacturers is not sufficient
Following results of simulations it is found that the value of Choke inductor is needed
to be around 1H.

To validate the applicability of the proposed energy management strategy a
series of experiments were conducted. In these experiments a choke inductor of 3mH
is used instead of 1H because of size limitations, considering an average current of
50 A passing through the inductor.

The driving cycle which was given in Figure 2.9 is used in experiments. In the
first experiment two batteries were connected in parallel with each other and directly
coupled to a load of the driving cycle. The results of the first experiment can be seen
in Figure 4.3, where the straight and dotted lines indicate the responses of batteries

with high power and high energy densities, respectively.
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Figure 4.3: Results of experiments without inductor.
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Figure 4.4: Results of experiments with 3 mH inductor.

In the next step the experiment was repeated by connecting a 3 mH inductor
in series with the battery with high energy density. The results of the experiment can
be seen in Figure 4.4, where the straight and dotted lines indicate the responses of

batteries with high power and high energy densities, respectively.
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Figure 4.5: Comparison of responses of NMC battery.

Finally in Figure 4.5, the comparison of the results of battery with high energy
density in both experiments are shown. The dotted and straight lines demonstrate
the results with 3 mH inductor and without inductor, respectively.

Parallel hybridization of batteries has a different motivation when compared to
battery-SC hybrids. Battery-SC hybrids are mainly based on calculating the desired
parameters of suitable SC for operation [98]—[102]. In battery-battery hybrids, this
approach is not possible in battery-battery hybrids, since there are limited battery
types which are commercially available. Also many battery parameters are not
available for end users or such information is very vague even if it is shared. Hence
using a Choke inductor to limit the drawn current from high energy cell is a significant
option. From Figure 4.3 it can be said that without any extra elements the drawn
current from NMC cell higher than LTO cell. It must be limited around 2 C current
(22A) to extend the life of NMC cell [15]. Therefore an inductor around 1 H is needed.

Experiments could only be performed with a 3 mH inductor. From Figure 4.5 it
can be seen that there is already a difference between the responses of the batteries.
Also the parallel inductor has a significant impact on the result of the battery with
higher energy level. Considering that the main expectation is limiting the drawn
current from the battery it can be said that passive hybridization with an inductor

with the correct value can be used in control of HBS.
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4.3.Active EMS for HBS

The proposed active energy management system has a cell scale structure and
consists of several number of levels depending on current or power ratings. Every
level includes an LTO and an NMC cells, and a bidirectional DC/DC converter between
two cells for energy transfer. 5 level topology for the propose system is given in Figure
4.6. As seen from the Figure 4.6 LTO cells are connected in series and this packet is
directly connected to the load. On the side of the converter NMC cells are cascaded
to each other through a resistor. Anodes of parallel cells may be attached each other
through a resistor in voltage balancing studies [121]. The structure including resistors
and anodes are called share bus and the resistors are named as bus resistors. In this
study the bus resistors are omitted assuming the voltage imbalances between
cascaded will not be high and the energy transfer rate will be limited. DC/DC
converter includes a transformer in this study. Hence the sides of the converter will

be mentioned as primary and secondary respectively for the LTO and NMC cells.

4.3.1.Bidirectional converter

The most important component of the system is the bidirectional DC/DC
converter. It is important to select or design appropriate topology for the success of
the system. For this purpose the converters in the literature are investigated.

The bidirectional DC/DC converters in the literature may be divided into two
categories, isolated and non-isolated converters.

Non-isolated converters are simple, economic and has high reliability. There are
basic and derived non-isolated DC/DC converter topologies. Basic topologies include
half bridge, Clik, and SEPIC/Luo, and the derived topologies are cascaded buck-boost
(cascaded full bridge), cascaded half bridge or interleaved half-bridge converters.

Both six topologies can be seen in Figure 4.7.

52



LTO cells NMC cells
== DC/DC | =
= DC/DC | =

LOAD | == DC/DC | =
= DC/DC | =
—- DC/DC —-

Figure 4.6: 5 level system topology.

In [122] bidirectional buck boost and bidirectional buck-boost cascaded
converters are compared for a motor drive application which was powered by
batteries. Although buck boost cascaded requires twofold components, their electric
and thermal stresses are lower [122]. The stresses of switches are also same in half
bridge converter, but this converter can only be operated as buck in one direction
and boost in the other [123]. Bidirectional buck boost converter can also be operated
in the same manner. The most significant advantage of Clik converters are their low
input-output current ripple [124]. SEPIC/Luo converter is combination of SEPIC (single
ended primary inductor converter) and Luo converters. This converter works as SEPIC
and step up converter in one direction and works as Luo and step down converter in
the other. In [123] half bridge, combined SEPIC/Luo and Clk converters are
investigated and current stresses are compared for energy transfer between an
ultacapacitor bank of 150/300 V and a 300 V DC link. In [125] basic converters are
compared for a system of 750 V DC link voltage, 180/360 V battery pack voltage, 20K
frequency, 30% maximum inductor current. It’s denoted that the stress in switches
and diodes of half bridge is lower than other topologies. It can be said that the
efficiency of half bridge converter is higher where it requires less amount of active

elements. But this efficiency decreases with battery voltage level.
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Figure 4.7: Basic non-isolated bidirectional DC/DC converter topologies. a) Cik, b)
SEPIC/Luo, c) bidirectional buck-boost, d) cascaded buck-boost, e) cascaded half
bridge, f) interleaved half bridge.

In order to increase efficiency VFPWM (Variable frequency PWM) method is
used. Also in [126] for a generator based interior permanent magnet machine which
provides power from diesel, an energy management between battery and SC is
operated by using a half bridge converter. In [127] 42-14 V DC/DC converter named
2-phase buck converter is proposed. The topology includes coupled inductors. Energy
losses of the converter is low owing to low energy storage and it has better transient
response. The cascaded buck boost converter topology which was given in Figure 4.7
(d) is called as cascaded buck boost — inductor in the middle (CCB-lIIM). in some

studies [128]. Also another version of this topology in which there is a capacitor in
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the middle (CCB-CIM) is proposed [129]. In [130] these two topologies are modelled,
analysed and compared.

Also in some studies three level converters, which can be categorized under
multi-level converters are used [125], [131], [132]. In this converters switching
stresses are low but high numbers of switching elements are needed. Using areas of
three level converters are limited with the type of the topology. Simple reviews for
non-isolated bidirectional converters can be found in [123], [125].

In isolated bidirectional converter studies the primary or secondary sides of
topologies are divided as current fed or voltage fed. This topologies are beneficial
depending on the application or used current or voltage source. This difference can
be achieved by using a series inductor or a parallel capacitor to the related side [133],
[134]. In [134] two different topologies to use between a 12 V battery and 300 V fuel
cell link are compared. The high sides of the topologies are full bridge voltage fed and
one of the low side is a half bridge current fed and the other is a full bridge current
fed. In [135] a 15 KW prototype for motor drive of a hybrid vehicle is proposed. The
primary side of the converter is a voltage fed full bridge and the secondary side is a
current fed full bridge. This topology is not appropriate for high power applications
because of the leakage inductance of the transformer. This leakage causes spikes on
switches of the current fed side. In [136] an RCD snubber is used in secondary side in
order to solve this problem. Also in [137] the primary side of the converter is designed
as a half bridge instead of a full bridge for same reason. In [138] both sides are half
bridges. There is no need for a snubber circuit in this topology, because there is no
need to reduce the stresses on switches as the primary switch acts as an active clamp.
Another topology is called dual active bridges in which both sides are voltage fed
[139]. There is no need for snubber circuits as full bridges on each sides act as
snubber. Switching stresses are low and the efficiency is high, however voltage range
should be narrow for optimal operation. There are variations of dual bridge topology
in which one side [140] or both sides [141] are half bridges. An extended review is
given in [142].

Also a third type of bidirectional converters can be given as multiple port

converters. These topologies are consist of cascaded isolated or non-isolated
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converters. These converters are used in multiple input applications [133], [143].

These converters are also used in battery voltage balancing applications [144].

LTO cells VnomLTO : VnomNMC NMC cells

8
17

T\

LOAD

Figure 4.8: Circuit diagram of the proposed converter.

The isolated bidirectional DC/DC converter analysed and used in this study may
be defined as a simple synchronous flyback converter. Some primitive variations of
this topology exist in the literature, and mainly used in voltage balancing applications.
[121], [145], [146]. The circuit diagram of the proposed converter is given in Figure
4.8.

The proposed converter topology consists of a transformer, switches, a snubber
circuit and the cells. Although there are two switches in the circuits the duty ratios of
the switches are constant at 50%. This duty ratio doesn’t change during the whole
process and independent from battery condition or operation mode Hence the
system can be classified as a semi-active energy management system with passive
control scheme. This simplicity is one of the major advantages of the system. A
control scheme or feedback is not necessary during operation. Furthermore any

route information is not required either.

4.3.1.1. Transformer

Another main component of the system is the transformer. It enables an
isolated operation for the system. Also transformer is needed to establish a voltage
balance between two different battery types. The voltages ratio of the transformer

is 2.8V to 4.2 V, which are the maximum voltage values in room temperature of the
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LTO and NMC cells, respectively [14], [15]. The switching frequency of the MOSFETs
is 20 kHz. Core material is chosen as 3C90 considering the operating frequency of the

system. Type of the core is ETD29T.

4.3.1.2. The snubber circuit

A resonance occurs between the output capacitor of the MOSFET (C,,,,) and
leakage inductor of the transformer (L;;), during system operation. Because of this
resonance, a high voltage spike appears on the drain of the MOSFET when the
MOSFET is switched off. As a result of this high voltage spike on the drain pin, a large
current within the MOSFET is allowed, resulting low switching efficiency, even
damaging the MOSFET. This phenomenon is called avalanche breakdown.

Input voltage, V;, and reflection of output voltage to the primary side, nV,
effects the MOSFET where n is the turns ratio of the transformer. When MOSFET is
switched off, primary current of the system charges C,,, in a very short instance.
When the voltage of the output capacitor exceeds sum of input voltage and reflection
of output voltage (V;,, + nV,), body diode of the MOSFET in the secondary side is
turned on. Therefore the voltage across the magnetizing inductor of the transformer
becomes equal to reflected output voltage, nV,. As a result, a resonance between
Comand Ly, occurs. When the MOSFET is switched on, reverse recovery current of
the body diode of the MOSFET on the secondary side of the system is added to the
primary current and consequently a large current ripple occurs.

The excessive voltage should be supressed to protect the MOSFETs. Thus an
RCD snubber circuit is designed. In the snubber circuit Cs,,,;, is assumed to be large
that the voltage across the capacitor doesn’t change during one period. When voltage
across the output capacitor of the MOSFET exceeds V;,, + nV,, snubber diode, Dg,,.,p
is turned on and primary current flows to Cyy,, through Dg,.,5, resulting adsorption
of the current in L;;. Value of the snubber resistance can be calculated as in equation

(5.1) [147]:

(4.1)
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In the equation V., is the voltage across Cspyp, ipeakis the peak value of the
primary current, and f; is the switching frequency of the system. V,,,,, is chosen as 3
times of nV,,. Switching frequency of the system, f; = 20000 Hz and i,.q, = 0.4 A.
Ly, is measured as 1.64 uH. Consequently snubber resistance is obtained as
Rypup = 42493 0.

Snubber capacitor can be calculated by considering the ripple of the snubber

capacitor voltage, where AV, is the change in snubber capacitor voltage.

C _ Vsnub
p=————————
s A Vsnub R snub f:s‘

(4.2)

By choosing the maximum ripple of the snubber capacitor voltage as 10%, value
of the snubber capacitor can be obtained as Cspyp = 1176.7 nF.

In order to show the effect of snubber circuit an experiment is done. In the
experiment, voltages of LTO and NMC cells are 2.7 V and 3.3 V, respectively. Thus the
direction of energy transmission is from LTO to NMC cell. The voltages on the
terminals of transformer is recorded for both without and with snubber circuits and

given in Figure 4.9, a) and b), respectively.
4.3.1.3. Operation of the bidirectional converter

Simulations of the bidirectional converter is completed in Simulink using
generic battery models, introduced in Section 3.4 and simulation diagram is shown in
Figure 4.10.

In the first simulations SoC of the LTO cell is chosen as 100% while SoC of the
NMC cell is 50%, in order to analyse energy transfer in LTO-NMC direction. In the
beginning V;ro = 2.81V and Vyyc = 3.67 V, where after the operation new values
are V/ro = 2.58V and Vy,, = 3.72 V. The voltage ratio between the cells is 1.44
and the error between this ratio and the voltage ratio of the transformer is 3.93%.

The simulation results are given in Figure 4.11.
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Figure 4.9: Transformer voltage a) without, b) with, snubber circuit.
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Figure 4.10: Simulation setup for the bidirectional converter.
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The simulation is repeated with different conditions where SoC of the NMC cell
is 100% and LTO cell is 50%, where Vyyc = 4.218V and Vo = 2.427 V. After
operation new values for batttery voltages are, Vyyc =3.798V and
Viro = 2.646 V.The voltages ratio between two cells are 1.435 and the error is
4.29%. The simulation results are given in Figure 4.12 and the current waveforms are
shown in Figure 4.13. Directions of the currents are from system to battery. Thus the
graphic in Figure 4.13 can be interpreted as NMC cell is being discharged while LTO

cell is being charged.
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Figure 4.11: Simulation results of battery voltages and currents during energy
transfer in LTO-NMC direction.
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Figure 4.12: Simulation results of battery voltages and currents during energy
transfer in NMC-LTO direction.
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Figure 4.13: Simulation results of battery current waveforms during energy
transfer in NMC-LTO direction.

Circuit diagram of the bidirectional converter can be seen in Figure 4.14. A

prototype of the bidirectional converter, which is shown in Figure 4.15, is produced

for experimental studies. IRL540N is chosen as MOSFET because of logic driving

capability and economical reasons. Switching signal is produced by a signal generator

and gates of two switches are insulated by using 1:1 isolation transformers.

Frequency and duty ratio of the PWM signal is 20 KHz and 0.5 respectively. The

transformer is build in the laboratory. Including the diode forward voltage of the

MOSFETs the transformer is build as turn ratio, a = 0.73.
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Figure 4.14: Bidirectional converter circuit.
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Figure 4.15: Prototype circuit of the bidirectional converter.

In the first experiment the energy transfer is in NMC-LTO direction. Battery
voltagers are arranged as V;ro = 2.535V and Vyyc = 4.047 V. The scope outputs
of current waveforms for this experiment is given in Figure 4.16. The similarity

between the simulation results which is given in Figure 4.13 can be recognized.
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Figure 4.16: Scope outputs of the current waveforms for the first experiments.

As seen from the figure maximum value of the charge current of LTO cell is 1.16
A. Maximum value of the discharge current of NMC cell is 0.696 A. Although the

maximum values of charge and discharge currents are different, the negative
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component of the charge current of LTO cell must be noted. Because of this negative
component, mean value of the current of LTO cell is 0.274 A where the mean value
of current of NMC cell is -0.281 A Also saturation of the transformer is postponed
because of this negative component. The value of the efficiency in energy transfer is
95.4%. Considering the system will mostly be used in discharge mode and direction
of the energy transfer is from NMC to LTO cell, this efficiency value may be accepted
as general system efficiency.

After balancing the new voltage values for the cells are Vyye = 3.952 V and
Viro = 2.688 V. The ratio between cell voltages is 0.68. The error is 6.8 % when
compared to transformer’s voltage ratio. Battery voltages for this experiment is given
in Figure 4.17.

For the second experiments voltages of NMC and LTO cells are set to 3.329 V
and 2.669 V respectively. Direction of the energy transfer is from LTO cell to NMC
cell. After operation the new values for the cell voltages are 3.374 V and 2.488 V
respectively for NMC and LTO cells. The ratio of battery voltages is 0.73 and the error

is around 1 %. Battery voltages for this experiment is given in Figure 4.18.
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Figure 4.17: Experimental results of battery voltages for energy transfer in NMC-LTO
direction.

63



Voltage (V)

0 2000 1000 6000 000 10000 12000 14000

Time (s)

Figure 4.18: Experimental results of battery voltages for energy transfer in LTO-NMC
direction.

4.3.2. Operation of the active EMS

4.3.2.1. Simulations

The operation of the proposed energy management system may be
investigated under several headlines such as idle mode, charge or discharge modes.
In both of the three modes simulations were done for a three level system. For idle
mode operation battery voltages are set as: Vo, = 2.6166 V, Vi 1o, = 2.5209 V
and Viro, = 24754V, Vyye, =4.0283V, Vyyc, =3.9297V, and Vyyc, =
3.8776 V. Average valuesare Vyro . = 2.5376 V and Vyyc,,, = 3.9452 V. After the
operation new average values are Vyyc,, =3.9452V and Vi, , =
2.5376 V. Voltage waveforms for simulation results are given in Figure 4.19 (a) and
(b) respectively for LTO and NMC cells.

In discharge mode operation LTO cells are subjected to a load. In this mode
both battery voltage imbalances are satisfied and LTO cells are supported by NMC
cells. In simulations battery voltages are set as Vyyc, = 4.21V, Vyye, = 3.9297
and Vyyc, = 3.8494 V for NMC cells, and V; 7o, = 2.5547, Vi 1o, = 2.2569, and

Viro, = 2.1895V for LTO cells. The results are given in Figure 4.20.
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Figure 4.19: Simulation results for idle mode operation, a) for LTO, b) for NMC cells.
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Figure 4.20: Simulation results of discharge mode operation.

Logic of the charge mode operation is inverse of the discharge mode operation

as in this mode a source feeds the LTO cells. For the last simulations a load profile of
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200 s, which includes 40 A charge, idle mode, 40 A discharge and 80 A discharge parts

of 50 s each, is generated and used. The load profile is shown in Figure 4.21
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Figure 4.21: Load profile.

In this simulations NMC cells are fully charged where the voltage levels of LTO
cells are set as: V7o, = 2.9506V, Vi1o, = 2.6529V, and V1o, = 2.5854 V. The

results of the simulation is given in Figure 4.22.
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Figure 4.22: Simulation results under the load profile.
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4.3.2.2. Experimental study

An experimental study is also done to validate system operation. Because of
some limitations the system including two levels are implemented.

To test the system in the idle mode two different experiments are conducted.
In the first one the energy transfer is in LTO-NMC direction. Battery voltages are set
as: Viro, = 2.65V,Viro, = 2.80V,Vyyc, =3.05V,and Vyyc, = 3.25 V. Theresult
of this experiment is given in Figure 4.23.

Later, the experiments are repeated, this time to observe the energy transfer
in NMC-LTO direction. For this purpose battery voltages are arranged as:
Viro, = L7V, Virg, = 1L.95V,Vyye, = 4.05V,and Vyyc, = 4.2 V. The results are
given in Figure 4.24

To test discharge mode operation several experiments with different constant
load values are conducted. In the first experiment battery voltages are selected as,
Vme, =4V, Vyme, =42V, Viro, =2.55V, and Virp, =2.75V, and the load

current is constant 10 A. The voltages are shown in Figure 4.25.
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Figure 4.23: Experimental results for idle mode operation in LTO-NMC energy
transfer direction.

For the second experiment battery voltages are selected as,
VNMC1 =4.18 V, VNMCZ = 4.23 V, VLT01 = 2.50 V, and VLTOZ = 2.65 V, and the load

current is constant 5 A. The voltages are shown in Figure 4.26.

67



Vnmel Vitol

Vnme2 Vio2

0 5000 10000 15000 20000 25000 30000 35000
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From Figure 4.25 and Figure 4.26 it can be seen that LTO cells can’t be balanced
under load.
For charge mode operation 10 A applied to the system. Battery voltages are

arranged as, VNMC1 = 2.95 V, VNMCZ =2.8 V, VLT01 = 2.50 V, and VLT02 =2.70V.

The results are given in Figure 4.27.
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Figure 4.27: Results of the first experiments of charge mode operation under
constant source.

Final experiments were conducted with different load conditions. Previously
introduced scheme, which was given in Figure 2.9 is used as the load profile. The

amplitude is used as half where the maximum current is 40 A. The results are given

in Figure 4.28.
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Figure 4.28. Experimental results under a variable load profile.
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5. CONCLUSION AND FUTURE WORKS

5.1.Conclusion

The major subject of this study is Hybrid Battery System (HBS) which is a
promising energy system alternative for battery electric vehicles (BEVs). In this work
various topics related to HBS, including an analytical battery model which can also be
used for SoC estimation, a relative capacity model for SoH estimation, a bidirectional
DC/DC converter, and an energy management system has been investigated.

The first section of the thesis investigates environmental harms of fossil fuels
and includes information about BEVs. A brief information about objectives of the
thesis and the thesis layout is also presented in this section.

The second section is about battery modelling. In this section existing battery
models are investigated. The achievements made about battery modelling in this

thesis can be listed as follows.

e A previously introduced electric equivalent circuit battery model [17] is
enhanced in order to reflect aging effects of the battery model. By this way this
model became available to be used in SoH studies.

e A simple analytical battery modelling method is proposed. Model is validated
with two different cell chemistries (NMC and LTO) and the success of the model
is around 96%. This type of models may be used in analytical studies or heuristic
methods. Furthermore the analytical model gives the consumed capacity in
terms of load current and duration. Hence the model can also be used as a SoC

model.

The third section is about battery state of health (SoH) estimation. Although
SoH of a battery is not necessary for the energy management approach in this study,
it is important to estimate SoH of a battery accurately for successful Battery
Management (BMS) and Energy Management Systems (EMS), as most of battery

parameters are directly correlated with available battery capacity. In this study SoH
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is represented by using the relative capacity and capacity retention of the battery.
Two different variations of this approach is methodized. Average errors for both
methods are about 3%.

Main objective of this study is to design the new energy system, HBS. For this
purpose in final chapter hybrid battery concept is introduced and two energy
management systems are proposed. The main points of the study about HBS can be

summarized as follows:

e Although both of the systems have deficiencies, they can be preferred in some
applications depending on area of usage.

e Active EMS is operated with a constant duty ratio. Hence, unless a fault occurs,
the system may be operated without need of any intervention. Thus the system
may be accepted as a passive EMS.

e Asseen from Figure 4.25, Figure 4.26, and Figure 4.28 NMC cell cannot support
LTO cell as in desired level. This is because low energy transfer ratio between
two cells in the same level. Main reason for this situation is the low efficiency
depending on the losses of the transformer and converter circuit. Furthermore

charging duration and voltage levels in Figure 4.27 also proves this suggestion.

5.2.Future Works

Efficiency of the active EMS may be increased. One of the methods for this
purpose is to use planar magnetics. It is known that planar magnetics have low
profile, greater surface area, greater magnetic cross-section area, smaller winding
area, ability to use modified winding structures which enables fewer turns and
interleaved windings (hence lower leakage inductance) and less AC winding

resistance.
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