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Abstract
[ENG] Electromobility has emerged as a promising alternative to combat the environmental
impact of internal combustion engine (ICE) vehicles. Themost important part of an Electric Ve-
hicle (EV) is the battery, as it is the component which determines its performance. Battery end-
of-life is conventionally associated with a decline in performance characterized by increased
internal resistance (IR) and a State of Health (SOH) below 80%. Below this threshold, a battery
is often considered not suitable for use. This thesis conducts simulations to assess EV perfor-
mance while considering battery degradation. The study evaluates five distinct driving cycles
across varying battery conditions and road scenarios. Findings reveal that batteries with lower
SOH levels can still perform effectively, particularly in low-demand driving scenarios and on
flat terrains. The ability to extend the lifespan of batteries, even as they degrade, has the po-
tential to yield economic benefits and reduce the environmental footprint of battery production
and disposal. This study tries to emphasize the importance of optimizing battery usage in the
pursuit of sustainable electromobility solutions.

[CAT] L’electromobilitat ha emergit com a una alternativa prometedora per combatre l’impacte
mediambiental provocat pels vehicles de combustió interna. La part més important dels vehi-
cles elèctrics (EV) és la bateria, ja que és el component que determina el rendiment del VE. El
final de la vida útil d’una bateria està associat amb una disminució d’aquest rendiment, el qual
està caracteritzat per un increment en la resistència interna (RI) i un estat de salut inferior al
80%. Per sota d’aquest límit, una bateria és generalment considerada com a no apte per la seva
utilització. Aquesta tesi consisteix en dur a terme simulacions per estudiar el rendiment d’un
VE considerant la degradació de la bateria. L’estudi avalua 5 cicles de conducció diferents amb
unes condicions variables de la bateria i la carretera. Els resultats suggereixen que les bateries
amb menys estat de salut poden funcionar correctament, especialment en cicles de conducció
poc exigents i en carreteres planes. El fet de poder allargar la vida útil de les bateries tot i que
estiguin degradades pot resultar en beneficis econòmics i reduir la petjada ecològica causada
per la producció de les bateries i els residus associats a aquestes. Aquest estudi intenta posar
èmfasi en la importància d’optimitzar l’ús de les bateries elèctriques per poder aconseguir solu-
cions sostenibles relacionades amb l’electromobilitat.

[CAS] La electromovilidad ha emergido como una alternativa prometedora para combatir el
impacto medioambiental provocado por los vehículos de combustión interna. La parte más
importante de los vehículos eléctricos (VE) es la batería, puesto que es el componente que de-
termina su rendimiento. El final de vida útil de la batería está asociado con una disminución
de este rendimiento caracterizado por un incremento de la resistencia interna (RI) y un estado
de salud inferior al 80%. Por debajo de este límite, una batería es generalmente considerada
como no adecuada para su uso. Esta tesis consiste en realizar simulaciones para estudiar el
rendimiento de un VE teniendo en cuenta la degradación de la batería. El estudio evalúa 5
ciclos de conducción distintos con unas condiciones variables de la batería y de la carretera.
Los resultados sugieren que las baterías con menos estado de salud pueden funcionar correc-
tamente, especialmente en ciclos de conducción poco exigentes y en carreteras planas. Poder
alargar la vida útil de las baterías aun cuando tienen degradación, puede resultar en beneficios
económicos y reducir la huella ecológica causada por la producción de las baterías y los residuos
asociados a ellas. Este estudio intenta recalcar la importancia de optimizar el uso de las baterías
eléctricas para poder alcanzar soluciones sostenibles relacionadas con la electromovilidad.
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1 Preface
1.1 Origin of the project
Environmental concerns have arisen during the last century due to the increasing levels of in-
dustrial activity, burning of fossil fuels and release of greenhouse gases. It is estimated that
transport accounts for approximately 26% of the global CO2 emissions [5], which has resulted
in the gradual replacement of internal combustion engine (ICE) vehicle by the electric vehicle
(EV).

The increasing popularity of EV and their associated emergingmarket are the reasonwhyman-
ufacturers dedicated to their development are encountering the urge to study and improve such
machines’ performance. In the context of EVs, especial focus on battery is placed as this is the
component that determines the overall vehicle performance.

1.2 Background
EVs can be mainly divided into battery electric vehicles (BEV), hybrid electric vehicles (HEV)
and plug-in-hybrid electric vehicles (PHEV). The remarkable difference between them is that
BEV are 100% propelled by electric power drawn by the motor from the electric battery, while
HEV and PHEV are formed by a combination of both ICE and an electric motor. In all EVs,
batteries play an essential role since it is what establishes how far will the car travel without it
needing to be charged (analogous to fuel tank in cars with only ICE).

More precisely, EVs rely on the electricity provided by their battery for traction. These batteries
suffer from an unavoidable degradation process that generates two effects: a loss in the capacity
and an increase in the Internal Resistance (IR) [10]. This degradation is influenced by many
factors, being the temperature, current, number of charging/discharging cycles, etc. the ones
that make greater impact.

Degradation can lead to unpredictable and/or unwanted battery behaviour and lower vehicle
performance. Consequently, battery is considered not suitable for use when reaching end-of-
life, which is conventionally characterized by State of Health (SOH) below 80%.
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2 Introduction
2.1 Objectives of the project
The aim of the study is to understand the limitations in driving that a user might face as the
battery degrades and SOH levels decrease, with especial focus on evaluating how the increase
in IR may limit functional aspects like driving at high speeds, sudden accelerations or driving
uphill.

2.2 Project scope
The absence of an ICE makes the battery to play a very critical role in BEV, unlike in hybrid
models where the presence of an ICE allows for the vehicle to have less dependency on the
electric motor and battery. For this reason, the study in this thesis is mainly focused on BEV,
to which are referred from now on as simply EVs. First, it is important to begin by describing
the state of the art and putting in context EVs and their elements such as the battery and the
Battery Management System (BMS).

Focus is driven to Li-ion batteries since these are the battery typemost present in the automotive
market [9]. However, it is worth mentioning that other type of batteries can be conforming the
battery of an EV, thus obtaining differing results to the ones in this thesis.

2.3 State of the art
2.3.1 Electric Vehicles
In 1881 the first EVs were created and were almost used only as taxies in metropolises. By 1900,
Evs represented the 28% of the total vehicles but low oil prices made ICEs to finally conquer the
market [31]. It took a while but, more than a century later, EVs have revolutionized the whole
automotive sector and the transportation paradigm. The principal reasons of their success are
their ecological benefits and their relatively low maintenance cost compared to regular ICEs
[26].

A funcional and contemporary EV involves the interaction of many subsystems, being the ones
exposed in Figure 1 the most important ones. For the purpose of this thesis, focus will be driven
mainly on the Energy Source subsystem, and more specifically on Batteries.

2.3.2 Batteries
A battery is a device that obtains electrical energy from the conversion of chemical energy. It
is composed by an arrangement of one or various electro-chemical cells that act as a source of
electrical energy.

Since many types of batteries exist, there are many ways to classify them, such as by size, appli-
cation, voltage or chemistry.

A common way to classify them by chemistry is by their chargeable characteristics. A primary
battery is one that cannot be recharged, while a secondary battery has rechargeable qualities.
Additionally, batteries can be chemically classified by distinguishing the materials that the bat-
tery cell is made of. Since the pile was invented by Alessandro Volta in 1799, many variety
of electrical batteries have been developed. The most common types are the lithium, alkaline,
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Figure 1: Interaction among EV subsystems [4]

carbon zinc and silver oxide for primary batteries; and lithium-ion (Li-ion), nickel cadmium
(Ni-Cd), nickel metal hydride (NiMH) and lead-acid (Pb-acid) for secondary batteries [6]. In
the automotive sector, the preferences lean towards the Li-ion secondary batteries.

The rechargeable characteristic is fundamental in an EV for very basic reasons: the battery is
analogous to a fuel tank in ICEs. Therefore, after usage of the vehicle, energy is consumed
from the battery. In order to "refill" the tank" (the battery in EV case), the battery needs to be
electrically recharged whenever it is discharged if it is desired to make the vehicle functional
again.

However, the choice of Li-ion is due to the advantages that it brings compared to the other op-
tions in the market. Li-ion batteries provide high voltage capacity and additionally they have a
very convenient ratio of power output per unit of battery mass [9], which implies that they can
hold more energy storage capacity than other battery types of same scale. This is particularly
beneficial for cars, since the weight and dimensions highly impact the overall vehicle aerody-
namics.

Additional technical specifications comparison has been summarized in Table 1, in which it is
exposed additional advantageous characteristics of Li-ion versus other battery types such as
their high-energy efficiency, no memory effects, and a relatively long cycle life [9].



Simulation of EV performance considering battery degradation Page 11

Table 1: Comparison between different battery technologies [9].

Li-ion batteries are also present in the sector of consumer electronics & devices and the sector of
grid energy & industry. Their high demand has allowed for mass production and a subsequent
gradually cost reduction (from 2010 to 2016, costs have declined at a rate of almost 20% per
year [8]). The combination of this, in conjunction with the previously mentioned issues, make
Li-ion batteries the most competitive in the market and thus the type of battery that nowadays
predominates in the EV battery industry [9].

Figure 2: Cost evolution trend of Li-ion batteries from 2010 to 2016 [8]

Battery cells

A battery cell is composed primarily by an anode, a cathode, a current collector, an electrolyte
and a separator. These components are the reason why the chemical reaction takes place.

A build up of electrons occur at the anode due to chemical reactions, which implies an electrical
difference between the anode and the cathode. A discharge results from the movement of the
electrons from the anode to the cathode in order to overcome this electrical difference. The
larger this difference, the higher the voltage and the more energy that the battery can store. [2]
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The separator is crucial so as to avoid short-circuiting when the ionic movement occurs, and the
electrolyte function is to ensure that the electrons move with ease. Finally, the current collector
is vital for transmitting the electricity generated by the flow of electrons to an external circuit.
A typical cell format can be seen in Figure 3.

Figure 3: Typical cell format during charging and discharging [20]

Battery modules and battery packs

When high voltage is needed to be provided, individual battery cells are assembled together in
series and parallel configurations in order to conform a single unit known as battery modules.
Different battery cell assemblies can be seen in Figure 4. Several battery modules can also be
structured strategically into battery packs so as to achieve even higher voltages, which is the
case of a standard EV battery.

(a) Cells in a pack (b) Cells connected in series (c) Cells connected in parallel

Figure 4: Battery cell assemblies [20]
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Safety concerns

High energy density is a sought-after characteristic in an EV battery, as mentioned previously.
However, it has been demonstrated that materials with higher energy density come with lower
thermal stability [22], usually leading into thermal runaway (TR). This phenomenon occurs
when an initial rise in battery temperature triggers a cascading effect of further temperature
increases. This can lead to significant hazards as it has the potential to escalate into malfunc-
tions, and in the most severe instances, culminate in flammable danger such as battery fires and
explosions.

Thus, it is always important to monitor battery safety, especially in batteries with automotive
purposes such as EV batteries, which undergo intense use whenever a driving cycle is com-
pleted.

2.3.3 Battery Management System (BMS)
BMS refers to a management scheme that monitors, controls, and optimizes an individual bat-
tery performance or multiple battery modules in an energy storage system. [13]. The BMS is a
crucial system control of the EV since it is responsible of safeguarding the battery by managing
and ensuring a well functioning of the battery pack, thus avoiding potential hazards exposed
in 2.3.2 to occur. To do so, it performs a set of various actions. The most relevant ones are:
Monitoring, protecting and communicating the battery.

Figure 5: BMS functionalities. Adapted from [13]

Monitoring the state of battery

In order to take actions to ensure that the battery is performing under appropriate conditions, it
is of vital importance to monitor the state of the battery pack and battery cells. This monitoring
involves various characteristics, for example the total pack and cell voltage, the current, the
health of individual cells, the state of balance of such cells, the temperature, etc. Along with the
monitoring, computation is also performed. This consists in calculating andmaking estimations
of other dimensions based on the previously monitored data. The most relevant estimations
are the state of charge (SOC) and the state of health (SOH). They indicate the percentage level
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of the maximum possible charge that is present inside a rechargeable battery, and the general
condition of a battery along with its ability to deliver the specified performance in comparison
with a fresh battery, respectively. [25]

It is of vital importance for the BMS and for the user to know accurately the SOC. The BMS will
use this data to take proper actions to protect the battery, and the user will be able to know if
the EV can be used and whether the battery needs to be recharged or not. Different estimation
techniques exist for predicting the SOC. The principal state-of-the-art methods icnlude: Look
Up Table (LUT) methods, Ampere-hour integral method (also known as Coulomb counting
method), Filter-based methods, Observer-based methods and Data-driven based methods.

• LUT method: SOC estimated values are based on the mapping relationship between the
the SOC value and characteristic battery parameters such as the IR, Open Circuit Voltage
(OCV), etc. This method cannot be real-time implemented since the battery needs to be
rested over an extended period of time so that the measured characteristic parameters are
stabilized and accurate.

• Ampere-hour integral method: SOC estimated values are based on the integration of cur-
rent flowing inside and outside the battery during a given time interval. It can be directly
computed following the expression in Eq. 1 [23]:

SOC = SOC0 +
1

CN

∫ t

t0

Ibatt dt (1)

where SOC0 is a SOC starting point, CN is themaximum battery capacity for a given SOH,
and Ibatt is the charging or discharging battery current. This method can be a source of
accumulative errors if the initial SOC0 is notwell estimated. However, relatively easy solu-
tions can be applied to solve this issue, such as the adaptive SOC reset time for estimating
the OCV presented in [18].

• Filter-based methods: SOC estimated values are based on recursive processes that filter
the input and output signals of the system to accurately predict the dynamic state of the
system [21]. These methods are generally more robust and accurate but require higher
computing resources and the accuracy of the SOC estimation is contingent upon the ac-
curacy of the model.

• Observer-based methods: SOC estimated values are based on a state observer that can
obtain estimated values of the state variables based on measured values of the system
external variables. They can achieve satisfactory estimation accuracy but determining ap-
propriate gain is still a pressing matter [32].

• Data-driven based methods: SOC estimated values are based on the idea that the internal
dynamics of the battery are learned through considerable amounts of measurable input
and output data. The most commonly used methods of this type include neural networks
and fuzzy logic, among others. The main drawback of these methods are that they imply
high computational cost and long processing time.

A quick and visual summary regarding different SOC estimation techniques has been included
in Table 2.
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Table 2: Comparison of different SOC estimation approaches [32]

On the other hand, the SOH is defined mathematically as in Eq. 2

SOH =
Qmax

Qnew
(2)

where Qmax corresponds to the maximum available capacity of the battery, and Qnew is the
available capacity of a brand new battery [32]. A way of estimating such available capacities
generally involves counting full charge/discharge cycles, but as mentioned in [25], user usage
of the battery also has great impact on this cycle-counting since it is generally uncommon to
wait until a battery reaches full or empty battery capacity. Thus, adaptive systems that ensure
an accurate SOC such as the ones mentioned previously can greatly contribute in obtaining a
good and accurate SOH estimation.

Protecting the battery

Once the BMS has the necessary information, it takes action to ensure that the battery is kept
within its safe operating region.

The unsafe operating mode may involve different abnormal conditions that could lead to catas-
trophic consequences. A summary of the principal hazards and their effects is provided along
with the common BMS responses to protect the battery. [13, 14]

• Over-charging the battery cell: It consists in continuously charging a cell after it has al-
ready reached its full capacity state, thus provoking over-current. When over-charging
takes place, physical composition battery cells can be destroyed, thus causing permanent
damage to the battery and decreasing its lifespan. The BMS reaction to the over-charging
phenomena is to turn off internal switches whenever the 100% SOC has been achieved, so
that the battery cannot be further charged.

• Over-discharging the battery cell: Similar to the over-charging case but when discharging
is taking place and 0% SOC has been achieved.

• Over-heating: This generally happens during discharging phase and essentially implies
that the battery is at unsafely high temperatures. The BMS reaction to the over-heating
phenomena is to control the environment by managing battery cooling systems (BCS)
that will eventually lower battery temperature. BCS make use of fans and liquid coolant
such as ethylene glycol in order to achieve their aim.
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• Under-heating: It occurs when the battery is operating at too low temperatures, generally
due to ambient temperature. The BMS reaction to the under-heating phenomena is to ac-
tivate heating systems that will bring the battery back to normal operating temperatures.

• Over-voltage: It is a concerning hazard since it could lead to thermal runway. It is gen-
erally due to incorrect system design, use of incorrect charger or a consequence of over-
charging the battery. The BMS reaction to the over-voltage phenomena is to set voltage
backwithin safe operating limits by turning off switches that will prevent the battery from
charging.

• Under-voltage: A minor loss in capacity and an increase in the self-discharge rate will
occur. Whenever under-voltage takes place, it implies that the battery voltage is too low,
resulting in a slow response when the starter starts. After prolonged usage, the dump
wheel and the starter switchwill suffer fromdamage. Additionally, long-term low voltage
can shorten the life of the battery itself. The BMS reaction to the under-voltage phenomena
is to set higher voltage to the battery pack unilaterally, disregarding the external inputs
that are causing such phenomena.

The action taken can be of different types depending on the unsafe phenomena as previously
seen. In general, the BMS will require external devices to reduce the charging or discharging
magnitude of the battery, which can eventually lead to a reduction in the power released by the
battery. Depending on the extent of this limitation, it might become noticeable to the driver.
In extreme situations, it may be necessary to activate or deactivate internal switches, which
could result in an open-circuit mode if the battery operates outside the safe operating area. As
a consequence, this could completely disable the EV.

Finally, an EV battery involves multiple cells that could individually suffer from each of the al-
readymentioned hazards. For practical purposes, the BMS is also in charge of the cell balancing
process, which consist in setting all battery cells to same voltage levels or SOC. This allows to
ensure that all cells are behaving in a similar way and thus the overall battery capacity can be
maximized.

Communication of the battery

Of course in order to do the monitoring and protecting of the battery it is necessary to keep
the central controller of the BMS communicated internally with its hardware operating at a cell
level, or externally with high level hardware. Communication methods may be of several types
also, such as serial communications, controller area network (CAN) bus or wireless communi-
cations.
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3 Methodology
3.1 Battery model
As seen in 2.3.2, batteries are a complex structure. However, in order to study their overall
behaviour, equivalent circuit models (ECM) can be conveniently used. An ECM uses electrical-
circuit analogs to define a behavioral approximation to how a cell’s voltage responds to different
input-current stimuli [24], and the ECM components are capable of describing some crucial
internal processes occuring inside battery cells.

There exist various types of ECM for batteries depending on the accuracy level that one is aimed
to achieve. The simplest battery ECM is the one in Figure 6, where the battery cell is represented
directly as an ideal voltage source that instantly provides constant voltage between its terminals.
This voltage source is denoted as VOC since it is of same magnitude as the open circuit voltage.

Figure 6: Ideal voltage source ECM. Adapted from [28]

Although this representation may be convenient under some circumstances, it is rather poor to
deeply study battery behaviour. It has been seen from 2.3.3 that the SOH is an important pa-
rameter which indicates that battery degrades over time, and SOC levels also affects on battery
performance. Therefore, it is precise to make use of less simplistic models.

A common way to represent the fact that a battery cell is degraded and not able to develop full
voltage due to its level of SOH lower than 100%, is by adding a resistor to the ECM. This allows
representing the phenomena that the voltage at the battery cell terminals (Vcell) is always lower
than the VOC whenever the circuit is charging, and higher when it is discharging [24]. The
resistor is denoted as Rint, and essentially represents the IR of the battery cell.

Figure 7: Series resistance ECM. Adapted from [28]

The equivalent series resistance model is generally enough for simple electronic-circuit designs,
but not for the large scale case of EV batteries. Within this context, it is common to observe that
the movement of electrons between the anode and the cathode of the cell create a difference
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in ion concentrations and result in diffusion or polarization voltages. These are defined as the
change of cell voltage from its open-circuit voltage that appear during the charge and discharge
states [27]. In [24], it is presented the voltage response during a discharge pulse of 15 min of
duration. Afterwards, the battery is disconnected from the load and it can be clearly seen that
the voltage response starts to slowly evolve in time until finally reaching steady state.

Figure 8: Response to discharge pulse [24]

In literature, it is very common to see batteries represented as a Randle circuit model of var-
ious orders in order to depict accurately the phenomena presented in Figure 8. This ECM is
represented as a simple circuit consisting of the already seen VOC, and Rint in series with n-RC
branches of a resistor and a capacitor in parallel. The number of RC branches depends on the
accuracy desired to be obtained. More precise results are obtained with higher n. Nonetheless,
if n increases, so does complexity and more computational resources are needed.

The most commonly used ECM include at most up to 3-RC branches. From [30], it is obtained
that the 2-RC model shown in Figure 9 is optimal, since it is simple and computationally light
while at the same time it represents the dynamic behaviour of a cell with good accuracy. Con-
sequently, this is the model that will be used to achieve the thesis objectives of study.

Figure 9: R-2RC ECM [28]

The parameter values of the R-2RC model are highly dependent on the charging/discharging
mode, the SOC, and the SOH of the battery cell. Further real-life accuracy can be achieved by
also considering temperature at which the battery is operating.
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VOC = f(SOC, SOH, T ) (3)
Rint = f(SOC, SOH, T ) (4)
R1 = f(SOC, SOH, T ) (5)
C1 = f(SOC, SOH, T ) (6)
R2 = f(SOC, SOH, T ) (7)
C2 = f(SOC, SOH, T ) (8)

These parameters can be determined experimentally. It is very common to store such results in
LUT which can later be used to study the behaviour of the cell at given SOC and SOH levels. In
Open data model parameterization of a second life Li-ion battery [28], parameter values are given for
SOC values from 0% to 100% of Li-ion batteries with a SOH from 50% to 80%.

The Li-ion battery used for the so mentioned study has characteristics exposed in Table 3 .

Table 3: Investigated cell characteristics [28]

The nominal cell capacity parameter (CN,c = 2.1Ah) provided by Table 3 is highly relevant for
this thesis. Moreover, from [24] it is obtained that majority of Li-ion cells operate at a nominal
voltage of around 3.7 V (VN,c = 3.7V ). In Section 3.5, usage of this magnitudes will be required.

R-2RC dynamics

In order to study the battery behaviour, it is needed to know its dynamics over time. The partic-
ularity of this ECM is that its Vcell at a given instant of time will not only depend on the current
at that time, but also on past current magnitudes due to the RC branches and their capacitance
effect. If the current flowing through Rint, R1 and R2 at time t is denoted as icell(t), i1(t) and
i2(t) respectively, then the ECM Vcell can be modelled in terms of icell(t) by Eq. 9 to 11 [24]:

i1(t) = exp (− dt

R1 · C1
) · i1(t− 1)− (1 + exp (− dt

R1 · C1
)) · icell(t) (9)

i2(t) = exp (− dt

R2 · C2
) · i2(t− 1)− (1 + exp (− dt

R2 · C2
)) · icell(t) (10)
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Vcell(t) = VOC +Rint · icell(t)−R1 · i1(t)−R2 · i2(t) (11)

It is important to remark that all expressions in this thesis follow the same current sign conven-
tion where icell(t) < 0 for a discharging current, and icell(t) > 0 for a charging current.

Parameters extension

This thesis uses data provided in [28]. Moreover, additional values of SOC and SOH have been
interpolated and extrapolated respectively. By doing so, it has been possible to extend the LUT
and include values of parameters for the case of 90%-100% SOH, and for levels of SOC up to 2
decimal numbers.

The advantageous part of this LUT extension is that simulations are capable to bemore accurate
in the sense that during a driving cycle, the battery SOC can vary very little and the original LUT
may not be able to capture all these small SOC changes. For instance, the original LUT considers
values of 50% SOC and the next level given is 70% SOC. Thus, a range of 20% of SOC that is
very likely to be needed in some simulations is directly missed. Furthermore, the extrapolation
up to 100% SOH is convenient since comparisons between a brand new battery and a degraded
one with lower SOH can be made.

SOH extrapolation

It is found in literature that Rint follows an inversely proportional trend with SOH levels [16,19,
27]. However, R1, C1, R2, C2 and VOC do not follow any particular predefined trend. In front
of this lack of information, all parameters are extrapolated for a level of 100% SOH following a
least squares polynomial fit of 1st order degree. This polynomial regression is mathematically
valid, but at somepoints it yields results that do not have any physicalmeaning, such as negative
values. In order to make sure that no non-sense results are obtained, an assumption is made
and a constraint is set: whenever a negative value is obtained, the parameter magnitude for
100% SOH is set to be the same one as for 80% SOH.

The initial LUTs give parameter values depending on SOCandSOH, anddifferent LUTs are used
for different temperatures. Therefore, a single extrapolation for 100% SOH was made keeping
constant the SOC, and this process was repeated for all available data SOC levels.

A visual inspection for all SOC percentages was made by plotting the extrapolated point of
100% SOH (orange) along with the rest of given SOH levels (blue). A sample of some of the
obtained plots at SOC=[0, 50, 80, 100] % for the particular case of Rint at charging mode and at
25 ºC can be seen in Figures 10a, 10b, 10c and 10d.
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(a) Rint at SOH=[50-100]% and SOC=0% (b) Rint at SOH=[50-100]% and SOC=50%

(c) Rint at SOH=[50-100]% and SOC=80% (d) Rint at SOH=[50-100]% and SOC=100%

Figure 10: Rint extrapolation at SOH=100% for certain SOC levels

Additionally, the resulting 100% SOH points were all plotted together to see its overall trend
and compare it with the rest. In Figure 11, the Rint trend depending on the SOC at a level of
SOH=100% is depicted in red, while the other blue trends represent the remaining original LUT
values for Rint.
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Figure 11: Extrapolation of Rint at a SOH=100% for all values of SOC

SOC interpolation

Finally, the parameters were interpolated so as to obtain additional SOH magnitudes between
50% and 100% with a step of 1%, and for SOC between 0% to 100% with a step of 0.01%. In
Figure 12, interpolated trends for SOH=[80,100]% can be seen in cyan colour, while blue trends
are for the interpolations of data provided and the red trend shows the parameter values at a
SOH=100% as in Figure 11.

The described process has been applied to all LUTs found in [28]. The entire used code is
included in Annexes B.1.
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Figure 12: Rint interpolation at more detailed levels of SOH and SOC

3.2 Road vehicle dynamics
The vehicle has beenmodelled taking into account the dynamics thatmay occur during a real life
driving cycle. As presented in [20], all gravitational force (Fg), traction force(Ft), aerodynamic
drag (Fa) and rolling resistance (Fr) must be taken into account. A scheme depicting all forces
acting on a road vehicle in motion can be seen in Figure 13.

Figure 13: Forces acting on a road vehicle in motion [20]
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Aerodynamic drag (Fa)

Aerodynamic drag is, by definition, the force that opposes to the relative motion of an object
through the air. It is of great importance in the automotive field, specially when the car is
travelling at high speeds. This force depends on the frontal section of the vehicle (Af), the air
density (ρa), the aerodynamic drag coefficient (cd) and the velocity at which the car is travelling
(v). Its general expression is seen in Eq. 12.

Fa =
1

2
· ρa ·Af · cd · v2 (12)

Gravitational force (Fg)

The gravitational force appears whenever the vehicle is circulating in a sloped road. It will act
as a force opposing tomotion if slope is positive or negative. This will mean that the car is going
uphill or downhill, respectively. In cases where the road is flat, the gravitational force will only
act in the direction of gravity, and therefore it will not contribute nor oppose to the motion of
the vehicle. The general expression for this force is exposed in Eq. 13.

Fg = mv · g · sin(α) (13)
wheremv is the mass vehicle, g is the gravity and α corresponds to the slope of the road.

Rolling resistance (Fr)

This force appears when a body rolls on a surface, such as the vehicle tires on the road. It
opposes to motion, and it can have huge impact on vehicle performance. Some studies have
reached the conclusion that ICE devote around 5 to 15% of the fuel energy exclusively to over-
come rolling resistance in regular passenger vehicles [17]. Thus, they greatly impact on all types
of road vehicles, such as EVs. This force is computed according to Eq. 14.

Fr = cr ·mv · g · cos(α) (14)
where cr is the rolling resistance coefficient, a parameter that depends on the tire material and
on the road surface.

Traction force (Ft)

Traction force is the force that is needed to overcome resistance and move a vehicle along the
road. It does not have any predefined general expression since it depends on the particular
dynamics of the body and the environment surrounding it. However, traction force can be
computed with expression seen in Eq. 15, obtained by using Newton’s second law of motion.

Ft − Fa − Fg − Fr = mv · a = mv ·
d v(t)

dt
(15)

In this expression, the term a refers to the linear acceleration of the vehicle, which is defined as
the derivative of the velocity.

3.3 Connection between vehicle dynamics and battery model
Now, it is of vital importance to determine how the battery behaviour interacts with the road
vehicle dynamics. In an EVs, all traction force of the car is given only by the electric battery
(P b). Thus, the power delivered by the battery is closely related to the traction power (P t).
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The traction power of a car is obtained from velocity (v) and traction force as presented in Eq.
16. Now assuming that all traction force comes from the power consumption of the battery, and
that the power electronics and the electric motor have an efficiency of ηem and ηpe (they are not
considered as ideal), then Eq. 17 is obtained.

Pt = Ft · v (16)
Pb = −Pt · (ηem · ηpe)−(sgn(Pt)) (17)

with sgn being defined as the signum function.

Additionally it is known that the electric power is defined as in Eq. 18 as the battery voltage
times the battery current.

Pb = Vb · Ib (18)

Therefore, by combining Eq. 12 to 18, expression in Eq. 19 can be achieved.

Ib =
(mv

d v(t)
dt + crmvgcos(α) +mvgsin(α) +

1
2ρaAfcdv

2) · v
Vb

· (ηem · ηpe)−(sgn(Pt)) (19)

Moreover, the battery voltage depends on the battery configuration and the total number of
cells available in the overall battery. If s is the number of cells that are arranged in series, and
p is the number of cells that are arranged in parallel, then the total battery voltage and current
can be computed according to Eq. 20 and 21.

Vb = Vcell · s (20)
Ib = icell · p (21)

Finally, if Eqs. 11, 19 , 20 and 21 are combined, the cell current icell required formoving the car at
a desired velocity v can be derived in terms of the battery parameters and vehicle characteristics
as the expression in Eq. 22.

icell =
(mv

d v(t)
dt + crmvgcos(α) +mvgsin(α) +

1
2ρaAfcdv

2) · v
(VOC +Rint · icell −R1 · i1 −R2 · i2) · s · p

· (ηem · ηpe)−(sgn(Pt)) (22)

3.4 Driving cycles
Driving cycles aim to simulate real-world speed driving scenarios for a particular geographi-
cal area and time period. They are standardized test procedures used to evaluate vehicle per-
formances relative to various aspects such as vehicle emissions, fuel consumption, etc. Many
types of driving cycles exist, and their characteristics depend greatly on the aspect to be deter-
mined [1,11].

The most common way to classify driving cycles is by the area they are simulating:

• Urban Driving Cycles (UDC): They simulate urban areas. The speed does not reach high
values and there are multiple accelerations and decelerations so as to recreate stops due
to traffic lights, pedestrians, etc. The duration is also generally slower.

Some common Urban driving cycles include the Artemis Urban and the Federal Test Pro-
cedure - 75 (FTP-75).
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• Highway/Motorway Driving Cycles (HDC): They simulate driving in highways. The
speed reaches high values during prolonged amounts of time and it generally only reaches
to a value of zero at the beginning and at the end of the driving cycle.

Some commonHighway driving cycles include the ArtemisMw130, ArtemisMw150, and
the Highway Fuel Economy Test (HFET).

• Combined Cycles: They simulate a combination of urban and highway driving cycle.

Some commonCombined cycles include theArtemis Rural Road, theNewEuropeanDriv-
ing Cycle (NEDC) and the World Harmonized Light Vehicles Test Procedure (WLTP).

• Real Cycles: Other driving cycles also exist, such as Real-world Driving cycles which ob-
tain simulations from real-world data driving parameters.

In this thesis it is primarily used theArtemis cycles, both urban, motorway (Mw) and combined
varieties. These correspond to the Urban, Motorway 130 (and theMotorway 150) and the Rural
Road, respectively. Artemis is widely used in European projects, and the 4 different varieties
simulating around 1080 seconds of driving cycle can be seen in Figures 14, 16 and 15.

Figure 14: Artemis Urban Driving Cycle
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Figure 15: Artemis Rural Road Driving Cycle

Figure 16: Artemis Motorway Driving Cycle
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A real driving cycle is also used so as to see the differences between predetermined standard
cycles and a real one. The speed driving profile can be seen in Figure 17.

Figure 17: Real Driving Cycle

3.5 Vehicle model choice
It is important to characterize the dimensions of our car because of the impact that this will have
on the vehicle dynamics. Many different type of cars exist. Some may be more aerodynamic
than others and weight also varies between models. Nevertheless, it is arbitrarily decided to
use model Citroën ë-C4 in this thesis for the main simulations with the Artemis driving cycles.
This choice was made because its battery cells are made of Li-ion, which makes it suitable for
the battery parameters that will be used. Moreover, its average position in price and battery
characteristics with respect to the other EV in the market make it more accessible for all publics.
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Figure 18: Citroën ë-C4 model

In Table 4, the most relevant parameters for the study of road vehicle dynamics are provided.
Data such as themass vehicle, the frontal area and the battery characteristics have been collected
from EV Database. Additionally, characteristics not provided by the manufacturer nor by the
so mentioned data base (such as the drag coefficient, rolling resistance coefficient or motor effi-
ciencies) have been assumed to be of the same value as the ones presented in [20].

By assuming that the Li-ion battery of the Citroën ë-C4 model is made of multiple battery cells
with characteristics exposed in Table 3, it can be obtained the battery configuration. Only 2
battery configurations exist: the parallel-serial and the serial-parallel. The parallel-serial con-
figuration consists of parallel branches, each comprising multiple cells arranged in series. Con-
versely, the serial-parallel configuration follows the reverse arrangement, with series-connected
cells grouped in parallel. Representations of these arrangements can be seen in Figure 19a and
Figure 19b, respectively. Ideally, the voltage delivered by both assemblies should be the same.
Thus, by taking the parallel-serial configuration as a reference and knowing the basics of electric
circuits, the number of parallel (p) and series (s) cells can be computed as following:

p =
PN,b

VN,b · CN,c
=

50 000 Wh

400 V · 2.1 Ah
≈ 60 (23)

s =
VN,b

VN,c
=

400 V

3.7 V
≈ 108 (24)

(a) Parallel-serial configuration (b) Serial-parallel configuration

Figure 19: Battery configuration types [20]

https://ev-database.org/car/1587/Citroen-e-C4
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Parameter Value Unit Description
ρa 1.2922 kg/m3 Air density
Af 2.745 m2 Frontal section of the vehicle
cd 0.3 - Aerodynamic drag coefficient
mv 2020 kg Mass vehicle
g 9.82 m2/s Gravity
cr 0.01 - Rolling resistance coefficient
ηem 0.85 - Electric motor efficiency
ηpe 0.95 - Power electronics efficiency
PN,b 50 kWh Nominal battery capacity
VN,b 400 V Nominal battery voltage
VN,c 3.7 V Nominal cell voltage
CN,c 2.1 Ah Nominal cell capacity

Table 4: Citroën ë-C4 and road dynamic parameters

3.6 Assumptions and simplifications
Deep study of EV batteries requires computing effort, resources and time. In order to make this
thesis more approachable, some key assumptions and simplifications were made. In the next
lines, these will be explained.

Temperature disregard

For the sake of simplicity, temperature effects are disregarded and all simulations are assumed to
be held at a constant temperature of 25 ºC, ignoring the heating of the battery during operation
mode and thermal runway issues. In otherwords, it is pressumed that the temperature at which
the battery is found is only determined by ambient temperature. This temperature is chosen
because the open data parameters from [28] provide LUT only at 2 temperatures: low at 0 ºC
and high at 25 ºC. Consequently, it is assumed that temperature does not have any impact on
SOC levels of the battery nor on its ECM parameters.

Therefore, assuming that the simulations are conducted in Southern Europe during spring or
fall seasons, it could be realistic to suppose that an ambient temperature of 25ºC can be ensured.

Acceleration computation

Artemis driving cycles provide speed values during a given time interval. From these, acceler-
ation can be found.

2 main formulas to compute the acceleration at time t apply and are exposed in Eq. 25 and 26.

a(t) = v(t)− v(t− 1) (25)

a(t) =
v(t+ 1)− v(t− 1)

2
(26)



Simulation of EV performance considering battery degradation Page 31

Eq. 25 is convenient whenever a straightforward measure is required. However, Eq. 26 is more
suitable for cases in which a smoother estimation of the acceleration wants to be made. For easy
computing purposes, the first option is chosen to obtain acceleration in all the simulations.

Cell balancing

Cell balancing is held by the BMSas a safetymeasure in real life, thus it is assumed to occur in the
simulations too. Therefore, it is supposed that all cells have same SOH and SOC. These values
also coincide with the overall battery SOH and SOC, and by computing these characteristics for
a single cell, it is obtained the overall battery SOC and SOH.

Constant SOH

As seen in Section 3.4, the Artemis cycles have a duration of at most 1083 seconds, which cor-
responds to 18 minutes. Since this period is rather short, it is assumed that the SOH is kept
at constant value along a full simulation. In reality, the SOH will decay, but the decrease that
may ocurr during this 1083 seconds is assumed to be so small that in this thesis it is directly
neglected. By doing so, computations can be further simplified.

SOC estimation

TheAmpere-hour integralmethod is the one considered in this thesis as it is themost commonly
used technique for the SOC estimation in practice [23]. As stated in Section 2.3.3, the SOC is
defined by Eq. 1. Moreover, the SOC needs to be within the range of 0% to 100%. Whenever the
SOC reaches a value of 0%, all simulations are stopped as it is considered that the battery is no
longer able to provide any electricity.

Constant slope

There exist some studies such as [29] that model slope cycles from speed driving cycles. Nev-
ertheless, in this thesis it is assumed constant slope along the whole driving cycle for simplicity
purposes. In order to obtain more varied results, cases for α=0º and for α=5º are both simu-
lated. The 5º choice is due to the intention of modelling an average steep road that is within
correct range to assume it generalizable and realistic enough.

Regenerative braking

Regenerative braking is a very useful mechanism that allows charging the battery of the EV
during the driving cycle at decelerationmoments. It is the term that represents the conversion of
kinetic energy from thewheels into electrical energy to the battery, and it is a form of optimizing
vehicle’s performance and not waste energy. Nowadays, all vehicles have regenerative braking,
and it ultimately implies that whenever the current of the battery is positive (Ib > 0), the SOC
will increase thanks to the cell battery ’charging mode’.

BMS actions

In this thesis, focus is driven to voltagemanagement from the BMS, especially on the undervolt-
age control due to the purpose of studying how the battery degradation can affect on driving.
This occurs whenever the voltage required is below the safety values, so that voltage is then
imposed by the BMS and power delivered by the battery lowers, thus not being able to reach
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desired velocities.

The threshold set to reaching undervoltage is set at 2.8 V per each cell, following state of the art
voltage limits for Li-ion batteries [3,7,15]. Additionally, the cell overvoltage limit is determined
by [28] at 4.2 V, so upper voltage limits are also implemented, although these don’t have any
direct effect in driving.

Knowing that the battery is composed by 108 cells in series, it can be obtained that the overall
battery operational lower and upper voltage limits correspond to 302.4 V and 453.6 V, respec-
tively.

3.7 Summary of the simulation
The simulation consists in obtaining a target current profile that the car needs to fulfill in order to
achieve desired speed profile defined by a certain driving cycle, by using the expression defined
in Eq. 22. To solve this expression, the battery parameters at a given initial SOH and SOC are
given, along with road and vehicle parameters such as the slope or the car dimensions.

A voltage profile is then obtained from the current profile by using Eq. 11, and the BMS will
keep the reading of these values. In case of working under safe operating conditions, the BMS
will not intervene at any point. Nevertheless, if the battery is working at undervoltage, the BMS
will intervene by setting appropriate voltage levels, and current will be recalculated according
to the minimum allowed voltage using Eq. 11 again. However, if the battery is working at
overvoltage, the BMS will act by setting appropriate voltage but current will remain the same.

Under the recalculation case when undervoltage is occurring, a new resulting current profile is
defined. Finally, the current profile will be used to obtain final resulting velocities, taking into
account again the battery and vehicle model.

A diagram showing the process in a summarized way can be seen in Figure 20, and the entire
used code is included in Annexes B.2. Notice that when there is no undervoltage, the resulting
current profile will be the same as the target current profile, thus the resulting driving cycle
speed profile will be also the same as the desired driving cycle speed profile.

Figure 20: Summarized process diagram
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4 Results
In the following section, results for the carried simulations are presented. For each simulation
at a given initial SOH, SOC and slope (α), 4 graphs are exposed corresponding to the voltage
profile (a), the power profile (b), the speed profile (c) and the SOC profile (d) during the
specified driving cycle. Target profiles are represented in black color for each figure in order to
visually see the differences between the profiles if the BMS did not intervene versus if it does.

4.1 Artemis Urban driving cycle
Simulations for the Artemis Urban driving cycle are exposed in this section. This driving cycle
is the least demanding one. Maximum speed is significantly lower and multiple accelerating
and decelerating occur.

SOH = 50%, SOC = 30%, α = 0º

(a) (b)

(c) (d)

Figure 21: ArtUrban at SOH=50%, SOC=30%, α=0º

It can be observed that target profiles are not seen. This means that the target and the resulting
profiles coincide since the BMS intervention was not required because voltage is within correct
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operational limits at all times of the simulation. Thus, for a low SOH, low SOC and a plain
road, the EV is found to be capable of finishing the simulation properly. Additionally, the SOC
decrease is of 0.68% thanks to themultiple decelerationwhich allow to periodically recharge the
battery due to regenerative braking. This implies that the EV model would actually be capable
of successfully completing the same driving cycle a few more times.

SOH = 50%, SOC = 30%, α = 5º

(a) (b)

(c) (d)

Figure 22: ArtUrban at SOH=50%, SOC=30%, α=5º

Only the road conditions have beenmodifiedwith respect to the simulation presented in Figure
21 and now, where α=5º. Despite the fact that the driving cycle is now more demanding, it
can be observed that the vehicle is also capable of finishing properly the simulation without
intervention of the BMS. It is interesting to observe that now the SOC decreases around a 9.32%
due to this change in road slope and an increase in the required traction power.

Simulations for the cases of better SOH and SOC conditions were held, and all of them resulted
in lack of undervoltage nor appreciable overvoltage and enough initial SOC to terminate the
driving cycle. Summary of the simulation results for different initial parameters is presented in
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Table 5.

Table 5: ArtUrban simulation results

It is interesting to see how the ArtUrban driving cycle is successfully completed for all cases. In
Table 5, only simulations forα=5º are shown, but simulations forα=0ºwere also conducted and
similar solutions are obtained. This is consistent with common sense: if the most demanding
case is completed without complications, it is logic to assume that the same will occurr with
less demanding cases.

See Annexes A.1 for the extended version of the simulation results for ArtUrban driving cycle.
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4.2 Artemis Road driving cycle
Most interesting results for the Artemis Road driving cycle are presented in the following pages.
The speed profile desired is more demanding than the one in ArtUrban, as it reaches higher
velocities.

SOH = 100%, SOC = 30%, α = 5º

(a) (b)

(c) (d)

Figure 23: ArtRoad at SOH=100%, SOC=30%, α=5º

In this simulation we assume the battery to be at SOH=100%, which means that it has the char-
acteristics of a brand new device. Despite the low initial SOC and an ArtRoad simulation at α=
5º, the EV is capable of finishing without needing BMS intervention and losing only 18.58% of
SOC.
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SOH = 50%, SOC = 30%, α = 5º

(a) (b)

(c) (d)

Figure 24: ArtRoad at SOH=50%, SOC=30%, α=5º

Under same road conditions and initial SOC as the case presented previously in Figure 23, it is
observed that for lower SOH, the EV would not be able to finish the simulation successfully.

Undervoltage can be seen around second 800 of the simulation, and thus the BMS acts at this
point by setting proper voltage levels. A result of this is seen both in the speed, power and SOC
profiles. The power is modified as current is readjusted by the BMS as a consequence of the
voltage reconfiguration. Lower power supplied by the battery results in speed decrease, which
means that the user is not able to reach desired velocities due to the lower SOH constraint.

Another interesting fact is that the simulation cannot be completed due to SOC limitation, as
the battery fully discharges before completing the driving cycle. Therefore, it is shown how the
lower SOH also implies a faster SOC decrease.
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SOH = 50%, SOC = 30%, α = 0º

(a) (b)

(c) (d)

Figure 25: ArtRoad at SOH=50%, SOC=30%, α=0º

By exposing this simulation, it can be seen how the slope of the road affects the results. In
this case, same battery conditions are the same as in Figure 24, but less steeper road means
less demanding driving cycle, and as a consequence the simulation is completed with only a
decrease of the SOC of 5.43%, and no undervoltage happening.

In Table 6, a summary of the most interesting results is shown. It is seen that within all simula-
tions, undervoltage takes places only in the case where SOH=50%, SOC=30% and α=5º.

Table 6: ArtRoad simulation results - Undervoltage
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SOH = 100%, SOC = 100%, α = 0º

(a) (b)

(c) (d)

Figure 26: ArtRoad at SOH=100%, SOC=100%, α=0º

In this case of full SOH, SOC and α=0º, overvoltage occurs. This is because the SOC of the
battery is already quite full, and decelerating makes regenerative breaking to provoke this over-
voltage. Therefore, the BMS needs to take action but SOC and speed profile remain the same.

In Table 7 below, it is shown the cases in which overvoltage takes place. It is interesting to see
how this happens at both road slope possible conditions and always when the SOC is at high
levels. Additionally it is observed that overvoltage occurs also at lower SOC=80%, but only if
the battery is degraded and has low SOH too.
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Table 7: ArtRoad simulation results - Overvoltage

See Annexes A.2 for the extended version of the simulation results for ArtRoad driving cycle.
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4.3 Artemis Motorway 130 driving cycle
Now, simulations for the Motorway driving cycle of variant 130 are shown. These simulations
are interesting since the driving profile is much more demanding when higher velocities of 130
km/h are desired.

SOH = 100%, SOC = 50%, α = 5º

(a) (b)

(c) (d)

Figure 27: ArtMw130 at SOH=100%, SOC=50%, α=5º

Under these driving cycle conditions, the EV battery is able to complete the simulation without
undervoltage but losing a 35.36% of SOC. It is then very likely that another ArtMw130 driving
cycle would result in insufficient SOC if the same EV was to repeat the speed profile just after
the one shown in Figure 27.
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SOH = 80%, SOC = 50%, α = 5º

(a) (b)

(c) (d)

Figure 28: ArtMw130 at SOH=80%, SOC=50%, α=5º

If SOH is decreased and the battery is assumed to have now a 80% of SOH, for the same other
conditions exposed in Figure 27 the EV is able to finish the driving cycle but BMS needs to
intervene due to undervoltage, and speed is decreased at such instants of time. Additionally,
there is a loss of 45.81% of the SOC.
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SOH = 50%, SOC = 50%, α = 5º

(a) (b)

(c) (d)

Figure 29: ArtMw130 at SOH=50%, SOC=50%, α=5º

Finally, if SOH is decreased even further to a 50%, it is seen that the car is no longer able to finish
simulation due to such rapid loss of SOC. Additionally, there is more undervoltage and it even
appears more rapidly compared to Figure 28.

ArtMw130 is a very suitable driving cycle in which it can be seen the impact of battery degra-
dation in vehicle performance. A summary of most important simulations containing under-
voltage can be seen in Table 8.
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Table 8: ArtMw130 simulation results - Undervoltage

Overvoltage also ocurrs in this driving cycle, and simulated cases where it takes place are seen
in Table 9 below. It is appreciated again that overvoltage occurs at high initial SOC and when
α=0º.
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Table 9: ArtMw130 simulation results - Overvoltage

See Annexes A.3 for the extended version of the simulation results for ArtMw130 driving cycle.
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4.4 Artemis Motorway 150 driving cycle
SOH = 80%, SOC = 50%, α = 5º

(a) (b)

(c) (d)

Figure 30: ArtMw150 at SOH=80%, SOC=50%, α=5º

It is observed that for a relatively high SOH of 80%, 50% of SOC and an α of 5º, the BMS needs
to intervene for a considerable amount of time due to undervoltage. In fact, the differences
between the response underArtMw130 andArtMw150 can be appreciated by comparing Figure
28 and Figure 30.

This simulation is also very interesting since it is seen that undervoltage occurs at highest ve-
locities at the end of the simulation, which represent the most critical points. However when
demanded velocity decreases, then the voltage is again within correct operational limits and the
BMS intervention finishes. As a consequence, target and desired speed coincide again.

Additionally, it is easier to see the impact of the BMS on the SOC. If it did not exist, SOC would
have reached 0%. However with the BMS, the SOC loss is smaller and simulation is finished
with some remaining level of SOC thanks to the power reduction taking place when there is
undervoltage.
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SOH = 50%, SOC = 50%, α = 5º

(a) (b)

(c) (d)

Figure 31: ArtMw150 at SOH=50%, SOC=50%, α=5º

Similarly to what happens in Figure 29, when SOH is decreased and the battery is more de-
graded, the simulation cannot longer finish due to lack of remaining SOC and undervoltage
also appears earlier.

Table 10 shows a summary of all simulations where undervoltage appears for ArtMw150, and
in Table 11 it can be seen all cases where there appered overvoltage.
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Table 10: ArtMw150 simulation results - Undervoltage
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Table 11: ArtMw150 simulation results - Overvoltage

See Annexes A.4 for the extended version of the simulation results for ArtMw150 driving cycle.
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4.5 Real Cycle
Finally, results for the Real Cycle simulation are presented. This driving cycle is of longer dura-
tion compared to the Artemis driving cycles. Thus the SOC loss will be greater for a given real
cycle in comparison with the Artemis.

SOH = 100%, SOC = 70%, α = 5º

(a) (b)

(c) (d)

Figure 32: Real Cycle at SOH=100%, SOC=70%, α=5º

For the given initial conditions, it is obtained that the simulation for this particular real driv-
ing cycle can be completed without trouble as there is enough SOC to reach the end, and no
undervoltage nor overvoltage occur.



Simulation of EV performance considering battery degradation Page 51

SOH = 100%, SOC = 60%, α = 5º

(a) (b)

(c) (d)

Figure 33: Real Cycle at SOH=100%, SOC=60%, α=5º

If the initial SOC is lowered to a 60%, the resulting simulation indicates that the SOC will not
be enough to finish the real driving cycle. Additionally it will have undervoltage right before
reaching a SOC=0%.
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SOH = 90%, SOC = 70%, α = 5º

(a) (b)

(c) (d)

Figure 34: Real Cycle at SOH=90%, SOC=70%, α=5º

If the SOH is now 90% but all other conditions remain the same as in Figure 32, there appears
undervoltage but the simulation is able to be finished, with a SOC of 0.05% at the end.

An interesting fact about the Real cycle profile is that it does not yield to overvoltage cases under
any circumstances, unlike the Artemis driving cycles. Thus, simulations might have undervolt-
age or may not be able to finish due to a lack of enough SOC, but the BMS never needs to act
to set lower voltages in case of exceeding levels of permited maximum voltages. In Table 12 all
cases of undervoltage are presented, and in Table 13, cases where the BMS did not intervene
but simulation could not finish either are also presented.
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Table 12: RealCycle simulation results - Undervoltage
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Table 13: RealCycle simulation results - Not enough SOC

See Annexes A.5 for the extended version of the simulation results for RealCycle driving cycle.
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5 Discussion
With the resulting simulations, various aspects can be observed.

5.1 SOH level impact
The initial level of SOH of the battery determines the rate of discharge of the battery. As seen in
Section 4, the healthier the battery is, the less SOC it loses throughout a simulation. The range
of this relationship seems to be somehow proportional. That is, if the SOH is reduced to a half,
then the SOC loss will be the double approximately.

For instance, it can be seen in Annexes A.5 that the SOC loss for the RealCycle at SOH=100%,
SOC=80% and α=0º, is of 13.14% and the simulation ends with a remaining level of SOC of
66.86%. However, the same simulation with a SOH of 50% ends with a SOC of 53.50%, which
means that there has been a SOC decrease of 26.50%.

This effect is the result of the changing battery ECM parameters depending on the SOH, and it
implies that a battery with less SOH is more likely to fail in the middle of a driving cycle due
to a lack of SOC. This is directly affecting the user, who may not be able to reach his or her
destination. However, for non-steep roads, the user will not notice the low levels of SOH for
not being able to reach desired speeds, as undervoltage and power reduction does not happen
regardless of the SOH whenever α=0º.

5.2 SOC level impact
The SOC level also affects the SOC loss rate, but in a much more moderate amount. In other
words, if the initial SOC is higher, the SOC loss will be lower, but differences within cases of
different initial SOC are much smaller.

An example can be depictedwithArtMw150 simulations. In the particular case seen inAnnexes
A.4 of SOH=90%, SOC=100% and α=0º, the SOC decrease is of 9.97% and the simulation ends
with a SOC of 90.03%. Hower, if same conditions apply but now the initial SOC is 30%, the SOC
decrease is now of 11.54%, thus finishing the driving cycle with a SOC of 18.46%.

Therefore, the main impact that the SOC has on driving is not the varying rate SOC decrease,
but whether the initial SOC is enough in order to terminate the simulation or not.

5.3 Road conditions impact
When α is 0º, the SOC loss is much lower than in steeped cases. Furthermore, in cases where
there is no slope, only overvoltage appears if there are high initial SOC levels. This implies that
the BMS intervention for power reduction does not take place for any driving cycle under these
road circumstances and simulations not completed successfully are only due to a lack of initial
SOC.

However, battery problems start to arise when there is a slope of 5º. The higher slope means
that increased traction power is required to be delivered by the battery. In top of that, if deter-
mined speed and acceleration are desired, it is very likely that the BMS will invervene due to
undervoltage, especially at lower initial SOC and at high velocities.

The enormous differences between having slope and not, seem to be of common sense. How-



Page 56 Report

ever, it must be remarked that simulations were assumed to have constant slope at all times,
which may not be truly accurate for real-case scenarios. The 0º case could actually be accu-
rate for very plain areas in determined countries. For instance, the Netherlands are famous for
their very flat terrain. Nevertheless, mountainous landscapes would be more in line with the
5º slope cases. Still, a constant positive slope in areas having hills and valleys is a pretty strong
assumption, as the slope profile is very likely to be variable with positive and negative slopes.
In Figure 35, a road with 5º of slope is presented and by assuming a constant steepness of 5
degrees, extreme cases can be evaluated.

Figure 35: Road with 5º of slope
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6 Project analysis
6.1 Temporal planning
A temporal Gantt chart can be seen in Figure 36. In it, it is indicated the main tasks done to
conduct this thesis and the duration of each.

Figure 36: Gantt chart

6.2 Economic study
The project has consisted in making simulations with Python. To achieve so, the most crucial
material resource was a computer which requires electricity so as to be functional.

In order to achieve the objectives of the project, investigationwas needed to be done at the begin-
ning of the thesis to understand the state of the art. All of the research was done electronically
by using the Internet, and it is estimated that a total of 80 hours were required. Estimation
is done by adding up shifts of various duration each that took place during the whole thesis
development.

After the research, Python code was needed to be prepared to start simulations. Coding took
about 200 hours in total. Within that time, codes for preparation of data (initial interpolation
and extrapolation of the battery parameters), driving cycles data treatment, trial-error coding
for reaching to the final script, and plots recompilation of the achieved results are included.

When the final code was achieved, a total of 288 simulations of the different driving cycles were
done to collect enough data that could lead to meaningful conclusions. Each simulation lasted
an average time of 20 minutes each. Thus, the simulations solely required the computer to be
operating a total time of 96 hours.

Finally, writing the thesis report and presenting the simulation results took about 70 hours.

By taking into account that the so mentioned tasks were all done by the computer, it is obtained
that this device has been operating for 446 hours approximately. The computer used for the
project has a power of 45 W, which means that the total power consumption is of 20.07 kWh.
Assuming that the average price of electricity in Spain (the country where the project is held)
during the last 7 months (the duration of developing the project) has been of about 0.2€/kWh
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approximately, then the total electricity cost adds up to approximately 4€.

Another very important aspect to take into account when referring to costs is the time invested
in the project in order to develop it. Only 2 people were involved in the making process: the
mentor and the student, who organized weekly meetings of around 30 minutes each for 30
weeks.

Regarding the mentor side, it is important to bear in mind that an average salary of a university
professor in Spain is around 2500€ at full-time, which yields that the hourly salary is around
15.6€/hour. Considering weekly meetings, responsibility of mentoring the project, and extra
hours that the tutor has invested in correcting report versions, it is obtained that the mentor
work has resulted in a cost of approximately 500€ to the thesis.

No other extra costs are considered, since the student did not receive any salary to develop this
thesis, consulted scientific papers were all open to the public, and the program used to code in
Python can be downloaded for free.

Having everything into account, it is concluded that the thesis development has had a cost of
approximately 504€.

6.3 Social study
The social impact of this thesis is based on the improvement of electromobility. This field highly
benefits the quality of life of people, as EVs do not release greenhouse emissions. As a result,
air is cleaner and the health of citizens is improved, especially for areas with high density of
traffic and car usage levels.

Also, the vehicle model considered for this thesis is a relatively economical one in compari-
son with other famous competitors in the market. This was intended since the transition to
electromobility needs to imply all sectors in our modern societies. If EVs have elevated prices,
only those with higher incomes and patrimony will be able to access to them, and the collective
benefits from EVs will be limited.

6.4 Environmental study
The negative environmental impact that this thesis has had only involves the electricity con-
sumption occurred when charging the computer. However, it is pretty obvious that the project
is quite environmentally friendly since it has not involved the usage of any raw material and
therefore no waste has been generated.

Moreover, the thesis is motivated by environmental issues related to the reduction of green-
house gas emissions. It looks over the future by investigating and studying EV vehicles, the
core of electromobility.

Finally, it is seen that lifespan of the batteries could be extended as their performance is affected
due to degradation but they still perform well enough to be considered as usable at lower SOH
levels. A strong environmental benefit could be achieved if this was implemented because bat-
tery production levels would decrease. If this occurred, activities impacting on the environment
such as waste generation and the extraction of raw materials (for instance lithium in our case)
to build the batteries would decrease, as well as the resources spent on their manufacturing and
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commercialization such as electricity, water, etc.

6.5 Gender study
This thesis content does not havemuch in commonwith gender or gender identity since electric
vehicles, batteries and Python simulations do not refer to gender-related issues at any point.

Nevertheless, gender disparity can be studied concerning the people involved in the thesis de-
velopment.

When considering the references employed in this project, particularly the scholarly works au-
thored by experts that serve as the foundation of knowledge on the subject, it is notable that
only 13.85% of these contributions are attributed to women, as seen in Figure 37. In fact, about
a 64.5% of the consulted papers are exclusively written by men.

This is consistent with studies that reveal that female representation in the engineering field is
significantly low compared to men, representing only a 9.8% according to [12].

Despite the big contribution disparity between genders for the cited articles, it is important to
remark that this project was mentored by a woman and conducted by another one. Therefore, a
total of 100% of people involved in the realization of this project corresponds to the female side.

Moreover, studies reveal that female representation is starting to change, adopting a grow-
ing trend. For example, a total of 24.5% students in the faculty of Escola Tècnica Superior
d’Enginyeria Industrial de Barcelona during the academic year 2021-2022 were women. This
suggests that gender roles are slowly breaking down, and women are nowadays more likely to
access to STEM fields that one day were only dominated by men.

Figure 37: Gender disparity in authorship of the thesis citations





Simulation of EV performance considering battery degradation Page 61

7 Conclusions and Future work
Project objectives have been achieved successfully and the following conclusions are obtained
from the simulations.

It is obtained that the SOH of an EV battery does affect driving negatively as the battery dis-
charge rate increases. However, batteries with a SOH lower than 80% could also achieve good
performance in the sense that they are still capable of completing driving cycles successfully,
especially under low-demanding driving conditions. Therefore, it is concluded that the end of
life of the battery could be reconsidered and set to lower SOH levels according to our results,
especially for users who do not make an intensive use of the vehicle or for those who live in
flat areas. By doing so, multiple benefits could be obtained as the user could save up money by
extending the life of the vehicle instead of buying a new one. Additionally, it would benefit the
planet since battery production could be reduced and with it, environmental impact resulting
from this activity such as mining for raw materials and energy consumption would be reduced
to a lower extent.

Despite the reached conclusions, limitations of the project exist and must be recognised. The
most important one is that temperature effects are completely disregarded and obtained conclu-
sions could be highly affected due to this assumption. Moreover, the SOH has been considered
to be constant, which may not be exactly true in real life. In order to improve the thesis and ob-
tain more accurate results, temperature and SOH behaviour should be taken into account and
included in equations to describe its impact.

Also, a slope profile could be implemented so as to have a more realistic simulation. This could
be characterised by different slope angles at every time instant, and various profiles may also
be done to represent mountaneous landscapes with more slope dimensions and variations, or
flatter areas with smaller slope ranges.

Additionally, the ECM parameters were extrapolated at high levels of SOH. The assumption
that these values were valid could be further studied, maybe with an experimental setup or by
conducting simulations that modelled the behaviour of each battery cell at a chemical level.
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