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Abstract
Electrification is a trend within the automotive industry. Many car manufacturers
are launching electric vehicles, which are believed to be more sustainable and envi-
ronmentally friendly. A major component in these cars is the battery, and its perfor-
mance is crucial to the success of the electric vehicle. Therefor, the degradation of
battery properties is interesting, especially the capacity decline. To understand and
counter this degradation it must be measured with high precision in the cars, and
be connected to car use. This project approaches this challenge by: using real fleet
data, the aggregation of the data into events, and a neural network to estimate the
state of the battery. The result is a proof of concept that gives an improved measure
of the battery state and how different usage affects the capacity degradation. The
result is, however, not validated at this point, shows unexplained properties, and
should be further developed.
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1
Introduction

The automotive industry is experiencing a clear trend towards electrification. Elec-
tric vehicles are believed to be more environmentally friendly and sustainable, and
more in line with future technologies and regulations, like autonomous cars and
emission free cities. The success of the electric car, both from an environmental and
commercial perspective, is heavily connected to the sustainability of the battery. If
the battery needs to be replaced after a few years, or the performance is severely
degraded, the impact on both the environmental footprint and business case will
be substantial. Even though batteries have been used for a long time, the effect of
highly dynamic and rough use in electric vehicles is not yet fully understood.

Battery degradation, or aging, includes many symptoms, capacity decrease, resis-
tance increase, etc. These are macroscopic effects stemming from multiple processes
inside the battery, constituting a very complex system. The degradation is often
measured in relation to the initial properties, for instance, the capacity of the battery
is 90% of the initial capacity. This measure is in general named the State-of-Health
(SOH).

In this report, a data driven approach using Neural Networks is suggested as an
alternative to the battery SOH measurement in the car. The approach is chosen to
account for the many parameters connecting to aging in the battery, both intrinsic
to the battery and associated with car usage. The work is a master’s thesis at
the Physics Department of Chalmers University of Technology in collaboration with
Volvo Car Corporation. The work has been carried out in the spring of 2018 in
Gothenburg, Sweden.

1.1 Background
Electric vehicles is a hot topic and the use of both hybrid and fully battery powered
cars have increased in recent years. Interest in electric vehicles has sparked a bat-
tery cost decline, further research and new mass production methods. Continued
improvement of battery properties, such as energy density, is narrowing the pricing
gap between electric vehicles and the more traditional combustion engine vehicles.
The more environmentally friendly electric car could also be a key asset to better
take care of our environment. The number of battery electric cars in the world is
now 3 million, and a massive increase is predicted, see figure 1.1.[3] This can also be
seen in the number of companies that have decided to launch electric models. Very
interesting, and relevant to this project, is Volvo Cars Corporation’s goal to have
half the fleet electrified by 2025.[4]

1



1. Introduction

Figure 1.1: According to the International Energy Agency’s report Global EV
outlook, the number of electric vehicles used in the world could rise to between 9
and 20 million by 2020.

This is a big change for the car manufacturing companies. Instead of continued
construction of in-house combustion engines, well understood and developed un-
der long time, electric engines and batteries are needed, less understood and often
bought from suppliers. The nature of the battery, a chemical system with very
little transparency, makes it difficult to fully understand. Still, there is a harsh
competition in the car market, and companies need to deliver good quality and long
warranties. This poses an interesting challenge; to promise quality products without
full control over the components.

Batteries, and specifically lithium-ion batteries, degrade with time and use. A
new battery has a certain capacity, resistance, etc., that gives certain performance.
Over time and with use, these properties changes, often in a way that gives a lower
performance. For instance, as the capacity declines, the range of the vehicle de-
creases. This is generally called aging, and is often measured as State-of-Health
(SOH). For instance, a capacity based SOH of 95% means that the current capacity
have degraded 5% from the original. An SOH of 70-80% is often defined as End-
of-Life (EOL) for a battery. To rival a combustion engine car, a lifetime of tens of
years is needed, which limits the annual degradation to only a few percent.[5]

Battery degradation has been studied in laboratories in extent, but this knowledge
does not fully cover the highly dynamic and differentiated use in electric vehicles.
Some cars are driven carefully, in warm climates, with long drives and long charging
events, others are used in a cold climate for short trips and are subject to many
short charging events. The number of parameters affecting the battery in this use
makes a laboratory testing expensive and tedious. Testing all aspects in the context
of aging means artificially age batteries in the laboratory, which can take a very long
time.

The capacity degradation is perhaps the most important symptom of aging, but
the capacity measurement is not trivial in an electric vehicle. The simplest, and
most accurate, form of measurement would be to perform a complete discharge.
However, this is not often done in a car, and the capacity might vary with different
circumstances. For instance, it is known that the capacity of a battery is dependent
on temperature. In fact, it is possible that an older battery in a warmer temperature
has a higher capacity than a new battery at a colder temperature.
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1. Introduction

The high stakes, difficulty to accurately measure SOH, and differentiated use
of batteries in electric vehicles, makes the issue of battery degradation in electric
vehicles very interesting. It is probably one of the issues that will determine the
success of the electric vehicle.

1.2 Purpose
An understanding of how battery usage in electric vehicles accelerates aging could
make it possible to avoid certain use, and thus extend the lifetime. From a com-
mercial perspective, knowing the remaining useful lifetime could make it easier to
schedule service, and issue warranty. From an environmental standpoint longer
lifetimes means a smaller footprint, especially since battery recycling is currently
limited.[6]

The project is aimed to evaluate if a data driven approach, founded on vehicle
data and machine learning techniques, is usable to determine the SOH and map it
to battery usage. The feasibility of the approach is determined by the capability to
determine an SOH so that different car usage can be associated with different aging
rates. This would allow for in vivo studies of batteries in electric vehicles without
having to measure the SOH under specific circumstances.

1.3 Limitations
Due to the exploratory nature of the project, many steps are required from choosing
a data set, to estimating an SOH. This poses a limitation since every step could
be evaluated, refined, and perfected. Instead, to reach the end of the line, such
refinements are omitted, creating a thinner but deeper project. This means that
some choices are made and used as long as they work. It leaves it up to future
endeavours to examine other approaches to each step.

The SOH can be based on many different properties, but this project limits the
search to a capacity based SOH. This means that the SOH is a normalization of
current capacity of the battery with respect to the initial capacity. Alternative
properties, such as resistance, leakage current, and more, are left for future work.

Machine learning encapsulates an entire field of different techniques. Here, due
to time limitations, the focus is on Neural Networks. For optimal estimation accu-
racy additional preprocessing units, namely data aggregation, scaling, and feature
engineering, will be deployed. Other criteria that decides the feasibility of using a
machine learning algorithm in a car will not be accounted for. First, the reliability
of the system is correlated with the transparency of the algorithm, which means that
the workings behind the estimation should be known. Second, to be implemented
in a car the software is can not be computationally heavy, needs to be quickly ex-
ecuted, and robust against noise and data loss. These specifications are all left for
future work.
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1. Introduction

Any machine learning process is highly dependent on the data set. Since the
project aims to provide information about battery powered cars, the optimal data
set comes from a large number of these cars. However, these cars are not yet
implemented on a large scale. Therefore, the outcome of the project is very much
determined by the data available at Volvo Cars Corporation.

1.4 Problem Statement
The ultimate goal of being able to fully understand battery degradation in electric
vehicles depends on the possibility to measure the SOH and compare it to car use.
The problem is that measurements of capacity, and thereby the SOH, are noisy and
dependent on the measurement circumstances. Even the software used in one of the
newest cars can produce values that vary with amounts far exceeding the annual
degradation, see figure 1.2. The SOH measurement from this car has a clear seasonal
dependence, better SOH in the Summers, and the SOH can also vary up to 20% over
shorter periods. It is therefore very difficult so see a general trend in the battery
degradation, yet even more difficult to connect certain usage to accelerated aging.

Figure 1.2: The SOH
measurement from a
2015/2016 car from
Volvo. SOH is based on
capacity measurements
done while charging.
There is a clear seasonal
dependence, giving val-
ues closer to 100% in the
Summer and lower in the
Winter. Additionally,
there are short interval
changes stretching a
much as 20%, far exceed-
ing the supposed annual
degradation.

Instead, one would like an absolute SOH measurement. A measurement that
does not depend on the outer circumstances. An equivalent to perform a standard
measurement of capacity, and thereby the SOH, but that can be conducted on-board
the car. This measure should be able to be connected to car usage so that different
rates of degradation can be associated with different uses. This leads to the problem
statement of this project:

Could a data driven approach using Neural Networks constitute
a feasible option for capacity based State-of-Health estimation
in Electric Vehicles and provide information about how car
usage age the battery?

4



1. Introduction

1.5 Guide to understand the report
The project tackles a difficult question, and the approach to finding answers is
relaying on multiple steps. The result is a multiple step process from theory and
available data, to preprocessing, and the use of a neural network. This is reflected
in the report, which has multiple chapters.

After the introductory chapter a brief theory and data description is presented in
chapter 2. This is aimed to orient the reader with respect to the starting point of
the project.

Chapter 3 presents a prestudy, where an SOH is estimated from lab data. This
is done to give a fundamental overview of the different time scales involved.

Chapters 4, 5, and 6 deal with steps done towards the final result. Each chapter
includes the method used, results given, and a brief discussion.

The final two chapters, 7, and 8, aim to reconnect the different steps to each other
and evaluate their collected success of solving the main problem statement.
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2
Theory and Data Set

The topic involves two different fields, lithium-ion batteries and neural networks, and
the development of a model based on real fleet data from Volvo Cars Corporation.
This means that the project was based on theory about lithium-ion batteries and
neural networks, and on the available data set. This chapter aims to orientate the
reader according to this starting point.

2.1 Lithium-ion Batteries
The lithium-ion battery is a common choice for electrical energy storage since it
has high energy density and slow aging compared to many alternatives.[7] There are
many different configurations of cells; different geometries, materials and sizes, but
a simple schematics of a lithium-ion battery cell can be seen in figure 2.1.

Figure 2.1: A simple
sketch of a lithium-ion
battery cell. The cell
contains a cathode and
an anode, and separated
by an electrolyte.[1]

All cells have an anode and a cathode side, a negative and a positive pole. Lithium,
the active material of the cell, can flow from anode to cathode and from cathode
to anode, discharging and charging the battery.[8] Both the anode and cathode
materials are layered structures where lithium can be intercalated or extracted.
They can be of many different materials, for instance graphite, and various cobalt
containing materials.
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2. Theory and Data Set

Between the electrodes is an electrolyte, often a lithium salt. It does not let elec-
trons pass through, but allows a flow of lithium-ions. At the anode, the electrolyte
is operated outside the stability window and thus can be reduced. This consumes
lithium and creates a solid interface, called the Solid Electrolyte Interface (SEI),
that protects from further reduction.[9] Besides fundamental to the function of the
battery, this also provides stabilization to the graphite in the anode.[10]

2.1.1 Aging
The properties of battery changes with time and use. Many degrade, causing the
abilities of the battery to decline, generally called aging. A battery might age
differently depending on how it is used, referred to as cycle aging. However, a
battery also degrades without being used, referred to as calendar aging.[5] The
extent of these effects differ for different materials, morphology, design etc.[11]

In a broad view, different causes of aging can be put into three categories; Loss
of Lithium Inventory (LLI), processes that make the lithium unusable for cycling,
Loss of Active Materials (LAM), reduced amount of material enabling the lithium
transfer, and structural damage to the components of the battery. All of them
include many physical and chemical processes. The LLI is deemed to be the most
severe aging mechanism, which is accelerated by high charging rates and very low
or very high temperatures.[12]

On a macroscopic level, aging is the effect from many ongoing processes in the
battery, see figure 2.2. These constitute the complex inner workings of the battery
and makes aging difficult to fully pinpoint. Going through them all is outside of the
scope of the project, but this section aims to convey the complexity of the system.

Figure 2.2: Map of different aging phenomenon occurring inside the battery cell.[2]
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2. Theory and Data Set

Just as there are many different phenomena that age the battery, there are mul-
tiple parameters that induce or accelerate them. These are often found through
empirical studies, or from experiments validating theoretical knowledge. From a
literature based research the following parameters were found important to aging in
batteries and to the projects.

Parameter Source
Temperature (High) [2, 13, 12, 14, 12]
Temperature (Low) [15, 11, 16, 9, 10, 12]
Relaxation time [14, 17]

Pressure [15]
High SOC [13, 2, 16, 15, 18]

Change in SOC [19, 18]
Voltage [20, 21]

Number of Cycles [17]
Time [5]

Current density (high) [11, 9, 16, 10, 12]
Charge rate (high) [17]
Cell imbalance [9, 11]

Table 2.1: Parameters affecting battery aging

2.1.2 Battery States
Battery performance is often described in battery states. These are artificial states
of the battery that are suitable for describing the operation, but can often not be
measured directly. Instead, they are the aggregation of many different measure-
ments. The states are then continuously estimated and used to make sure that the
battery is operated within the safe operation window.[19]

State-of-Charge (SOC) is the amount of charge stored in the battery, presented
in percent of total capacity, 0-100%. It is the closest analogy to a fuel gauge in a
petrol engine car.[19] The SOC can be estimated in many ways. The most reliable
and intuitive way is to completely discharge the battery under known conditions
and measure the amount of charge drained. The battery will be depleted and the
measured SOC, however known, will no longer be relevant.[22]

A related method is Ampere counting, sometimes known as Ampere-hour integral.
The idea is to integrate over the current to get the change in SOC from a known
starting point. Coulumbic efficiency η is used to scale the integrated current and
expresses the success rate of moving lithium ions.[22, 19] The integral is then nor-
malised by C, the capacity. The mathematical expression for coulomb counting can
be seen in equation 2.1. Ampere counting suffers if the measurement of the current
is imprecise. Also, it is often hard to know the initial SOC and the coulumbic effi-
ciency, but, if these are known, the method could provide an accurate measurement
of the SOC.[19]

SOC = SOC0 + 1
C

∫ t

t0
ηIdτ (2.1)
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2. Theory and Data Set

An alternative method is to connect the open circuit voltage (OCV) to the SOC.
This is valid if the battery is in equilibrium, which it is after a longer resting
period.[22, 19] Because of this, it is not a suitable method for continuous estimations
in a car, but could be suitable for parking. The OCV curves are often taken from
individual cells and are mapped to the SOC of the entire battery via a lookup table.
Novel versions account for how this mapping changes with time, but more often the
lookup table is constant throughout the battery life time.

Depth-of-Discharge (DOD) is often used instead of SOC. They are measuring the
same change in stored charge related to the capacity of the battery. However, the
DOD measures the deviation from a full battery, 100%, and the SOC from a depleted
battery. This means that the relationship between DOD and SOC can be described
by: SOC = 100%−DOD.

The State-of-Health (SOH) is a general measure of how well the battery is doing.
It is often used to compare the current capability of the battery to the initial 100%.
To do so, it is connected to a property of the battery, often capacity, resistance, self-
discharge rate, or power density.[22, 5, 5, 18] All these will degrade with time and
use, and SOH is therefore closely connected to aging. In fact, it might be considered
a tool to measure aging in the battery. Unfortunately, these properties will degrade
differently, and if the SOH is truly a measure battery aging, it should include, or
combine, the degradation of multiple properties, not just one of them.[10]

Perhaps most used is a capacity based SOH, how much charge the battery can
store. This parameter will decrease with age, decreasing the amount of energy
that can be stored in the battery. Such degradation is important since it is closely
connected to the range of the car. It also means that an older battery will charge
quicker since there is less available lithium for transport.[19]

Related to SOH are the End-of-Life (EOL) and the Remaining-useful-Lifetime
(RUL). EOL is often referred to the point where the battery is no longer useful and
is popularly defined as 70 or 80% of the SOH. The RUL is the number of cycles left
before reaching the EOL.[19] Being able to estimate these states is very important
to operate the batteries in the best way, and for many business related reasons.

2.2 Artificial Neural Networks

Neural networks are in some sense a subcategory of artificial intelligence and a very
powerful tool, used in modern search engines and self driving cars, to mention a
few. They are often a way to approximate a system without knowing the underly-
ing structure of said system, reminiscent of how human intuition works. Actually,
artificial neural networks try to mimic the structure of a human brain, having ap-
proximations of neurons and synapses.

The building block of the brain is the neuron cell, see figure 2.3. It is a cell with
remarkable properties to receive electric impulses, process them and send an impulse
out. The inputs can be received through one or many of the dendrites, attached to
the cell body. The pulses are processed and an output is generated and sent through
the axon.[23] The actual process is complex and not fully understood, but, we know
enough to try to mimic the it.
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2. Theory and Data Set

The artificial neuron, see figure 2.3, is the smallest unit of the artificial neural
network. It has, just like its biological counterpart, one or many inputs, which can
be continuous or discrete. Each input is multiplied by a specific weight and the
result is summed up in the neuron together with a bias term. The sum is often
transformed by a nonlinear function to give a nonlinear effect to the system. The
nonlinear function is often a logistic function, step function, sigmoid, or tanh. This
neuron is often referred to as a Perceptron.[24] Both the weights and the bias term
are part of the intrinsic variables of the neuron, and can be changed, which is called
learning.

Figure 2.3: Left, a biological neuron. Electrical signals form inputs fed to the
dendrites. The inputs are processed and an output signal is sent via the axon.
Right, an artificial neuron. It multiplies the inputs with weights, then sums them
up, and perform a nonlinear function F.

The artificial neurons can make simple evaluations. As an example, imaging a
neuron with two inputs (x,y), representing the coordinates in a Cartesian coordinate
system, and a step function as a nonlinear function. A color, blue or red, is assigned
to a collection of points so that a point is red if it lies above the line y = x. The
neuron is fed the coordinates of a point and is asked to predict 1 or 0, red or blue.
The output is compared to the actual color of the point and if the prediction is
wrong, the weights and bias are adjusted. This is called training, and can be done
until a state of minimum error has been found. A training run is called an epoch,
and three of them for the posed example can be seen in figure 2.4.
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2. Theory and Data Set

(a) (b)

(c) (d)

Figure 2.4: a) the initial data points. b), c) and d) training epoch 1, 2 and 3. The
predictions, marked by a smaller point in the predicted color, is improved in every
epoch.

In all the graphs of figure 2.4, there seems to exist a clear line, dividing the red
or blue predictions. This line is called the decision boundary. This is a property of
the artificial neuron, it makes decisions based on a single line, it can thus solve only
linearly separable tasks. With every training epoch the predictions become better,
and the line changes. By the last epoch, all predicted colors agree with the actual
colors for the points.

Not all tasks are linearly separable, and to solve these neurons can be connected
to each other. Using multiple neurons provides multiple decision boundaries, this
collection of neurons is often referred to as a layer. For real hard problems like image
recognition, many layers are joined in a sequence, creating a network. If all neurons
in one layer connect to all neurons in the next, the network is called fully connected,
see figure 2.5. The decision boundaries of the network is not so intuitive, making
the decisions, and thus the system, a black box. A network with many layers are
called deep and the use of such is often called Deep Learning.
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Figure 2.5: Many
neurons intercon-
nected form a
network. It is fully
connected if all
nodes in one layer
are connected to
all nodes in the
next. A network
with many layers is
called deep.

The networks are trained in the same way as a neuron; inputs are fed to the first
layer, the information propagates through the network, and the output is given.
This output is compared to the correct answer, and the error is often called the
cost function. Training means that weights and biases are adjusted to minimize the
cost function. The most used tool to make these adjustments is Gradient Descent,
meaning that all weights are adjusted along the gradient of the cost function. This
provides a descent to a cost function minimum, but it is never guaranteed to be the
global minimum.[24]

There are many parameters that specifies the architecture and the training of the
network, called hyperparameters. For instance, the number of nodes and layers, and
the non-linear function. Further, the adjustments in every training run are scaled
by a factor called the learning rate, and the training is often done, not sample by
sample, but, by batches. This means that batches of samples are fed to the network
and the total cost of the batch is used to adjust the network. This is called batch
training, and the size of a batch is another hyperparameter.

The data set used is divided into training set and validation set. The training
set is used for training and the validation set is used to evaluate the performance of
the network. This is done to make sure that the network learns the structure of the
system and not just memories specific samples.

Networks can be trained to well. This is referred to as overfitting and is the
process of a network learning the noise of the data, irrelevant to the aim of studying
the mechanisms of the system. Often, this can be seen by better performance in the
training than validation set. To account for this, drop out can be is used, meaning
neurons are reset with a certain probability.

The Universal Approximation Theorem can be applied to a neural network. It
states that a network can be built to approximate any continuous function arbitrary
well.[24] This means that a network has the capability to mimic any function, it is
just a question of having the correct architecture, and training it properly to avoid
local minima. This is, however, not an easy task.

The neural networks have an advantage, a model of the system is not needed.
Instead, provided a good architecture, the network will learn to map inputs to
outputs. This can perhaps be related to humans learning to predict an outcome by
experience, regardless of any knowledge of the system’s inner workings.
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2. Theory and Data Set

Figure 2.6: A C30 bat-
tery electric vehicle from
Volvo Cars Corporation.

2.3 Data set from Volvo Cars Corporation: C30
Battery Electric Vehicles

In 2012 Volvo Cars Corporation launched a small fleet of battery electric vehicles
of C30 model, see figure 2.6. Around 150 were released in generation 1 and an
additional 150 in generation 2, which was launched a few years later. All these cars
were equipped with additional measurement capabilities, and the ability to send
these measurements to Volvo Cars Corporation via the GSM network.

The data is collected with an event based logging system, meaning that data is
logged only when any of the signals changes value. This means that a car can remain
idle for weeks if not used, perhaps even longer, and thus no data is logged. On the
other hand, intensive use can give a sampling frequency higher than once per second.
There are also built-in systems that make the car wake up and send a signal with a
set interval, if it is not already in use. Six years of monitoring, therefore, provides a
large collection of data points, separated by everything from seconds to weeks.

While all cars in the fleet have been used in the project, only a subset is used
to study aging. To obtain a large, homogeneous population of cars, measured for
a long time, only data from the first generation car is used. This is done because
there might exist differences between the generations, both in the battery and the
overall specifications of the car. Further, only cars with all sensors intact for a large
part of the time since 2012 are used. This leaves a population of 85 cars.

The 85 cars have been driven around the Gothenburg area. The range is limited to
150km when new and the 25kWh battery takes 7h to charge at the highest allowed
charging current. The usage of the cars in the fleet can be seen in figure 2.7, in
terms of data points captured, the time between first and last measurement and the
driven distance.
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Figure 2.7: Statistics to better understand the C30 data set. The number of
measurement points has a large spread, while the number of years monitored has a
smaller. This gives a good view over the fact that the cars do not log data while
idle.

The cars have been driven in very different ways according to the distance his-
togram. Some of them have only been driven slightly, around 10000km, while others
have been used extensively, around 120000km. This should give a suitable popula-
tion for studies of aging since both calendar and cycle aging should be prominent.
According to the range of the cars, the batteries have been run through hundreds
of cycles.

There are about 60 signals recorded in the cars. These are used for many purposes,
not only battery monitoring. The signals have been inspected and the ones deemed
important for the study can be seen in table 2.2. There are possibly more signals
that can be usable but to limit the search, all could not be examined.
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Signal Description Resolution
Ambient Temperature Measurements of the ambient temperature 1oC

Battery Current Current to and from high voltage battery 1 A
Battery Mean Temp Mean temperature of the cells 2oC
Battery Voltage Voltage over the battery 1 V

DOD Depth-of-Discharge 1%
Total Distance The total distance the car has driven 1 km

Time Absolute time 1 s

Table 2.2: Selected signals from a total of ca. 60 signals logged in the cars.

The DOD signal is of particular interest since it is estimated on-board the car in
two ways: First, coulomb counting is used to change the DOD from an initial value,
see section 2.1.2. And then, if DC current through the battery is lower than 2A for
more than 45 seconds, the DOD is updated based on the cell OCV and a look-up
table.

The battery temperature measurement is an average. There are multiple sensors
located inside the battery pack. All of them are measuring the temperature at their
respective position, but only the mean of all values is logged.
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3
Prestudy: SOH Estimation with

Lab Data from NASA

To explore the fundamentals of SOH estimation in batteries the easiest attainable
situation is used, lab data. The aim of this chapter, acting like a prestudy, is to
explore SOH degradation as a function of time, and get an understanding of the
different time scales in play.

The question of different time scales is very interesting when looking at battery
aging. Battery operation allows for changes in voltage, current, temperature and
other variables in a matter of seconds, maybe less. On the other hand a battery in
an electric car is expected to reach EOL after thousands of cycles, which is years
with normal usage. With such a difference in time scales, is it possible to measure
instantaneously the current, temperature, and voltage of the battery and estimate
the battery age?

3.1 Method

For this initial research, lab data from three batteries was used. All of them are
cycled until EOL in identical environments, and with the same cycles, except with
different DOD. While cycling, the temperature, voltage, current, and time is contin-
uously measured. At discharge, the current drained is measured to get the capacity
of every cycle, and the SOH is the normalization of this value. There are roughly
150 cycles per battery. The data set is available at NASA.[25]

To map the features to the measured capacity, stated as an SOH, a simple neural
network was used. It had two fully connected layers, and all neurons had a ReLu
activation function. It was trained by gradient descent, without any drop out applied
or other preprocessing unit. The simple architecture is presented in figure 3.1.

In the first trial, instantaneously measured parameters of the batter: temperature,
current, and voltage, were used as input features, and the SOH was used as the
label. This was done with hopes that the features combined can provide enough
information to estimate the SOH. This can be viewed as a system without any
memory, since the history of the battery is not recorded and used.

The second trail aggregated the data into cycles. Instead of instantaneous values,
the features were now values per cycle. Specifically, the number of cycles done,
maximum DOD, discharge mean temperature and charge mean temperature. The
same network was trained in the exact same way.
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3. Prestudy: SOH Estimation with Lab Data from NASA

Figure 3.1: The archi-
tecture of the neural net-
work used to estimate the
lab measured SOH val-
ues.

3.2 Results

The results for the first trail, using instantaneously measures values as input features
can be seen in figure 3.2. It is very difficult to get the network to estimate the SOH
just by the instantaneously measured parameters. This is intuitive since most of the
voltage, current, and temperature values will be present in every cycle, regardless
of SOH.

Figure 3.2: Lab measured capacity
data together with network recreation
of the data. It is very difficult to do
an SOH estimation based on instanta-
neous measurements.
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The second trail, using cycle based values as features, did a better job of estimating
the SOH, see figure 3.3. The result is still noisy and in some cases deviating from
the true value. This can have a number of different explanations, first of them
being noisy data. The data is still collected in intervals that are small compared to
the aging timescale and the SOH change between cycles is small. Evaluating the
graphs, there are also unexplained spikes in the true values. These could be due
to unrecorded idle time between cycles, error in the measurements, or errors in the
way the SOH is calculated. The model can also be seen to overfit to some of these
steps.

Figure 3.3: Lab measured capacity
together with the network created val-
ues. The network does a better job
recreating the values when the inputs
are of the same time scale.
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3.3 Discussion
It is evident when evaluating aging of batteries that it is difficult to use instantaneous
measurement to detect aging. The neural network does not tell if it could be done,
but shows that it is at least difficult. Also, even with a very simple cycling all the
way to EOL, the model gives a noisy output that must be improved if it is to be
used in a car. In the purpose of progress, it can be concluded that the data from
the cars must be aggregated to a time scale that is more compatible with the aging.

The data set for these trails are limited. Three batteries might be too few to
correctly capture the mechanics of aging. This could explain the noise results and
the poor accuracy.
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4
Preprocessing: Washing and
Aggregating the Fleet Data

Based on the information in chapter 3, the signals from the cars, being instantaneous
measurements, are not easily mapped to aging. Additionally, a car monitored for
six years will give billions of data points, too much for normal algorithms to handle.
Instead, there are many layers of refinements, categorization, and data aggregation
needed before the data is in a suitable format. The following chapter is a walk-
through of the steps taken from the time series data to events experienced by the
cars.

4.1 Method
The idea is to connect the SOH degradation to the history of the battery. For this,
two different types of signals were used; events and accumulated signals. In this
project, events are defined as a clearly limited, larger time interval experienced by the
car. An event could for instance be a drive or a charge, but also be more specific, for
instance a long drive or a charge in cold temperature. The history of the battery is,
in this view, described by the number of different events experienced. Accumulated
signals are signals like: the total distance driven, total energy throughput, etc. To
obtain both sorts of signal, data preprocessing was needed. A schematic view of the
preprocessing is presented in figure 4.1.

Figure 4.1: Schematics of data preprocessing.

Imperfections in the raw data is a major issue. Signal values are lost or nonphys-
ical. The first step was, therefore, to replace these false values in a suitable ways.
Distance, for instance, is an accumulated signal and a lost value was simply replaced
by the last known. The same was done for the time stamps. Any lost or nonphysical
values of quickly varying signals were replaced by the mean of previous and next
true value. Both data recovery techniques can result in data loss, but given the large
amount of data, it was believed to be good enough.
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The next step was breaking up the time series in shorter intervals. This was
based on the DOD signal, which was first smoothed by applying a lowpass filter. It
was used on the basic assumption that the DOD can only change accordingly to the
current drawn or added to the battery. Very high frequencies were therefore removed.
Then only point between which the DOD changes significantly was stored, removing
all points collected in idle mode. For the remaining, maximum and minimum were
found and the time series was split at these points. Lastly, all created intervals were
further split if a long time passed between two consecutive data points.

The created intervals were of one of the following sorts: drive, charge, or idle.
From every interval a set of features was extracted, believed to be a good basis for
finding the causes of aging in batteries. The list of features can be seen in table 4.1.

Feature Aggregation
time Mean, Interval Duration

Distance Distance Driven in Interval
Current Mean, Max, Min, Var
Voltage Mean, Max, Min
DOD Mean, Max, Min
∂DOD Mean, Max, Min
|DOD| Time Integral
Power Mean, Max, Min

Ambient Temperature Mean, Max, Min
Battery Temperature Mean, Max, Min

Table 4.1: Chosen signal and aggregation to per event features.

The process up to this point had been data washing and aggregation, and could
now be followed by classification. The set of features generated above can be a basis
for multiple different classifications, but what follows is a simpler version. It was
mostly aimed to be a proof of concept.

The categorization was done in a deterministic way with a decision tree, see figure
4.2. It was made on the assumption that a drive will increase the total distance
driven, increase the DOD, and have a positive mean current. On the other hand, a
charge will decrease the DOD and have a negative mean current. To improve the
resolution of the history depiction, instead of counting the number of charges, the
number of charges of a particular mean power was used.
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Figure 4.2: Decision tree describing the classification of events. The intervals are
inputs and are classified as a type of event.

4.2 Results
The number of charging and driving events, independent of charging power, experi-
enced by each car, over the monitored time, can be seen in figure 4.3. The number of
charges and drives are very different among the cars in the population. Of interest
is the fact that the number of charges rivals the number of drives. This can, once
again, be a result of the limited range of the vehicles.

The measured mean power for all charging events, see figure 4.4, shows three
distinct peaks, clearly visible, though not fully separated. These align with the
fact that the charging in the cars can be done according to three different current
limitations. This is seen as a validation of the charging classes.

Posing as an additional validation of the event creation, the initial DOD for every
charging event is inspected, see figure 4.4. The most occurring initial DOD is around
30% and higher initial DOD becomes more and more scarce. This could be a result
of the limited range of the car. Users want it to be fully charged all the time, or it
is just easy to always connect it to the outlet at the end of the day.

(a) (b)

Figure 4.4: a) Mean power in the charging events. There are three distinct peaks.
b) The initial DOD at every charging event. Maximum around 30% and more scarce
for higher values.
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Figure 4.3: The number of different events experienced by each car over the mon-
itored time period. Both the number of charges and drives are well spread out in
the population, but the number of charges per drive is distributed around one.

4.3 Discussion
The reality of collecting data from vehicles is challenging. The noise and number
missing values are in some cases large, enough to hide any useful information. The
signal is first very much determined by the implementation is the cars, sensor etc.
This is not easily accessed information and outside the scope of the project. Sending
to a server for storage is also an issue, relying on the GSM network. What is left for
analysis is often not what first was intended, and needs much work to be usable.

The time series data has an intriguing structure and is difficult to aggregate in an
information preserving manner. At a sample level there are many different signals
that describe the use and environment of the battery, for instance current, temper-
ature, and voltage. The coincidence of the values of different signals might hold
information about how the battery is aged. High current occurring together with
low temperate could affect the battery differently from high current at high temper-
ature. This means that every point of the time series holds potential information to
the aging.
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There is also information in the temporal arrangement, the sequence in which
the values occur. The battery might age more if the previous time step included
a certain value. For instance, a battery that is standing idle, enabling relaxation
in the battery, before charging might be affected differently from a battery that is
being charged directly after a driving sequence. On a smaller time scale, a more
aggressive driving sequence could affect aging.

So, more than single points are needed to connect to SOH degradation, but using
all points is not a valid choice. A car monitored for six years have logged billions
of data points, more than can be handled with most algorithms. Logically, there
should exist an aggregation of data so that it can be mapped to aging, but with the
number of data points small enough to manage. On this basis, the use of events was
built.

How these events are created is possibly the biggest challenge. In this project the
events are created by domain knowledge and simple decision trees, simple but effec-
tive. Given the distribution of the number of charges, drives and the ratio between
charges and drives, the event creation was successful. Cars are driven and charged in
reasonable amounts over the six years of use. The population is differentiated, some
cars used extensively and some limited. Interestingly, and validating for the pre-
processing, the number of charges per drive is distributed quite narrow around one.
Moreover, the average charging power peaks agree well with the current limitation
settings in the cars.

More classes of events could be created, but it should be recognized that there
must be sufficient data to study a certain event. For instance, is the seat heater
affecting the aging? In fact, taking energy to any operation other than to power the
drive train will decrease the range and possibly age the battery like any other use.
However, there seems to be three big limitations to asking such specific question.
First of all, the contribution might be so small that the above mentioned noise is too
large. Driving with or without the seat heater might not make a visible difference.
Secondly, there must be enough data to study such effects. If very few people are
using the seat heater there will be smaller amounts of data and thus the algorithm
will have a lower chance of finding these effects. One can argue, perhaps motivated,
that there must be enough data to study the effect of the seat heater, however, say
there is an even more specific target like charging with maximum allowed current,
directly after a long drive, and at sub-zero temperatures. Such request could be very
interesting but might suffer from insufficient data. The third constraint is related to
the second in the sense that the data to study an effect must have a sufficiently low
correlation to other, more prominent, effects. For instance, the seat heater might
be used to high extent when it is cold outside. However, the cold environment itself
might damage and age the battery even more than the usage of the seat heater. In
this case a study might find that the seat heater has a very large impact, but in
reality the cold environment is to blame.

In the purpose of progress, the set of classes and accumulated signals are believed
to be good features to map to SOH degradation. They are used in the remaining
parts of the report. Additional validation is attainable, one could inspect all the per
interval values. This was also done to some extent, but it does not offer any more
information and is left out of the report.

25



4. Preprocessing: Washing and Aggregating the Fleet Data

26



5
Engineering an SOH from SOC
and Current During Charge

There is no SOH signal logged in the cars. Therefore, this chapter presents a poste-
rior engineered SOH signal that is based on a capacity estimation at every charging
event. It uses the DOD, and current signal and is a common way of estimating the
capacity without doing a full discharge. The behaviour of this signal is evaluated
and found to have dependencies other than the history of the battery.

5.1 Method
The engineered signal was based on coulomb counting, mentioned in section 2.1.2,
as a determination of the SOC (DOD). The basic assumption was that the change
in SOC is proportional to the amount of current going into the battery, see equation
5.1. η is often called the coulombic efficiency, and the integral is normalized by C,
the capacity. By measuring the SOC before and after the charge and the current
during the charge, the capacity can be calculated.

SOC = SOC0 + η

C

∫ t

0
I(t)dt→ C = η

∫ t
0 I(t)dt

SOC − SOC0
(5.1)

The SOH signal was defined as the normalized capacity and could be found in every
charging event. The normalization should be done to the largest value, which is
hopefully the first value measured. The intervals used were the ones created in
chapter 4. But, to apply additional filtering, only charging longer than 3% SOC
change was used.

The capacity based SOH was assumed to depend on measurement conditions. The
signal from other fleets at Volvo Cars Corporation have shown seasonal dependence,
and the capacity is known to vary with different parameters. The engineered signal’s
dependencies to charging conditions was therefore investigated. The following was
believed to be parameters that describe a charging event:

• Difference of DOD
• Initial DOD
• Final DOD
• Average charging current
• Rest time before charging
• Average battery temperature
• Average ambient temperature
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The dependencies of the engineered SOH signal on each of the above signals were
investigated. This was done by observations, graphing the engineered SOH against
each parameter. For this, the entire fleet was used, all 296 cars.

5.2 Results
The engineered SOH from the entire fleet, all 296 cars, can be seen in figure 5.1.
There is a large spread of values, ranging from well above to well below 100%.
Therefore, the normalization to the largest measured value is not suitable since
some outliers are very large. Instead, the normalization is to the first standard
deviation of the signal for each separate car.

Figure 5.1: SOH signal
for all cars in the fleet.
The spread of the val-
ues makes it difficult to
unambiguously state the
age in every cycle.

The signal from a single car can be seen in figure 5.2. Points stemming from
consecutive charging events can differ from each other with large magnitude. Both
large increases and decreases can be observed. This means that usage believed to
age the battery has no visible effects for single cycles.

There is a general trend of decline the first five years for this car, based on the
most densely populated areas of the graph. This decline appears to reach values
below 80%, which is beyond the EOL. However, after five years an increase can be
observed. At this point the densely populated parts are around 100%, as good as a
new car. This coincides with the usage of higher charging currents, see figure 5.3.
There are also differences in other usage parameters, such as SOC levels related
to charging events. This supports the premise that charging conditions affect the
engineered signal.
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Figure 5.2: Engineered
SOH signal from a single
car. There is a general
decline in the first years,
followed by a recovery in
the last year. It is very
difficult to see degrada-
tion between cycles.

Figure 5.3: Mean
charging current for
charging events in a
single car. There are two
periods of considerably
higher charging currents,
most prominent after
five years.

The engineered SOH as a function of charge added in a charging event can be
seen in figure 5.4. The signal seems to increase with larger charging events, and
the spread of measured values seems to decline. The latter observation is intuitive
because the number of samples is much greater for smaller charging events.
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Figure 5.4: The engi-
neered SOH signal as a
function of difference in
DOD, i.e. the amount
of charge added in a
charging event. The
spread decreases with
the amount of charge
added, while the engi-
neered SOH seems to
increase.

The charging event is also determined by the initial DOD, from what DOD the
charge was initialised. The graph for this parameter can be seen in figure 5.5, and the
signal’s dependency is similar to the above. The spread is once again more prominent
for smaller initial DOD, most likely due to more samples, and the engineered signal
increases with initial DOD. It should be mentioned that for very small initial DOD,
there is a sharp increase in the measured values.

Figure 5.5: The engi-
neered SOH signal plot-
ted against initial DOD.
There is a larger spread
for small initial DOD and
a trend for SOH to be
higher for larger initial
DOD. Additionally, the
SOH increases for very
small initial DOD.

Even though the initial DOD and the difference in DOD describes the DOD
window of a charging event, also the final DOD is interesting to evaluate. The graph
describing the engineered SOH as a function of final DOD can be seen in figure 5.6,
and the dependency is very similar to the above, an increase with the final DOD
and a larger spread for smaller values. Once again, the signal increases rapidly for
very small final DOD values. The ambient temperature is a charging parameter
of interest. The available capacity is known to vary with the temperature and the
ambient temperature will to some extent affect the temperature in the battery. The
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Figure 5.6: The en-
gineered SOH signal
plotted against final
DOD. The spread is
more prominent for
smaller values of final
DOD. The engineered
signal does also tend to
be higher for larger final
DOD.

engineered signal as a function of ambient temperature can be seen in figure 5.7.
There is a trend to measure larger values of the engineered SOH signal at higher
temperatures. This trend is, however, harder to evaluate due to the spread of the
signal.

Figure 5.7: The engi-
neered SOH signal plot-
ted against ambient tem-
perature. The structure
in the graph is difficult
to evaluate, but there is
a trend to measure larger
values in higher tempera-
tures.

The temperature inside the battery is perhaps the relevant temperature signal.
The battery temperature dependence, see figure 5.8, is similar to the ambient tem-
perature dependence and there is probably a correlation between the two parameters.
The dependency is even more vague, but visible. The stripes in the graph are due
to the rather poor resolution of the battery temperature signal.
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Figure 5.8: The engi-
neered SOH signal plot-
ted against the mean
temperature in the bat-
tery. The SOH in-
creases slightly with bat-
tery temperature, but
the trend is difficult to
evaluate.

In a world of fast charging it is interesting to evaluate the impact of charging
current on the engineered SOH signal. The graph can be seen in figure 5.9. In some
aspect, the charging current is embedded in the engineered signal and its effect
should by this logic be limited. The charging current seems to have a lower impact
on the measured values, as far as can be observed. There is a larger spread for small
currents.

Figure 5.9: The engi-
neered SOH signal plot-
ted against charging cur-
rent. The signal has a
much larger spread for
small charging currents.
It is, however, very dif-
ficult to observe a gen-
eral difference in mea-
sured values.

A battery that is allowed to rest before a charge might respond differently. This
is based on the fact that it can take time for a battery to equilibrate. From figure
5.10 a trend can be observed; a car that has been resting before the charge gives
larger engineered SOH. The effect seems to be present through all 25 hours plotted
in the graph. That there are many more samples of small rest times can be regarded
in two ways: the charging events are fragmented, or it is very common to connect
the charging cable after the car has been used.
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Figure 5.10: The engi-
neered SOH signal plot-
ted against the time
spend resting before the
charge begins. The
spread is much larger for
small values. A trend
can also be seen link-
ing longer resting times
to larger engineered SOH
values.

5.3 Discussion
The engineered signal is a common choice of SOH. It is capacity based, a property
that is known to decline with time and use, and should be a good measure of aging
in the battery. It is also attainable in most charging events, which gives hundreds,
sometimes thousands, of samples per car.

The signal is very dependent of the inner working of both the current and SOC
signal. These are not fully known and this is an issue. The SOC is calculated on-
board with coulomb counting and corrected by measuring the cell OCV. The OCV
correction is done as soon as the DC current through the battery has been below 2A
for at least 45 seconds. The correction should therefore be part of the engineered
signal. The correction does not take aging or charging conditions into account,
which is believed to be of great importance to capture aging in the engineered SOH.

The aim to connect certain usage of the car to battery degradation, is not sup-
ported by the engineered signal. It is very difficult to conclusively see degradation
over the lifetime, and even harder to see a degradation in every cycle. A reasonable
assumption is that it is due to one of the following causes:

• Poor quality of the original signals
• Errors in the signal engineering
• Dependencies of other parameters
As mentioned above, an increase in the engineered SOH signal coincided with a

change in user behavior. Interesting since charging is a broad term. For instance,
charging includes both increasing the SOC 5% at -5oC and going from 10% to 100%
SOC in the middle of the summer. Some cars are charged in an indoor garage,
making charging temperature fairly constant all year around, and others are exposed
to the harsh Swedish winters.
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It can be argued that the engineered SOH is a function of: SOC, temperature,
rest time before measurement and charging current. Some of the dependencies are
vague, and very difficult to evaluate, some are more prominent and easier to argue
for. The reality is that the argued existence of dependencies are all interconnected.
An evaluation of just one parameter is certainly unfair since the others might obscure
the results. It is also possible that some effects on the engineered SOH signal only
appear in strict combinations of many parameter values, some of which could yet
be undiscovered, and thus would not be visible in the graphs.

A more rigorous analysis would be helpful, but in the purpose of making quicker
progress and just inspecting dependence, the approach is deemed more than enough.
All the same, the questions remain; Are there more parameters affecting the engi-
neered SOH? Are they logged in the car? And, from the parameters found; Are they
properly aggregated?

The parameters affecting the engineered SOH can be concluded to consist of two
groups: the history of the battery, and the charging conditions in which the SOH is
measured. In some cases the dependencies of the non history parameters exceed the
effect of aging. The spread of the signal, and in some cases dependency on charging
conditions, can reach more than 50%, while the annual degradation of SOH due to
aging is believed to be only a few percent.
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6
Neural Network for Estimating an

Absolute SOH

The overall aim of the project is to measure the SOH in the cars and connect its
degradation to battery history. The project argues that the engineered SOH signal
depends on measurement conditions as well as the history of the battery, but that
a measure of aging should be independent of the measurement condition.

This chapter presents a neural network that estimates an Absolute SOH, indepen-
dent on measurement conditions, and connects it to the history of the battery. The
inputs to the network are the features developed in chapter 4 and 5. The supervised
learning is done with the engineered SOH, from chapter 4, as the label. The network
is, in some sense, operated in two different settings; reconstruction of the engineered
SOH, and estimating an absolute SOH.

6.1 Method
A neural network model was built and fed inputs based on the affecting charging
conditions found in chapter 5, and a simple representation of the history, developed
in chapter 4. The history representation was done in a simple manner to provide a
proof of concept for the technique. Development of a more complex realisation of
the history inputs could be an interesting topic for future work. This view of the
causes affecting the engineered SOH is presented in figure 6.1.

Figure 6.1: The parameters affecting the engineered SOH.
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The network was of feedforward design, consisting of 4 layers with 16, 16, 14, and
14, nodes in each respective layer, all having a ReLu activation function. Each node
had a 20% dropout rate, and the learning was done with stochastic gradient descent.
The inputs were all fed to the same input layer, regardless if it was a charging or a
history feature. This must no be the case and future work could include more exotic
structures. The architecture was found by trial and error.

The network was used in two different settings (three if training is regarded as a
setting), depicted in figure 6.1. The network was first trained with the engineered
SOH signal as a label. The aim was to recreate the engineered signal using the
features developed in chapter 4 and 5, meaning a specific history and charging
conditions. The output was validated by calculating the difference between the
recreated SOH and the label.

The training was done in 11-fold cross validation. This meant that the population,
85 cars selected for aging studies, was divided into 11 groups. The network was
trained on 10 groups, the training set, and evaluated on the last group, the validation
set. Then, the network was reset and another group became the validation set. Every
group was, in this way, at some point the validation set. For each specific group,
the network was trained for ten trials and the result with the smallest mean square
error selected as the winner. Each trial consisted of 20 epochs, used 0.001 learning
rate, and had a batch size of 40 samples. The total number of charging events was
roughly 120’000.

The use of the network was then al-
tered, by altering the input features.
Above, the network was asked to esti-
mate the SOH given a specific history
and charging conditions. It could now be
asked to estimate the SOH given a spe-
cific history and standard charging condi-
tions. This was done by substituting the
charging condition features in the vali-
dation set to a standard. This standard
conditions were from the average charge
of the data set, and can be seen in table
6.1.

Feature Mean Value
Ambient Temperature 9.3 oC

Current -4.6 A
Battery Temperature 15.1 oC

Initial DOD 40.8 %
Diff DOD -36.9 %
Final DOD 3.9 %
Rest Time 846 s

Table 6.1: Features of an average charg-
ing event.

36



6. Neural Network for Estimating an Absolute SOH

Figure 6.2: Different settings of the
neural network. Top left image repre-
sents the training to recreate the en-
gineered SOH. The success was then
evaluated using the validation set, top-
right image. Finally, the charging con-
dition features in the validation set
were changed to a standard. In this
setting the network produced an esti-
mation of an absolute SOH.

A favorable property of an intelligent model is that the inputs can be altered and
the model response studied. For instance, car 7 of group 8 have never been charged
with the highest power. The history of this car could now be altered artificially. A
certain percentage of the low power charges were replaced by high power charges.
The data was fed to the network and the new estimations were recorded.

The same game could be played with the charging conditions, especially the am-
bient temperature. The history of a single car, at midlife, was used as the basis
and different charging conditions were tested. The ambient temperature was ranged
between normal values in the Swedish climate, 5oC to 25oC. and the network’s esti-
mated absolute SOH was recorded.
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6.2 Results
The results of using the neural network follows. It is divided into two subsections,
depending on which of the two settings was used; recreating the engineered SOH,
or estimating an absolute SOH.

6.2.1 Recreating the Engineered SOH
The network was trained according to the above specifications in order to learn how
the input features map to the engineered SOH. The error, difference between the
network recreated and the engineered SOH, can be seen, collectively for all eleven
groups, in figure 6.3. The distribution is Gaussian, with a mean of -1.7% and a
standard deviation of 9.9%. These values are to be compared with the engineered
SOH, ranging between 20% and 160%.

Figure 6.3: The differ-
ence between the engi-
neered and the recreated
SOH. The distribution is
Gaussian with a mean of
-1.7% and a standard de-
viation of 9.9%.

The network recreated SOH can also be compared to the engineered SOH by
scatter plotting them against each other, see figure 6.4. In a perfect model, the plot
would only contain a diagonal line, but in this model the values are more spread
out. However, from the plot it can be seen that some information about the system’s
inner workings have been picked up by the network since there is a clear diagonal
trend. It is also apparent that the network’s recreated SOH is within a smaller
interval than the engineered SOH, intuitive since a guess from the network would
probably ignore the outliers.
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Figure 6.4: The engi-
neered SOH and the net-
work recreated SOH scat-
ter plotted against each
other. The diagonal
trend is clearly visible.

The network recreated SOH for a single car can be seen, together with the engi-
neered values, in figure 6.5. The network is recreating many of the characteristics
of the engineered SOH. Namely, the general trend of degradation, seen in the en-
gineered values from the first five years, seems to be captured. Additionally, and
perhaps of more interest, the sudden increase in SOH values seen after five years of
measurement seems to be mimicked by the network.

Figure 6.5: Original,
engineered SOH of a sin-
gle car together with the
network recreated SOH.
Many of the character-
istics of the engineered
values can be seen also
in the network recreated
SOH.

Overall, the mean error is close to zero, but this is not true for all individual cars,
see figure 6.6. Some cars exhibit a small mean error, while others have a mean error
of a few percent, and some outliers have mean errors of up to 10%.
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Figure 6.6: Mean
errors of individual
cars. The errors are
distributed around
zero, but some deviate
substantially.

6.2.2 Estimating an Absolute SOH
For each sample in the validation set, the specific charging conditions were replaced
by those of the standard charging, described above. The network was now asked
to estimate the SOH given the history of the car and standard charging conditions.
The estimation together with the engineered SOH can be seen, for one car per group,
in figure 6.2.2. The cars are chosen to give a fair overview of the performance of the
network.
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Figure 6.7: Engineered SOH to-
gether with the neural network’s es-
timation of an absolute SOH. The
curves show a single car from each
group in the population.

Estimations in Group 2, Car 6 (G2;C6), (G6;C7), and (G10;C3) do all seem to
align with the measured data, and graphs (G4;C1), (G8;C5), and (G9;C8) represent
estimations that appear to deviate from the original SOH. The network is not meant
to recreate the measured data, but to account for charging condition.

Estimation in (G6;C7) does not change the SOH in the first period of time. This is
not physical and is probably a shortcoming of the network. In fact, it is assumed that
a threshold exists after which the SOH estimation will be changed. This threshold
could be in any of the features. It is possible, for instance, that a certain number of
charges are needed to activate the estimation.

The estimations for all cars in a group can be seen, for each group, in figure 6.2.2.
Since there are significant differences between the groups, and even between training
trials, it is more interesting to compare estimations within a group.
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Figure 6.8: The neural network’s esti-
mation of the absolute SOH for all cars
presented for individual groups. Curves
within a group can be seen to share
many traits.

The shapes of the curves share some global traits. All curves seem to have a faster
degradation in the first years, followed by a slower degradation later in life. The
values reached, after six years, range between around 90% to around 82%, but the
bulk of the estimations ends up around 86%.

There are features of the curves that could be artifacts. First, group 2 (G2),
(G3), (G5), (G7), (G9) and (G10) can all be observed to have midway plateaus.
This is, just like the initial plateaus not connected to a physical explanation since
even unused batteries will age, earlier described as calendar aging. Second, most of
the SOH curves have a tendency to converge for large times. Third, there is one
car (G10;C4) that exhibits different behaviour than the rest. It deviates from the
common degradation curve and recovers.

The estimations show limited differentiation between cars within a group and their
curves seem to be similar. This suggests that the presented aging curves are very
much determined by the training. The landscape of the cost function is therefore
assumed to have many local minima. However, cars from the same group are still,
to some extent, different which means that the network is capable of some degree of
differentiation.

Within some groups there are a couple of cars that have a higher SOH than the
others. The difference can be above 6% and, if true, should have an impact on
the car performance. From the SOH curves, 12 cars have been selected for having
higher values of SOH throughout the life time. For these cars the history features
are compared to the average of the full population, the 85 cars, and the result can be
seen in table 6.2. The values are presented in percent deviated from the population
average.

There is a clear trend of the 12 cars being used less than the population average.
All but one have been driven a shorter distance, have a lower charge throughput,
and fewer number of drives. The average of the winning 12 cars differs significantly
from the population average, -40.8% in charge throughput, -53.9% in the distance
driven, and -38.8% in the number of drives done.

The model is a more specific for the charging events. The car has three modes of
charging. This gives three different charging powers that have been differentiated
between in the input features. Since the cars have been charged different number
of times, the relevant measure is the distribution of different charging powers found
for each car and how it relates to the population average.
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The winning 12 exhibits a trend to use the high power charging setting less than
the population average. Many of the cars have never been charged with high power
and all but one have been using it significantly less than the population mean. This
is interesting since charging should have an impact on the SOH. Additionally, also
the usage of intermediate power charging is lower on average, but many individuals
use it more than the population average. Contrarily, the low power setting is much
more represented in the winning 12 cars. On average they use it +40.9% more often
than the average of the population.

The impact of high power charging is now studied by using car 7 of group 8. It
had never been charged with the highest power setting, but the history was altered
so that a certain percentage of the low power charges were replaced. The results for
different percentages of high power charges can be seen in figure 6.9.

Figure 6.9: Estimated
absolute SOH for car
7 of group 8 with dif-
ferent percentage of the
low power charges re-
placed with high power
charges. The curve can
be seen to drop, treat-
ing a high power charge
as more damaging than a
low power charge.

From the figure it is evident that the model treats a charge with high power as
more damaging than the low power charge. The curve drops small amounts with
every additional percentage of charges replaced. In the end, 10% of the low power
charges are replaced and the curve is now significantly lower for large parts of the
time period, with a maximum difference of 4%. The difference becomes smaller for
large times.

The same kind of manipulation was done with the ambient temperature. A car
midlife was used with its true history. The ambient temperature of a specific charge
was altered and the different network responses recorded. The results can be seen
in figure 6.10.

There is a clear temperature dependence for the estimated absolute SOH. The
difference in estimated values between 10oC and 22oC is 5%. This could very much
be the difference between charging in a garage or outside. The effect disappears for
lower temperatures.
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Figure 6.10: Tem-
perature dependence of
the estimated absolute
SOH. It is clear that
higher temperatures give
a higher estimation.

6.3 Discussion

The target value, the engineered SOH, is a function of many parameters. This makes
the use of a neural network promising. On the other hand, data quality is an issue
and the neural network is notorious for bad noise handling. In this aspect, a better
choice might be a Random Forrest algorithm, but this would have been outside the
scope.

Even if the simple feedforward network is kept, many improvements could be
made. For instance, the number of layers and nodes could be altered. This is,
at this point, a work of art, and few rules exist to guide the work. Perhaps, the
design could be found automatically, for instance by the use of a genetic algorithm.
Since there are two kinds of input features, the architecture could probably be even
more exotic, treating them differently. Additionally, the SOH could be seen as
a continuous function where the next value is very correlated with the previous.
This is often used in neural networks by introducing recurrences, a link backwards
between the layers. This is creating an artificial memory, an algorithm capable of
remembering the previous value.

The recreation of the engineered SOH is interesting, but holds limited value for
the aim of the project. It is interesting because it shows that the selected input
features can be used to estimate the engineered SOH. However, the recreated values
themselves inherit the unwanted property of the engineered SOH; its values alternate
quickly and without a general degradation between cycles.

Teaching a neural network the dependencies of the signal poses a limitation. The
neural network can be operated with input values seen in the training set. For
instance, the voltage is normally around 300V, and there is no way to predict how
the algorithm would react to a value of 600V if it is not present in the training set.
Luckily, the parameters describing the charging event are purely physical and have
defined limits. This means that the network will handle all values from this set of
inputs. The history inputs do not have the same limitations. There is no maximum
number of cycles.
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The neural network is an intelligent system. It learns the dependencies of the
different inputs and understands how each individual parameter is affecting the
SOH value. Recreating the engineered SOH is equivalent to ask it to estimate the
SOH values given a certain battery history and a particular charging condition. It
could just as well be asked for an estimation in another charging condition. In fact,
it could be a standard charging condition, and be used for all charging events, only
the history of the battery changes. This is the main idea behind the estimation of
an absolute SOH.

To the sceptic reader, the estimated absolute SOH does not seem to align with the
measured values. Neither is this the intention! The network aims to account for all
features of the charging condition that affects the measured value. The estimations
are therefore only a good fit to the measured data if all charging parameters are
evenly distributed around the standard. This must not be the case, and how the
car is used can heavily influence this. Graph (G1;C6) exemplifies this since the
measured values suffers a significant change after five years. At this point charges
are becoming significantly longer, and are being carried out with higher current,
which causes the engineered SOH values to increase. This must not be connected
to a larger absolute SOH. The network estimation does not make this jump and
appears to account for this usage change.

The performance of the network, and the validity of the estimated absolute SOH,
is not fully tested. The validation could be done in three ways; evaluating the
estimations of the network based on domain knowledge, using the errors of the
recreated SOH, or comparing to real world measurements. While all give some
credit, the last suggestion is the preferred one.

Evaluating the best performing cars gives a clear picture, the cars are used less.
They are driven less, have less energy throughput, and experience less events. This is
viewed as validation since it is intuitive that use accelerates the aging. Additionally,
the network regards high power charging as more damaging, and the absolute SOH
values are larger at higher temperatures. Both these properties aligns with what
could be expected.

There are a few properties of the estimations that pose questions. First, curves
within a group seem to converge for large times. This is interesting since it is
a relevant question whether degradation will eventually approach a steady value.
In this case it probably a shortcoming of the system. Second, the plateaus are non
physical and the aging should not stop, even if the car is unused. Third, the car that
recovers is probably an example of a car exceeding the information in the training
set.

Evaluating the model in this manner is very powerful, but also risky. Many of
the input features are probably exhibiting a strong correlation in the data set. For
instance, the number of drives and the distance travelled. This means that altering
one parameter could give the model a set of data points that are outside the data
set and which might cause problems. Additionally, what is named the high power
charging could be correlated with another usage feature, which is the cause of the
accelerated aging.
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At this point, an available validation is the accuracy of recreating the engineered
SOH signal. By this measure, the algorithm has a global mean error very close to
zero, only -1.7%. This is impressing, but the standard deviation does not show the
same picture, being 9.9%. This, together with comparing recreated and engineered
values, depicts an algorithm that learns some things about the system, but could
definitely be improved. The two major areas of improvement are deemed to be:
learning from individual cars and a more elaborate history representation.

If the errors from recreating the engineered signal is used to evaluate the network’s
performance, different cars are mapped with different precision. Some have a smaller
mean error and some have an error of 10%. This could be a sign that the model
is not detailed enough to enable individuality between the cars. Perhaps, cars with
similar history have aged significantly different due to usage, for instance drive
aggressiveness, which is not among the input features.

To exactly state the error of the estimated absolute SOH is difficult since there
is no true value to compare to and the errors given when the network recreates the
measured values are not precisely translated into the estimation of absolute SOH.
Better yet, would be to issue standard testing of the cars, a full discharge perhaps,
could be a valid approach. Such tests could be compared to the estimations done
by the network.
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7
Discussion

The battery degradation is one of the biggest challenges in vehicle electrification.
It excels the environmental impact, damages the business case, and poses a risk to
buyers and sellers. The key to counter the degradation is the ability to measure
and connect it to usage of the battery. In this project, this is approached in stages,
modules that solve different, consecutive parts of the main problem. The contribu-
tion of each module should be evaluated against the final results and to the main
problem statement, which is exactly what this chapter aims to do.

7.1 Needed to Measure and Map SOH to Battery
Usage

There exists an ambiguity in the term SOH. It refers to the state of the battery and
its performance compared to the initial, but is often restricted to a single property,
often the capacity or the resistance. Mapping to a single property limits the infor-
mation described by the state. For instance, SOH based on capacity degradation
does not provide all information on increased resistance or leakage current. Perhaps,
a single SOH is not enough to accurately measure the age of the battery.

The project has focused on a capacity based SOH and the capacity is believed to
vary with ambient conditions, such as temperature. Perfect sensors and minimum
noise will not change this underlying insight, and makes it difficult to use this SOH
as a reference for aging. Instead, a usable SOH signal should be corrected so that
the measurement conditions do not affect the evaluated age of the battery.

Once a pure SOH signal is obtained, one that is independent of the measurement
conditions, it can be mapped to the history of the battery. At this stage, it is easy to
forget the different time scales involved. Aging will happen in a time scale of years,
hopefully limited to a few percent per year, but measurements in the car are done
with high frequency sampling. These scales have been found incompatible, meaning
that car signals have to be aggregated. The aggregated state can then be mapped
to the SOH label using a machine learning approach.
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7. Discussion

7.2 The Data Set and Data Logging in Cars
Traditionally, batteries are studied in laboratories, and degradation is observed
through different cycling patterns, ambient conditions, etc. This gives a reliable
source of information, but faces challenges in the number of interesting parameters.
In detail, different dynamic uses, in different environments, at different ages, could
affect the battery differently. Studying such details takes a massive amount of trails
and batteries. A potentially better approach could be to see every car as an experi-
ment. In this view, the dynamic use of the batteries is studied in vivo. This is why
we should log battery data.

Data logging in cars is a challenge, and preprocessing is often a vital part in
using the data. There are many steps between knowing what should be measured,
to actually logging the data in a suitable way. Implementations and sensors will
obscure the signals, sending and storing logged data will damage the measured
values, and handling big data calls for general techniques that do not treat every
sample point in the best possible way. This means that the end results will be
dependent on the data available, and a proper preprocessing.

In a larger view, how can we with certainty state the environmental improvement
of driving electric cars without additional data. Life cycle analysis includes the
battery and how it degrades just as much as where you charge and from what
source. It is therefore of great interest to collect more data.

7.3 The Presented Algorithm
Presented in this report is a proof of concept that data aggregation into events,
and the use of a neural network can overcome the above challenges. It gives a more
usable SOH than the signal engineered from the car data, and maps it to the history
of the battery. This gives some interesting results; the degradation is faster in the
first years, most cars end up around 86% SOH after six years, and the usage of high
power charging is damaging to the battery.

The aggregation of measured values into events, a format more suitable for map-
ping SOH degradation to battery history, was done by domain knowledge and com-
mon sense, which means many assumptions. Based on the results, the used history
representation is feasible to map the SOH, despite its simple nature. Future, more
elaborate, history representation will give higher precision and better information.

The used label, the engineered SOH based on capacity, poses questions. The SOH
is based on the current and SOC during a charge, but the workings, and specific
implementations of both signals are not fully known to the writer. Especially, how
the SOC is updated with cell OCV measurements has an impact on the project. It
is therefore possible that the signal is related, but not equal to the capacity signal.
However, according to the results, there is a degrading component in this signal that
maps to usage of the battery, very reminiscent of a true aging signal.
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7. Discussion

The performance of the network itself can to be connected to the recreation of the
engineered SOH. In this aspect, a few setbacks are visible; relatively large standard
deviation, unexplained plateaus, and convergence of SOH for different cars at large
times. There is more to be done in this regard and it is unknown how much the
performance can be enhanced by the other stages of the project.

The used label has been found to be affected by measurement condition, and the
use of a neural network successfully accounts for this. Both temperatures, SOC
levels, rest, and currents are believed to play a role. But, the network learns how
measurement conditions affect the signal, and then a standard condition can be used
to estimate the SOH in a standard measurement.

The resulting estimation of an absolute SOH is interesting but needs to be val-
idated. It is an estimation of a measurement that never occurred and has no true
value for comparison. This is a problem, but one that is present in all attempts to
map the SOH degradation to usage. In fact, standard testing batteries in cars would
be very useful, measuring the capacity in known conditions. This could be done in
workshops and would be excellent for validating the algorithm.
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8
Conclusions and Future Work

A definitive answer to the problem statement can, at this point, not be given. The
use of data aggregation into events, and a neural network to map and account for
non history dependencies of the SOH label, is possible. It is perhaps even useful,
but it is not properly validated. Therefore, validation is a priority and a next step.

However, from the findings, these challenging points have been discovered when
attempting to measure and map SOH degradation to battery use:

• What property should the SOH be based on? and is a single SOH enough?
• Most SOH signals will be dependent on the measurement circumstances and

this has to be accounted for to be able to see aging.
• Mapping the SOH degradation to use of battery calls for an aggregation of

measured data to a time scale more compatible with aging.
• A technique for mapping the SOH degradation to the use must be found, a

neural network is a candidate.
The project focused on a capacity based SOH, but it would be interesting to

develop additional SOH for resistance, leakage current, available power, and more.
This could be done in parallel since the above points are believed to be valid for all
types of SOH. There is also interest in the degradation differences between different
SOHs and the use that accelerates individual degradations. The neural network is a
flexible beast. Is it possible to include the estimation of other states as well? Could
one software determine them all? If possible, it could provide simplicity, efficiency
and be an alternative for online implementation.

The found dependencies of the engineered SOH are not proven to be a complete
set. There could be more, or there could be less. Some of the measurement condi-
tions used are probably correlated which means that they could be combined into
one feature. At the same time, some of the features exhibits weak effects on the SOH
and could be omitted. However, there might also be additional signals, perhaps not
even measured in the cars, that could affect the engineered SOH.

The history must be quantified so that measured data is reformed into features
compatible to aging. This is a challenge since the collected data, with billions of data
points, must be aggregated into a feasible format that preserves all the information
about the causes of aging. Is the domain knowledge approach the most suitable? A
future topic could be classifying drives, charges, etc., so that they are representing
causes of aging in a better way.
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8. Conclusions and Future Work

The neural network is used as the mapping algorithm and to account for non
history dependencies of the SOH label, but it is not the only algorithm with these
abilities. Before deploying the software, there should be other machine learning
algorithms tested. A random forest, or boosted solutions are interesting, but there
are many more.

The presented model is trained on the training set and tested on a few cars,
the validation set. But, is this separation necessary? There will be errors due to
how specific the history part is and due to differences between the batteries. For
instance, batteries could be different due to manufacturing. Could it be possible to
let an online model adjust to these differences? This is often referred to as online
learners and would be a suitable topic for future projects.

When a pure SOH is found, it can be used as the input for a prediction. For
instance, the curve for the first year of a car’s life could be an input to predict the
SOH the upcoming year. A successful attempt would give interesting applications
since it could help to correct driving behaviours, improve service scheduling, and
make EOL predictions. However, for such prediction to be of any value, the input
must be validated and more data, over longer periods of time, collected.

The project has been of exploratory nature, which is both favourable and chal-
lenging. There was no previous work to build this project from, nor a designated
data set, or specific method. This meant that much work went into accessing the
right data and people. Such work is not contained in the report, but very important.
It also argues that solving the challenges connected to battery electric vehicles de-
mands people from many parts of Volvo Cars Corporation, professionals in different
parts of the field.
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