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Abstract

Battery energy storage system (BESS) is widely applied in hybrid-electric and all-electric
power and propulsion solutions to reduce fuel consumption and emissions in ships. To
achieve optimal performance, it is necessary to estimate and monitor the conditions of
the BESS, such as state-of-charge (SOC) and state-of-health (SOH). Moreover, to ensure
a safe operation, the failure of batteries should be predicted, and the faults in a BESS
should be detected and handled.

This thesis focuses on a model-based and data-driven-based method for both condition
monitoring and fault detection. Due to the lack of available datasets in the marine in-
dustry, two public Li-ion battery datasets from the electric vehicle industry are adopted.
It should be noted that the obtained results would be equally applicable in the marine
industry. The short-term drive cycle performance dataset is used for: a) SOC estima-
tion with extended Kalman filter (EKF) and recurrent neural networks (RNN) with long
short-term memory (LSTM), b) power limit estimation with hybrid power pulse char-
acterization (HPPC), and c) voltage sensor fault detection. The long-term degradation
dataset is used for a) SOH estimation and b) remaining useful life (RUL) prediction.

For SOC estimation, the EKF achieved an average mean absolute error (MAE) of 0.64%
on nine drive cycles, while the LSTM-RNN, which used current and voltage as input fea-
tures, had an MAE of 0.84% on the test set. For power limit estimation, the HPPC method
showcased how power limit can be determined based on SOC and terminal voltage. For
SOH estimation and RUL prediction, the LSTM-RNN, which used cycle number and fea-
tures of the incremental capacity (IC) analysis as input features, achieved an MAE of
0.62% in SOH estimation and 64.7 cycles in RUL estimation. For fault detection, the
generalized likelihood ratio (GLR) algorithm provides a systematic approach for resid-
ual analysis. Test results showed that the GLR decision function is capable of detecting
voltage sensor faults with a short time delay of 0.3s.

Key words: Battery energy storage system (BESS), condition monitoring, fault detec-
tion, recurrent neural network (RNN), long short-term memory (LSTM), state-of-charge
(SOC) estimation, state-of-health (SOH) estimation

v



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v
Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi
List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . x
Acronyms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Scope and limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.3 Thesis organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Marine Battery Energy Storage System . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Battery technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Principle of operation . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Battery chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Technical specifications . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.4 Battery application feasibility and requirements for various ship

types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 BESS topology and functions . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Battery pack topology . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Ship power and propulsion system . . . . . . . . . . . . . . . . . . 8
2.2.3 BESS functions on ships . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Battery management system (BMS) . . . . . . . . . . . . . . . . . . . . . . 10
2.4 Case study: all-electric ferries . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Battery Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.1.1 State-of-charge (SOC) . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.2 State-of-health (SOH) . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.1.3 C-rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.1.4 Depth-of-discharge (DOD) . . . . . . . . . . . . . . . . . . . . . . . 15

3.2 Physics-based model (PBM) . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Equivalent circuit model (ECM) . . . . . . . . . . . . . . . . . . . . . . . . 17
3.4 System identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

vi



3.4.1 OCV test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4.2 Dynamic test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.3 Dataset used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4 State-of-Charge Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.2 SOC estimation methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.2.1 Open-circuit-voltage (OCV) method . . . . . . . . . . . . . . . . . 23
4.2.2 Coulomb counting . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2.3 Model-based method . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.4 Machine learning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.3 Extended Kalman filter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4 Recurrent neural network (RNN) with long short-term memory (LSTM)

cells for SOC estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.4.1 RNN and LSTM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.4.2 Data pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.4.3 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.4.4 Networks training . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.5 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.5.1 Matrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.5.2 EKF results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.5.3 LSTM-RNN results . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5 Power Limit Estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

5.1 Hybrid pulse power characterization (HPPC) using a simplified model . . 39
5.2 Enhanced HPPC using an ECM model . . . . . . . . . . . . . . . . . . . . . 41

5.2.1 Voltage-based estimation . . . . . . . . . . . . . . . . . . . . . . . 41
5.2.2 SOC-based power limit estimation . . . . . . . . . . . . . . . . . . 43

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3.1 HPPC test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.3.2 Enhanced HPPC test . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6 State-of-Health Estimation and Remaining Useful Life Prediction . . . . . . 47

6.1 Battery degradation indicators . . . . . . . . . . . . . . . . . . . . . . . . . 47
6.1.1 Total capacity Q . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
6.1.2 Equivalent series resistance (ESR) R0 . . . . . . . . . . . . . . . . . 48

6.2 Methods for SOH estimation and RUL prediction . . . . . . . . . . . . . . 49
6.2.1 Model-based methods . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.2.2 Data-driven methods . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.3 LSTM-RNN for SOH estimation and RUL prediction . . . . . . . . . . . . . 50
6.3.1 Dataset used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.3.2 Incremental capacity/differential voltage (IC/DV) analysis . . . . . 51
6.3.3 Data pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . . 52

vii



6.3.4 Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
6.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

7 Fault Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.1 Types of fault in a Li-ion BESS . . . . . . . . . . . . . . . . . . . . . . . . . 57

7.1.1 Internal faults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.1.2 External faults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.2 Fault detection methods for Li-ion BESS . . . . . . . . . . . . . . . . . . . 60
7.2.1 Model-based methods . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.2.2 Non-model-based methods . . . . . . . . . . . . . . . . . . . . . . 61

7.3 Fault detection algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.3.1 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
7.3.2 The generalized likelihood ratio (GLR) algorithm . . . . . . . . . . 63

7.4 EKF-based voltage sensor fault detection . . . . . . . . . . . . . . . . . . . 65
7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

8 Conclusion and Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
A Hyperparameters for neural network training . . . . . . . . . . . . . . . . . 74
B Joint extended Kalman filter (JEKF) for state and parameter estimation . . 76
C The GLR algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

C.1 Proof of gM(k) for the change of mean in a Gaussian sequence . . . . . . . 78
C.2 GLR design methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

viii



List of Figures

1 Schematic diagram of a battery cell (Plett 2015b) . . . . . . . . . . . . . . 4
2 BESS topology on ships (Kyunghwa Kim et al. 2016) . . . . . . . . . . . . 9
3 Total number of ships with batteries as of June, 2021. Statistics source:

DNV’s AFI platform (http://afi.dnvgl.com) . . . . . . . . . . . . . . . . . . 11
4 Total number of ships with batteries by ship types as of June, 2021. Statis-

tics source: DNV’s AFI platform (http://afi.dnvgl.com) . . . . . . . . . . . 12
5 Illustration of PBM (Plett 2015b) . . . . . . . . . . . . . . . . . . . . . . . 15
6 ECM model (Plett 2015a) . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
7 System identification process . . . . . . . . . . . . . . . . . . . . . . . . . 19
8 Voltage from OCV tests and the approximate OCV . . . . . . . . . . . . . . 20
9 SOC versus OCV lookup table . . . . . . . . . . . . . . . . . . . . . . . . . 24
10 RNN architecture (Olah 2015) . . . . . . . . . . . . . . . . . . . . . . . . . 30
11 LSTM node (Olah 2015) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
12 LSTM-RNN topology for SOC estimation . . . . . . . . . . . . . . . . . . . 32
13 LA92 drive cycle recorded at an ambient temperature of 25°C . . . . . . . 35
14 EKF performance for LA92 drive cycle . . . . . . . . . . . . . . . . . . . . 36
15 The learning curve for the LSTM-RNN model . . . . . . . . . . . . . . . . 37
16 LSTM-RNN performance for SOC estimation . . . . . . . . . . . . . . . . . 38
17 Simplified battery model from Plett (2015b) . . . . . . . . . . . . . . . . . 39
18 HPPC voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
19 Power limit design using HPPC method . . . . . . . . . . . . . . . . . . . . 45
20 Power limit design using enhanced HPPC method . . . . . . . . . . . . . . 45
21 Two major factors that lead to degradation (Plett 2015b) . . . . . . . . . . 48
22 Capacity degradation of all cells (Severson et al. 2019) . . . . . . . . . . . 51
23 IC curve of one cell from the fresh state to EOL . . . . . . . . . . . . . . . 52
24 LSTM-RNN topology for estimating/predicting total capacity, ESR and RUL 53
25 LSTM-RNN performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
26 Schematic for model-based fault detection . . . . . . . . . . . . . . . . . . 61
27 Residual distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
28 Manipulation of data to mimic voltage sensor faults . . . . . . . . . . . . . 65
29 GLR algorithm test results . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

ix



List of Tables

1 Specifications for different types of batteries (Helgesen et al. 2019) . . . . 5
2 Application feasibility and battery requirements for various ship types . . . 7
3 Technical details of all-electric ferries (Helgesen et al. 2019) . . . . . . . . 13
4 Panasonic 18650PF cell specifications (Chemali et al. 2017) . . . . . . . . 21
5 Summary of SOC estimation methods . . . . . . . . . . . . . . . . . . . . . 23
6 Summary of recent work on machine learning for SOC estimation, adapted

from Ng et al. (2020) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
7 EKF performance for nine drive cycles . . . . . . . . . . . . . . . . . . . . 35
8 Operational limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
9 LSTM-RNN performance for SOH&ESR estimation and RUL prediction . . 54
10 Summary of faults in a Li-ion BESS . . . . . . . . . . . . . . . . . . . . . . 58
11 LSTM-RNN hyperparameters for SOC estimation . . . . . . . . . . . . . . 74
12 LSTM-RNN hyperparameters for SOH estimation and RUL prediction . . . 75

x



Acronyms

BESS battery energy storage system. 1

BMS battery management system. 2

CAN control area network. 10

CUSUM cumulative sum. 62

ECM equivalent circuit model. 1, 2

EIS electrochemical impedance spectroscopy. 49

EKF extended Kalman filter. 2, 25

EMS energy management system. 10

EOL end of life. 14, 47

ESR equivalent series resistance. 48

EV electric vehicle. 10

GLR generalized likelihood ratio. 3, 62

HPPC hybrid pulse power characterization. 2, 49

IC/DV incremental capacity/differential voltage. 51

KF Kalman filter. 1, 22

Li-ion Lithium-ion. 5

LSTM long short-term memory. 2, 25

NiMH nickel-metal hydride. 5

OCV open-circuit voltage. 17

xi



OLS ordinary least square. 50

PDE partial differential equation. 15

RNN recurrent neural network. 2, 25, 29

ROV remotely operated vehicle. 10

RUL remaining useful life. 2, 10, 47

SOC state-of-charge. 1, 10

SOH state-of-health. 1, 10, 47

SPKF sigma point Kalman filter. 49

SVM support vector machine. 25

TLS total least square. 50

UKF unscented Kalman filter. 49

UPS uninterruptible power supply. 8

xii



Chapter 1

Introduction

1.1 Motivation

During the last decade, enabling technologies in energy storage, especially battery-
based systems, have resulted in new hybrid-electric and pure battery-electric power and
propulsion solutions to reduce fuel consumption and emissions in ships. Mixing diesel-
generators and battery energy storage system (BESS) in a hybrid power system enable
various control strategies, such as spinning reverse, peak shaving, load leveling, and
energy harvesting.

To use the battery in a safe and optimal manner, exact information of charges, health,
discharge and charge rates, power limit, and failure symptoms, are necessary to be esti-
mated , predicted, and monitored. Furthermore, faults must rapidly be detected.

The main objective of this project is to study state-of-the-art BESS solutions related to
battery condition monitoring, involving relevant states and state estimation methods for
the critical BESS parameters, including failure prediction and detection. Of particular
interest is to study machine learning methods and compare these to more traditional
Kalman filter (KF) methods on equivalent circuit model (ECM).

1.2 Scope and limitations

The thesis should cover the following scope of work:

• Perform a background and literature review to provide information adn relevant
references on:

◦ Marine battery storage solutions including parts, control functions, and aux-
iliaries.
◦ Battery parameters and related models for condition monitoring and con-

trol, in particular methods/algorithms for state-of-charge (SOC) and state-of-
health (SOH) estimation, failure prediction, and fault detection.
◦ Relevant physics-based (model-based) and data-driven methods (machine

learning methods) for the estimation, prediction, and detection problems.
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◦ Relevant datasets, if this can be found.

• Implement and test estimation methods, comparing data-driven methods with es-
timation based on equivalent circuit model (ECM), particularly KF-based methods,
considering:

◦ SOC estimation,
◦ power limit estimation, and
◦ SOH estimation

Analyze and discuss the resulting performance of each problem and method.
• Present and discuss the common faults that may occur in a BESS. Present the

crucial parameters/indicators and relevant models to identify these faults.
• Propose, implement, and test relevant method(s) related to fault detection for

BESS. Analyze and discuss the resulting performance.

The limitations of the works include

• Currently there are no available public datasets from the marine industry. Two
public Li-ion datasets from the EV industry are adopted in this thesis.
• Fault data are not included in the original datasets. Thus, for fault detection pur-

pose, the data are manipulated to simulate faults.
• The discussion over marine battery products on the current market is limited due

to the lack of information.

1.3 Thesis organization

The structure of the thesis is shown as follows:

• Chapter 2 starts from the principle of operation of a single battery cell and the
comparison of various battery chemistries. Then, the BESS solution, topology, and
functions are introduced. As an important part of a BESS, the functional roles of
a battery management system (BMS) are also presented. Last but not least, a case
study on all-electric ferries in service is performed.
• Chapter 3 first presents the terms that are important for battery modeling. Subse-

quently, the physics-based battery model and the ECM are both introduced, where
the ECM will be the main focus of this thesis.
• Chapter 4 summarizes the common methods for SOC estimation and applies the

extended Kalman filter (EKF) and the recurrent neural network (RNN) with long
short-term memory (LSTM) cells for SOC estimation.
• Chapter 5 first presents a standard method to estimate power limit - the hybrid

pulse power characterization (HPPC). Subsequently, the enhanced HPPC based on
the proposed ECM model is introduced and implemented.
• Chapter 6 summarizes the available methods to estimate battery SOH and remain-

ing useful life (RUL). The LSTM-RNN is again utilized to evaluate battery health
in this chapter.
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• Chapter 7 lists various faults that can occur in a Li-ion BESS and also summaries
methods for fault detection. Based on the EKF, voltage sensor faults can be detected
via residual analysis. The threshold for the residual analysis is determined by the
generalized likelihood ratio (GLR) algorithm.
• Chapter 8 summarizes the results and findings in this thesis and gives suggestions

for further research work.
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Chapter 2

Marine Battery Energy Storage

System

2.1 Battery technology

Before studying a large-scale battery system, it is essential to understand how a battery
cell works and to know different types of battery. Also, this section will introduce the
technical specifications for a battery and application requirements for various ship types.

2.1.1 Principle of operation

Figure 1: Schematic diagram of a battery cell (Plett 2015b)

A battery converts chemical energy into electrical energy using redox reactions be-

4



tween the positive electrode (cathode) and the negative electrode (anode).
During discharge, the negative electrode releases electrons to the positive electrode

via the external circuit, while during charge, the negative electrode receives electrons
from the positive electrode in the same way. These chemical processes are called reduction-
oxidation (redox) reactions.

Within the battery cell, however, the process is different. During discharge, the cations
move through the electrolyte - an ionic conductor that provides the medium for inter-
nal ion transfer - towards the positive electrode, while the anions move towards the
negative electrode. During charge, the opposite process occurs. Between the negative
electrode and the positive electrode, there is an electronic insulator called a separator.
It can prevent internal short-circuit and subsequent faults, which will be discussed in
Chapter 7.

2.1.2 Battery chemistry

In terms of rechargeability, batteries can be classified into primary batteries and sec-
ondary batteries, while the latter is of particular interest in marine applications. Sec-
ondary batteries are also known as rechargeable batteries, where the internal chemical
reactions can be reversed by applying electric current during the charging process.

Secondary batteries can be further divided into several types depending on the an-
ode/cathode materials. Common types include lead-acid, nickel-metal hydride (NiMH),
and Lithium-ion (Li-ion). A comparison of battery types is listed in Table 1. This section
is based on the work in Types of Lithium-ion (n.d.) and Helgesen et al. (2019).

Table 1: Specifications for different types of batteries (Helgesen et al. 2019)

Specification
Specific energy

(Wh/kg)
Nominal voltage

(V) Cycle life Applicable for maritime

Lead-acid 30-50 2.0 200-300

NiMH 60-120 1.2 300-500

Li-ion

LCO 150-200 3.6 500-1000

LFP 90-120 3.3 1000-2000 Yes

NMC 150-220 3.6 1000-2000 Yes

LMO 100-135 3.3 300-700

NCA 200-260 3.6 500-1000 Yes

Lead-acid battery

As the first generation of secondary batteries, lead-acid batteries are still the most com-
monly used type in boats and vehicles due to their low cost and high power output
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capability. Also, it is considered to be very safe, as the electrolyte and active materials
are not flammable. However, the specific energy of lead-acid batteries is very low, and
thus they are usually heavy.

Nickel metal hydride battery (NiMH)

NiMH has a higher power density than a lead-acid battery, and the cost of the batteries
is low.

Both internal resistance and self-discharge rate are high, and thus the cycle life is
relatively low compared to a lithium-ion battery. Besides, hydrogen gas is released during
charge, which leads to the potential to create an explosive atmosphere.

Lithium cobalt oxide, LiCoO2 (LCO)

As the first application of lithium-ion battery, it has relatively high energy density. LCO is
widely applied in consumer electronics within a three-year life span. However, its short
life cycle and low power rate limit its applications in maritime.

Lithium iron phosphate oxide, LiFePO4 (LFP)

The cathode’s high stability reduces the risk of thermal runaway and makes it resilient
to temperature fluctuations.

Disadvantages for LFP include relatively low specific energy, lower voltage, and lower
power capabilities.

Lithium nickel manganese cobalt oxide, LiNiMnCoO2 (NMC)

With the combination of attributes of the constituents of nickel (high specific energy),
cobalt (high specific energy), and manganese (provides structure stability), NMC be-
comes the most used chemistry in marine applications at present. The composition of
the elements can be adjusted and customized based on needs.

NMC is preferred for electric vehicles and within the maritime industry as its life cycle
is long while the energy density is satisfying (Batteries on board ocean-going vessels n.d.).

Lithium nickel cobalt aluminum oxide, LiNiCoAlO2, (NCA)

As a further development of LCO, NCA with additional aluminum has the highest specific
energy in the Li-ion battery clan. The outstanding specific energy makes it suitable for
marine applications.

2.1.3 Technical specifications

This section presents the specifications on battery technical specification sheets. These
specifications are used extensively in the following chapters, and thus it is crucial to
define them. The following definitions are adapted from MIT (2008).

• Nominal voltage (V). The reference voltage of the battery provided by the man-
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ufacturer.
• Cut-off voltage. The minimum allowed voltage. When a battery is at its cut-off

voltage, it is usually considered as empty.
• Nominal capacity (Ah). The total Amp-hours available when the battery is dis-

charged at a specific C-rate from 100% SOC to the cut-off voltage.
• Nominal energy (Wh). Similar to the nominal capacity, the total Watt-hours avail-

able when the battery is discharged at a certain C-rate from 100% SOC to the
cut-off voltage.
• Cycle life. The number of discharge-charge cycles the battery can experience be-

fore it fails to meet its EOL. Cycle life is a number for a particular DOD. Usually
when the DOD is high, the cell degrades quickly and it leads to a lower cycle life.

2.1.4 Battery application feasibility and requirements for various ship types

For maritime applications, various ship types have different operational profiles, and
thus the battery application may vary. Generally speaking, batteries have not yet been
utilized on a large scale in maritime applications. The main restriction is that the specific
energy and power cannot meet the demand of such applications. As of now, the only
battery-only application is on ferries, which has a relatively short route and a long time
on the port to charge. In other vessels, batteries are usually utilized for spinning reserve,
peak shaving, or silent operation. Table 2 by Helgesen et al. (2019) gives an overview of
main battery function and battery requirements for various ship types.

Table 2: Application feasibility and battery requirements for various ship types

Ship type Main battery function
Battery requirements

C-rate Cycles Energy

Ferry All electric Very high Very high Nominal

Offshore supply vessel DP - Spinning reserve Very high Very low Medium

Cruise
Hybrid operating in

all electric Low High Very high

Offshore drilling vessel
Spinning reserve
and peak shaving Very high Variable Low

Fishing vessel
Hybrid load levelling
and spinning reserve Medium Medium Medium

Yachts
Silent operation,
spinning reserve Low Low High
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2.2 BESS topology and functions

For the longest time, the BESS has been utilized in ships as an uninterruptible power
supply (UPS) for emergencies. Thanks to the development of technologies, the BESS
has been widely used as an auxiliary or even main power source because of its benefits,
which are listed in section 2.2.3. Also, section 2.2.2 shows the system topology for BESS
in both hybrid propulsion ships and all-electric propulsion ships.

2.2.1 Battery pack topology

With the discussion in the previous section, we know the voltage for different battery
chemistries is fixed in specific ranges, usually 3-4V. The maximum current for a cell is
usually 20-30A. Thus the power provided by a single cell is roughly 60-120W. However,
for a BESS on a ship, the required power can reach thousands of kilowatts. To achieve
high power, battery cells in a battery pack are organized to generate high current and
high voltage.

There are two types of electric circuits: series circuits and parallel circuits. When
cells are connected in series, the pack voltage is the sum of the individual cell voltages.
Assume all cell voltages are equal, we have vpack = Ns × vcell, where Ns is the number
of cells in series. Similarly, when cells are connected in parallel, the pack current is the
sum of the individual cell currents. With the assumption that all cell currents are equal,
we have ipack = Np × icell, where Np is the number of cells in parallel.

For EV applications, a battery module, which consists of groups of cells, are usually
designed to have maximum voltage less than 50V for safety concern. A battery pack
voltage is usually kept to less than 600V, because power electronics that operate at
higher voltages are expensive (Plett 2015b).

For maritime applications, a containerized BESS solution is proposed by Corvus En-
ergy(Corvus Energy introduces standardized ISO footprint containerized battery room so-
lutions 2021), ABB(ABB Containerized maritime energy storage n.d.), and Eaton(Eaton
Containerized energy storage system n.d.). Such a containerized BESS has a capacity up
to 2MWh. It has the advantages such as flexibility, high efficiency, and easy installation. It
is a suitable solution for offshore supply vessels and other applications with huge power
consumption.

2.2.2 Ship power and propulsion system

Hybrid propulsion ship

Figure 2(a) depicts a propulsion ship with batteries integrated into the power system.
The batteries can provide power to the large propulsion motors. The hybrid propulsion
ship may run on the generators only, the batteries only, or on both the generators and
the batteries. The batteries can connect either directly to the thrusters with converters
or to the electric bus. A distributed configuration can reduce the number of converters,
and thus the loss caused by converters can be reduced as well.
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Figure 2: BESS topology on ships (Kyunghwa Kim et al. 2016)

A hybrid energy solution can reduce the operational noise and vibration level on the
ship. Also, as a supplemental source for propulsion, the batteries can smooth the load
variations on the generator sets.

All-electric propulsion ship

Fig. 2(b) depicts a propulsion ship with pure battery-driven power system. The BESS is
charged through an AC/DC converter, which can be located either on the vessel or on
shore. According to class rules, two independent BESSs should be installed to provide
propulsion power if one of the systems fails (Rules for classification - ships 2019a).

2.2.3 BESS functions on ships

According to Helgesen et al. (2019), BESSs on ships can have multiple functional roles
summarized as follows:

• Spinning reverse. A BESS can be a backup for running generators. In this case,
fewer generators are required online simultaneously.
• Peak shaving. A BESS moderates electricity demands and reduces the peaks as

a buffer. The energy stored in a BESS can compensate for the peak hours, which
usually last for a short duration.
• Load leveling. A BESS stores power when there is a light loading on the power

system and delivers it during high demand (Mutarraf et al. 2018).
• Energy harvesting. In some applications, the load can generate power which can

be utilized to charge the batteries. A BESS can capture energy from these applica-
tions, such as crane operations, drilling equipment, etc.
• Backup power. Traditionally, a BESS works as an UPS for emergencies. A UPS
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is "used to protect hardware such as computers, telecommunication equipment
or other electrical equipment where an unexpected power disruption could cause
data loss, injuries, or even fatalities." (Uninterruptible power supply n.d.)

2.3 Battery management system (BMS)

Lu et al. (2013) gives a straightforward definition of a BMS, "any system that manages
the battery." According to the definitions in Rules for classification - ships (2019b), a BMS
is "a collective terminology comprising control, monitoring and protective functions of
the battery system." Despite the fact that there is no universally agreed-upon definition
of it, based on the works of Plett (2015b), Lu et al. (2013), and Rules for classification -
ships (2019b), a BMS is usually expected to have the following functions:

• Sensing. A BMS should consecutively measure voltage, temperature, and current
both on a cellular level and a pack level. The three parameters are essential for
state estimation and fault detection.
• Codition monitoring. state-of-charge (SOC), state-of-health (SOH), and power

limit should be estimated and be available for the energy management system
(EMS). Also, the remaining useful life (RUL) is an important indicator for bat-
tery failure and should be predicted as well. According to Helgesen et al. (2019),
methods for estimating SOC and SOH should be based on industrial practice for
the relevant battery technology. Such methods may use a combination of measure-
ments and prediction algorithms. Factors such as battery characteristics, operating
temperature, charge/discharge rate, self-discharge, and cell aging should be con-
sidered. Chapter 4, 5 and 6 will provide deeper insights into this topic.
• Fault detection. Common faults for a cell can be classified into internal faults

and external faults. Based on the measurements and estimates, the BMS should be
able to detect fault occurrence to prevent safety hazards. Chapter 7 will present
common faults for a cell, methods for detection, and algorithm test results.
• Protection and control. When faults are detected, the BMS should use electronics

and logic to protect the batteries from faults such as overcharge, overdischarge,
over current, short circuits, extreme temperature, etc. Control includes thermal
control, charge control, and cell balancing.
• Log book and communication. Key data, such as SOC, SOH, number of cycles

completed, and fault code should be stored by the BMS for warranty and diagnostic
purposes. The BMS should also be able to communicate with other components in
the system via a specific protocol. For large BESS on electric vehicle (EV) or ships,
a control area network (CAN) is the preferred protocol as it provides robust com-
munications in harsh operating environments with high levels of electrical noise.
While for a small application, such as an remotely operated vehicle (ROV), RS232
is sufficient.
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2.4 Case study: all-electric ferries

Figure 3: Total number of ships with batteries as of June, 2021. Statistics source: DNV’s
AFI platform (http://afi.dnvgl.com)

From Fig. 3 and 4, we can see passenger/car ferries are the largest segments where
maritime batteries are applied. Ferries have predictable, short, and fixed routes every
day, and the staying at the port is relatively long. These characteristics make ferries suit-
able for all-electric operations. Table 3 summarizes major all-electric ferries in service.

MF Ampere

As the world’s first battery-electric ferry, MF Ampere operates between Lavik and Oppedal
(5.7km, 20 minutes, 34 times per day) in Norway. The 10t lithium-ion batteries have an
overall capacity of 1000kWh, which can be charged in 10 minutes between crossings
from high-capacity batteries at each port. It saves a million liters of diesel each year,
and its operating costs are about 80% lower. Its CO2 emission is only 5% of those of
a conventional diesel ferry (MF Ampere n.d.). Since then, an electric ferry revolution
swiped the world.
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Figure 4: Total number of ships with batteries by ship types as of June, 2021. Statistics
source: DNV’s AFI platform (http://afi.dnvgl.com)

Ellen

Led by E-ferry project funded by European Commission Horizon 2020, Ellen was de-
signed and built to meet the aim of a 100% electrically driven passenger and car ferry.
Ellen was built to operate the 22 nautical miles between the islands of Ærø and Als in
Southern Denmark, and it is charged only while in Søby. Not only the noise and vibra-
tions are reduced by all-electric operation, but also it is estimated that the ferry will
reduce about 2000 tonnes of CO2, 41500 tonnes of NOx, 1,35 tonnes of SOx, and 2,5
tonnes of particles per year (Helgesen et al. 2019).

Tycho Brache and Aurora

Led by the project Zero Emission Ferries, the two ferries Tycho Brahe and Aurora are con-
verted from marine gas oil to plug-in all-electric powered by batteries. They both operate
between Helsingør in Denmark and Helsingborg in Sweden. The ferries are charged at
each port, which takes about 5-9 minutes with about 1200 kWh (Helgesen et al. 2019).

To date, the typical battery capacities for pure electric car in the US are 67kWh, and
for an electric bus in China are 210kWh. On the contrary, electric ships have the largest
individual batteries of any electric vehicle sector (Gear 2020). Batteries on electric ships
always appear in packs, sometimes even in container size, and the capacities are up to
thousands of kWh.
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Table 3: Technical details of all-electric ferries (Helgesen et al. 2019)

Name Capacity Battery storage capacity Battery chemistry

MF Ampere
120 cars

350 passengers 1000kWh NMC

Ellen
31 cars

198 passengers 4.3MWh NMC

Tycho Brache
240 cars

1250 passengers 4.1MWh -

Bastø Electric
200 cars
24 trucks

600 passengers
4.3MWh -

Bastø Electric

Launched in March 2021, the Bastø Electric is the world’s largest all-electric ferry. The
ferry goes into service in Norway on a 10km-long route between Moss and Horten, across
the Oslo Fjord. It is 139.2m long and 21m wide, with a capability of 600 passengers and
200 cars/24 trucks. The batteries on Bastø Electric have a capacity of 4.3 MWh, and
the fast-charging system has a capacity of 9 MW. It is estimated that emissions on this
ferry route will be reduced by 75% during 2022 (World’s largest electric ferry launches in
Norway 2021).

Oberhaus (2020) summarizes the two major challenges with building electric ships.
One is that conventional lithium-ion batteries come with safety risks because of the liquid
electrolytes. If the components in a battery degrade or age, this could cause the cell to
rapidly heat up and fail, which is usually called thermal runaway. Thermal runaway can
lead to undesired consequences, for example, a cascade of failures in nearby batteries.
If these batteries release the internal chemicals as they fail, it would even lead to a large
explosion.

Another major challenge for electric ships is that conventional lithium-ion battery
chemistry does not contain enough power to move cargo worldwide. Nowadays, NMC
batteries can only be applied to electric ferries and small container ships. More advanced
battery technology is essential to meet the energy demands of massive international
cargo ships.
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Chapter 3

Battery Modeling

We now know one important function of a BMS is to estimate a number of fundamental
quantities, such as SOC, SOH, and power limit. This chapter aims at proposing and com-
paring two battery models - the physics-based model and the equivalent circuit model
- which are widely used for failure mode identification and state estimation. The terms
are first and foremost proposed, and they are used repeatedly throughout this thesis.

3.1 Terminology

3.1.1 State-of-charge (SOC)

SOC is an important battery state that indicates the remaining capacity of a cell. It is by
convention a percentage between 0% (empty) and 100% (full). The formal definition
will be provided in Chapter 4. For a BMS, an accurate estimate of battery cell’s SOC is
an important input to balancing, energy, and power calculations. Also, an accurate SOC
estimate provides several benefits, as Plett (2015b) summaries as follows:

• Longevity. Over-charging or over-discharging a battery cell may cause permanent
damage and result in reduced service time. An accurate SOC estimate can be ap-
plied to avoid harming cells by not permitting current to be passed.
• Performance. With a good SOC estimate, especially with known error bounds, one

can aggressively use the total cell capacity.
• Reliability. A good SOC estimator is consistent and dependable for any driving

profile, enhancing overall power system reliability.

3.1.2 State-of-health (SOH)

State-of-health is a slow varying state for a battery cell, indicating the aging degree of
a cell. Although it is by convention a percentage from 0% to 100%, when SOH drops
below 80%, it is usually considered as the end of life (EOL) of a battery and the battery
should be replaced. The formal definition of SOH will be proposed in Chapter 6.

The most significant purpose of monitoring SOH is one would know when to replace
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the battery, as aging of a battery would diminish its performance and increase its tem-
perature during operation. The latter is a potential hazard to the system’s safety.

3.1.3 C-rate

For batteries, charge/discharge current is often expressed as a C-rate, aiming to nor-
malize against battery capacity, as battery capacity varies differently between batteries.
A C-rate measures the rate at which a battery is discharged relative to its maximum
capacity (MIT 2008).

For example, a 1C rate means the current will charge/discharge the entire battery
in 1 hour. Also, using the relation between capacity and C-rate, we can calculate the
discharge current as well. For a 1C rate battery with a capacity of 2.9Ah, this is equivalent
to a discharge current of 2.9A.

3.1.4 Depth-of-discharge (DOD)

DOD is the percentage of battery capacity that has been discharged. It is expressed as
a percentage of maximum capacity. A discharge to at least 80% DOD is referred to as a
deep discharge (MIT 2008). The relationship between DOD and SOC is

DOD = 100%− SOC (3.1)

3.2 Physics-based model (PBM)

The PBM is based on the electrochemical processes inside the cell. This type of model de-
scribes all internal cell processes using coupled partial differential equation (PDE). The
equations presented in this section are for a continuum-scale model, which describes
behaviour in the neighborhood of a spatial location using a volume average of an under-
lying microscale model. We assume a simplified one-dimensional cell geometry where
all electrode solid particles are spherical, as is depicted in Fig. 5. This section is adapted
from Plett (2015b).

Figure 5: Illustration of PBM (Plett 2015b)
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Before introducing the PDEs, it is essential to explain the variables involved:

• cs(x, r, t): the concentration of lithium in the solid active materials that comprise
each electrode at spatial location x across the cell and at radial location r within a
particle.
• cs,e(x, t): the concentration of lithium at the solid-electrolyte boundary at the sur-

face of the solid.
• φs(x, t): the electric potential in the solid.
• φe(x, t): the electric potential in the electrolyte.
• j(x, t): the flux density between solid and electrolyte.

The five variables can be found by solving four coupled continuum-scale PDEs and
one algebraic equation.

• To determine the concentration of lithium in the spherically symmetric solid elec-
trode particles,

∂

∂t
cs =

Ds

r2

∂

∂r

(
r2∂cs

∂r

)
(3.2)

where Ds is the solid diffusivity.
• Charge balance in the solid active material particles,

∇ · (σeff∇φs) = asFj (3.3)

where σeff is the effective electronic conductivity of the electrode materials in the
porous electrode and as is the specific interfacial surface area of the electrode
active materials.
• Mass balance of lithium in the electrolyte,

∂ (εece)

∂t
= ∇ · (De,eff∇ce) + as

(
1− t0

+

)
j (3.4)

where εe is the porosity of the electrode, De,eff is the effective diffusivity of the
electrolyte and t0

+ is the transference number of the positively charged lithium ion
with respect to the solvent in the electrolyte.
• Charge balance in the electrolyte,

∇ · (κeff∇φe + κD,eff∇ ln ce) + asFj = 0 (3.5)

where κeff is the ionic conductivity of the electrolyte and κD,eff is the ionic conduc-
tivity multiplied by a conversion factor.
• The Butler-Volmer equation to determine the rate of reaction at the surface of the
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particles,

j = k0c1−α
e (cs,max − cs,e)

1−α cαs,e

{
exp

(
(1− α)F

RT
η

)
− exp

(
−αF

RT
η

)}
(3.6)

where η, k0 are the reaction-rate constant and α is the asymmetric charge-transfer
coefficient.

Compared to the ECM, the PBM can predict over a wide range of operating conditions
and predict the cell’s internal electrochemical state. Therefore, it is useful for aging pre-
diction and failure mode identification. However, such a model requires a considerable
amount of computational effort as it is expressed in PDE, which also brings robustness
and convergence issues. In real-time applications such as a BMS, PBM is not applicable
due to the limitations of computational capability. Throughout the thesis, the main focus
is on the ECM. Thus the PBMs are only briefly introduced. To obtain more insight into
PBMs, one may refer to Plett (2015b).

3.3 Equivalent circuit model (ECM)

Figure 6: ECM model (Plett 2015a)

A lithium-ion battery cell’s input/output behaviors are usually simplified with an
ECM, comprising a voltage source, resistors, and capacitors. The cell itself does not con-
tain these electronic components, but its output (voltage) response to an input (current)
resembles one produced by the circuit model. Compared to the physics-based model,
which describes all internal cell processes using the partial differential equation, the
ECM is used extensively as the basis for real-time control algorithms in commercial bat-
tery packs because of its simplicity and computational efficiency.

Fig. 6 depicts the ECM model used throughout this thesis. The model consists of a
controlled voltage source OCV(z(t)), an equivalent series resistance R0 and one RC pair
R1 and C1. Generally, the open-circuit voltage (OCV) of a cell is a function of SOC and
temperature, and this will be discussed further in later sections. The diffusion process
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within a lithium-ion cell is referred as a diffusion voltage, and its behaviors can be ap-
proximated using one or more RC pairs. For simplicity, only one RC pair is considered in
the model.

Constants R0,R1, C1, and so forth are called model parameters. As they are imaginary
components, there exists no direct method to measure them. However, based on the cell
data, they can be adjusted using an optimization procedure. This process is called system
identification. For further discussion, see Section 3.4.

The proposed ECM model comprises two states:
State-of-charge. SOC at a time step k is denoted as zk. It is well defined in Chapter

4.
Diffusion resistor current. Current through the diffusion resistor R1 at time step k

is denoted as iR1,k and is defined as

iR1,k+1 = exp

(
−∆t

R1C1

)
iR1,k +

(
1− exp

(
−∆t

R1C1

))
ik (3.7)

Note that the input to the system is current ik. If we define ARC = exp
(
−∆t
R1C1

)
, the

overall state-space equation can be expressed as

 zk+1

iR,k+1

 =

 1 0

0 ARC

 zk

iR,k

+

 −ηk∆t
Q

1−ARC

 ik. (3.8)

With the Kirchhoff voltage laws, the output vk at time step k is expressed as

vk = OCV(zk)− R1iR1,k − R0ik (3.9)

The battery cell models are essential for state estimation, parameter estimation, as
well as fault detection. Chapter 4, 6 and 7 will provide a comprehensive insight into
each topic.

3.4 System identification

In general, it requires two tests to identify the parameters of a battery model: an OCV
test and a dynamic test. These two tests are performed in laboratory with battery-cell
cyclers, and the general process is presented in Fig. 7. Plett (2015a) introduces the sys-
tem identification process and this section is based on his works. This section describes
the general ideas of these tests, and the dataset that is used for SOC estimation (Chapter
4), power limit estimation (Chapter 5), and fault detection (Chapter 7) in this thesis.
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Figure 7: System identification process

3.4.1 OCV test

The test procedure is straightforward. In order to minimize the excitation of the dynamic
components of the cell model, the cell is charged/discharged at a very low rate (C/20),
while measuring cell voltage and accumulated ampere-hours discharged. In this way, the
voltage measurement can be approximated as the OCV, i.e., vk ≈ OCV(z(t)).

It takes three steps to process the experimental data. First, determine the coulombic
efficiency. It is noticed that the net number of ampere-hours charged over all steps is
higher than the total capacity. That is because the coulombic efficiency when charging is
not perfectly 1. Thus, we compute the coulombic efficiency as

η =
total ampere-hours discharged at all instants

total ampere-hours charged at all instants
(3.10)

Note that the coulombic efficiency is a function of temperature so the result is only valid
at a certain temperature.

Next, determine the charge and discharge voltage. As the accumulated ampere-hours
measurement is recorded at each time step, we can easily compute the corresponding
SOC using the definition. Note that the measurement denotation might differ during
charging and discharging and it is important to take that into account when processing
the data. Finally, because the OCV profile during charging and discharging are different,
we have to approximate the relationship based on the two curves.

As a cell’s OCV is a static function of its SOC and temperature, this test is valid at
a certain temperature. To obtain OCV relationships at different temperatures, multiple
tests should be performed.
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3.4.2 Dynamic test

Once we have obtained the OCV relationship, we can move on to find out the parameters
of the cell model. During the dynamic test, the cell is charged/discharged at a constant
current (C/1) to excite the dynamic components. Voltage, current, temperature, ampere-
hours charged, and ampere-hours discharged are recorded every second. With these
data, we wish to find parameter values for R0 and R1. The residual between output
measurement and OCV can be expressed as

ṽk = vk −OCV(zk) = −R1iR1,k − R0ik

where iR1,k can be determined with subspace system identification, and ik is the input.
Then, using least-squares solution, we can find the unknown parameters R0 and R1.

Figure 8: Voltage from OCV tests and the approximate OCV

3.4.3 Dataset used

In Chemali et al. (2017), a 2.9 Ah Panasonic NCA 18650PF cell was tested in a thermal
chamber under varying conditions. The cell specifications can be found in Table 4.

The tests included cycles at 1C, at C/20, and a series of nine drive cycle tests. The
drive cycles used one, or a mix of US06, HWFET, UDDS, LA92, and a custom neural
network drive cycle. This dataset is suitable for system identification as it contains both
OCV tests and dynamic tests (BatteryBits 2020). Also, it has a relatively large amount of
data, which can be later used for machine learning. Other available datasets either lack
both tests for cell modeling or have only one or two drive cycles, far from enough for a
machine learning algorithm.

The system identification is based on the ESC toolbox from Plett (2015a). The first
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Table 4: Panasonic 18650PF cell specifications (Chemali et al. 2017)

Nominal open circuit voltage 3.6 V

Capacity Min. 2.75 Ah/Typ. 2.9 Ah

Min/max voltage 2.5 V/4.2 V

Minimum charging temperature 10 °C

Cycles to 80% capacity 500 (100% DOD, 25 °C)

step in the implementation process is to identify the OCV relationship. With the OCV
test data included in the dataset, we approximate the OCV curve and it is shown in
Fig. 8. Using the OCV relationship and the dynamic test data, the parameters of the cell
model are identified using least-square regression. The model parameters are as follows:
R0 = 32mΩ,R1 = 37.8mΩ,C1 = 4.47F, ηk = 0.97, Q = 2.8Ah.
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Chapter 4

State-of-Charge Estimation

SOC estimation is crucial to the safe and reliable operation of Li-ion battery packs, which
become widely used in EVs, smart grid systems, and all-electric ships. SOC is the most
critical state for a BMS as it is required as input to balancing strategies and to both energy
and power calculations (Plett 2015b). However, there is no direct way to measure SOC,
making SOC estimation a cumbersome task for a BMS.

In this chapter, Section 4.1 will showcase the definition of SOC and the equivalent
circuit model of battery cells. Section 4.2 will present four major methods for SOC esti-
mation: open-circuit method, coulomb counting, Kalman filter (KF), and machine learn-
ing, while the latter two will be the main focuses, and they will be discussed successively
in Section 4.3 and 4.4.

4.1 Definition

By definition, the SOC of the cell is the ratio of the residual capacity to the total capacity
of the cell. In this case, the SOC is defined as

z =
Qres

Q
× 100% (4.1)

where Qres is the residual capacity and Q is the total capacity. Qres and Q are measured
in either mAh or Ah. In applications, the following definitions in both continuous and
discrete domain are equivalent and more common

z(t) = z(0)− 1

Q

∫ t

0
η(t)i(t)dt (4.2)

zk+1 = zk − ηkik
∆t

Q
(4.3)

22



where η are the coulombic efficiency at time step k (assumed η = 1 for discharge and
0 < η ≤ 1 for charge), i is the instantaneous cell current (assumed positive for discharge
and negative for charge), ∆t is the sampling period. As SOC is a percentage, the units
of i and t should be able to cancel out the unit of Q.

4.2 SOC estimation methods

In this section, four SOC estimation methods are compared and discussed, including the
open-circuit-voltage method, coulomb counting, KF, and machine learning. Table 5 sum-
marizes the methods mentioned and their main characteristics. The following discussion
is based on the works of Plett (2015b), Ng et al. (2020) and Lu et al. (2013).

Table 5: Summary of SOC estimation methods

Methods Measurements required Advantages Disadvantages

OCV method Voltage Easy to implement Poor accuracy

Coulomb counting Voltage and current Easy to implement
Measurement noise,

initialization problem

Kalman filter Voltage and current
High accuracy,

roubustness
Model required,

computationally intensive

Machine learning
Voltage, current

(and temperature)
High accuracy,

no need for model
Data availability,

huge amount of training time

4.2.1 Open-circuit-voltage (OCV) method

The terminal voltage of a cell is a function of its SOC and current. However, if the cell is
at rest, i.e. iR1,k = ik = 0, we have a simple relationship vk ≈ OCV(zk). Fig. 9 shows the
OCV-SOC mapping of a lithium-ion cell. With this relationship, we can compute a cell’s
SOC given the OCV using zk = OCV−1(vk).

However, this method gives poor accuracy in applications due to two reasons. For one
thing, this method is based on the assumption that the cell is at rest, while in applica-
tions, the cell is hardly at rest when it is working. This method misses two important
terms in the output equation 5.2.1, and thus it is not practical to apply it in real-time es-
timations. For another, as shown in Fig. 9, there is a sharp decrease in OCV when SOC is
between 0 and 5%. A slight disturbance in voltage measurement can lead to significant
inaccuracy. In fact, the OCV curves for li-ion cells always have a large plateau, and thus
voltage-based SOC estimation works particularly poorly on li-ion cells.

Nevertheless, this method is still worth mentioning. The OCV curve is crucial for other
estimation methods, and this method gives us an idea of how to obtain this curve for a
particular cell in the test. In short, the cell is charged/discharged at a very small current
(C/30) and is assumed to be resting. In this way, the OCV relationship can be obtained.
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Figure 9: SOC versus OCV lookup table

Section 3.4 will provide a more detailed insight into this.

4.2.2 Coulomb counting

To use current as the primary estimator of SOC, recall the definition of SOC in Eq. (4.3)
and rewrite it into

zk+1 = z0 −
∆t

Q

k−1∑
j=0

ηjij

where z0 is the initial SOC. This is a precise method to estimate SOC, where the main
challenges lie in the precise measurement of the current, the precise estimates of the
coulombic efficiency η as well as the total capacity. The method is called coulomb count-
ing. If we take a closer look into the current, it comprises several components:

ij = itrue ,j + inoise ,j + ibias ,j + inonlin ,j − iself-discharge ,j − ileakage ,j

In Eq. (4.2.2), only the true current term itrue,j represents the true value of the current
while all other terms are errors that accumulate over time. The noise and nonlinear
errors are assumed to have zero mean, and they would not affect the expected value
of the SOC estimate. On the other hand, the bias, self-discharge, and leakage errors do
not follow a normal distribution, and thus they will accumulate over time to degrade
continually. Also, the uncertainty in the measurement error will lead to the growth of
the SOC estimate.

Besides, the coulomb counting method requires a precise initial voltage measurement
every time the algorithm starts working. However, this is not an easy task as the cell is
not always at rest initially, and the OCV method cannot apply. One may propose using
the SOC value from the last loop, but then self-discharge should be considered if the cell
has been at rest for a long time. However, coulomb counting is still widely applied in
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real-time systems as it is computationally efficient, simple, and relatively accurate.

4.2.3 Model-based method

Model-based methods use a cell model, voltage, and current measurements to estimate,
e.g., Luenberger observer, adaptive filter, particle filter, and sliding mode observer. Inputs
to the actual system are also fed into the proposed model to estimate unmeasurable
internal states. Also, by comparing the output estimates and the output measurements,
we can know whether or not the state estimate is accurate.

These methods are much more accurate and reliable than coulomb counting as some
of them can cancel out the effect of noise. They are also widely applied in real-time
systems as well. Nevertheless, they tend to be computationally intensive and require
additional laboratory tests to identify model parameters at varying ambient conditions.

In this thesis, the extended Kalman filter (EKF) is of particular interest and will be
discussed and implemented in Section 4.3.

4.2.4 Machine learning

Machine learning is a flexible and efficient approach for state estimation. Unlike the
model-based method, it does not require prior knowledge of the physical model. That
means no laboratory tests are needed to obtain the cell models. With data collected
directly from working cells, machine learning algorithms can learn their parameters and
return the fitting results. Table 6 summarizes approaches taken by various researchers
over the past few years. Methods, input features, and performances are listed.

Neural networks are likely the industry-leading machine learning technique because
of their relatively high accuracy compared to other machine learning methods. Hence,
they are widely used for battery state estimation. It is the nature of a BESS that it has
access to a large amount of data. The data can be collected in a small increment of
time as the battery develops and the neural network works well on data-rich systems
(Ng et al. 2020). In this thesis, recurrent neural network (RNN) with long short-term
memory (LSTM) cells are applied for SOC estimation, see Section 4.4.

A support vector machine (SVM) is a generalization of the random forest where the
functions trained are simultaneously classified in a multidimensional space rather than
split along one input direction. For an SVM to find the deterministic function that de-
fines the relationship between the independent variables and the dependent variables,
it needs to minimize the objective function.

Antón et al. (2013), Hu & Jain (2015) and Hu et al. (2014) used a support vector
machine to predict SOC of Li-ion batteries. With different feature selections, an absolute
error of 12.2%, 2.1% ,and 0.6% are obtained, respectively.

Gaussian process is a stochastic method that delivers a probability distribution of
possible predictions

p(y) = N(µ(x), σ2(x)) (4.4)

where it denotes a normal distribution with mean µ(x) and variance σ2(x). When the
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Table 6: Summary of recent work on machine learning for SOC estimation, adapted from
Ng et al. (2020)

Ref.
Method Feature set Error

(%)ANN SVM Gaus. Vol. Cur. Temp. Cyc. num. Cap.
Bermejo et al. (2018) × × × × 1.3

Sahinoglu et al. (2017) × × × × 0.8

Antón et al. (2013) × × × × 12.2

Tong et al. (2016) × × × × 3.8

Kang et al. (2014) × × × × 10

Hu et al. (2015) × × × 1.7

Wu et al. (2012) × × × × 3

Hu & Jain (2015) × × × × × 2.1

Hu et al. (2014) × × × × × 0.2

model receives the input, it computes the joint probability distribution of the fitting
functions and the training data. The capability of this method is similar to an actual
normal distribution: when the predictions are close to known training data, the model
is good at capturing such a similarity; when the predictions are further from the known
knowledge, the model’s uncertainty increases.

Sahinoglu et al. (2017) used Gaussian process regression to estimate the SOC of li-ion
batteries. The model chooses voltage, current and temperature as inputs feature and the
Gaussian processes are shown to estimate SOC within 0.8%.

When it comes to selecting the most appropriate machine learning algorithm, several
factors need to be considered, such as the amount of data, the quality of desired results,
and the physical interpretability of the model (Ng et al. 2020).

4.3 Extended Kalman filter

In this section, the EKF algorithm is first and foremost presented and discussed. Then,
both the method to identify the cell model and the dataset used for this thesis are briefly
introduced. Finally, the experiment results are presented and discussed.

This section on EKF theory is based on the works by Plett (2015b), Chapter 3. It is a
common approach in practice and can work well if the system’s nonlinearities are mild.
The EKF is based on the following two assumptions:

1. When computing estimates of the output of a nonlinear function, the EKF assumes
that the expected value of a nonlinear function of the unknown state is equal to
the same nonlinear function evaluated at the expected value of the state.

2. When computing covariance estimates, the EKF uses a truncated Taylor-series ex-
pansion to linearize the system equations around the present operating point.
Higher-order terms from the expansion are discarded. This is why the EKF works
best for systems with only mild nonlinearities.
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The nonlinear system representation is given as follows:

xk+1 = f(xk,uk,wk) (4.5)

yk = h(xk, uk, vk) (4.6)

Here, xk,uk, and yk denote states, inputs and output, respectively. Process noise wk and
measurement noise vk are assumed to be uncorrelated white Gaussian noise, with zero
mean and covariance matrices having the properties:

E
[
wnwT

k

]
=

 Σw̃, n = k

0, n 6= k;
E
[
vnvT

k

]
=

 Σṽ, n = k

0, n 6= k
(4.7)

The EKF comprises two main steps: prediction and correction. Each step consists of three
sub-steps.

Prediction step 1 - Priori state prediction update.
Using EKF assumption 1, the state prediction step is approximated as

x̂−k ≈ f
(
x̂+

k−1,uk−1, w̄k−1

)
(4.8)

we approximate the expected value of the new state by assuming that it is reason-
able to propagate x̂+

k−1 and w̄−k−1 through the state equation.

Prediction step 2 - Priori error covariance update.
The covariance-prediction step is accomplished by first making an approximation
for x̃−k :

x̃−k = xk − x̂−k

= f (xk−1,uk−1,wk−1)− f
(
x̂+

k−1,uk−1, w̄k−1

)
≈ Âk−1x̃+

k−1 + B̂k−1w̃k−1

(4.9)

Then we can find the prediction-error covariance:

Σ−x̃k
= Âk−1Σ+

x̄,k−1ÂT
k−1 + B̂k−1Σw̃B̂T

k−1 (4.10)

Prediction step 3 - System output prediction.
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Using EKF assumption 1, the system output is approximated by

ŷk ≈ h
(
x̂−k ,uk, v̄k

)
(4.11)

We approximate the expected value of the output by assuming that it is reasonable
simply to propagate the state prediction x̂−k and the mean sensor noise v̄k through
the output equation.

Correction step 1 - Kalman gain update
The output prediction error can be written as

ỹk= yk − ŷk

= h (xk,uk, vk)− h
(
x̂−k ,uk, v̄k

)
≈ Ĉkx̃−k + D̂kṽk

(4.12)

As the total derivatives are equal to the partial derivatives, we can compute the
following terms:

Σỹ,k ≈ ĈkΣ−x̃,kĈT
k + D̂kΣṽD̂T

k (4.13)

And the Kalman gain is computed with

Lk = Σ−x̃,kĈT
k

[
ĈkΣ−x̃,kĈT

k + D̂kΣṽD̂T
k

]−1
(4.14)

Correction step 2 - Posteriori state estimate measurement update
This step computes the state estimate by updating the state prediction using the
estimator gain and yk − ŷk.

x̂+
k = x̂−k + Lk (yk − ŷk) (4.15)

Correction step 3 - Posteriori error covariance measurement update
Finally, the updated covariance is computed as

Σ+
x̃,k = Σ−x̃,k − LkΣỹ,kLT

k (4.16)

For the ECM proposed in Chapter 3, the Âk, B̂k, Ĉk, D̂k matrices are computed analyti-
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cally from the Jacobian of the system representation

Âk =
∂

∂xk
f(xk,uk,wk) =

 1 0

0 ARC

 (4.17)

B̂k =
∂

∂wk
f(xk,uk,wk) =

 −ηk∆t
Q

1−ARC

 (4.18)

Ĉk =
∂

∂xk
h(xk,uk,vk) =

[
∂OCV(zk)

zk
− R1

]
(4.19)

D̂k =
∂

∂vk
h(xk,uk,vk) = −R0 (4.20)

4.4 Recurrent neural network (RNN) with long short-term memory (LSTM)

cells for SOC estimation

Long short-term memory (LSTM) is a recurrent neural network (RNN) architecture used
in natural language processing, speech recognition, and time series analysis. The in-
put/output data of a battery cell also belong to time series, and thus, time series analysis
approaches can be applied. In this thesis, we adopted RNN with an LSTM cell for SOC
estimation. Chemali et al. (2018) summarizes the following strengths of a LSTM-RNN
model compared to the EKF:

• The LSTM-RNN can map measurements (voltage, current, and temperature) di-
rectly to the SOC. Compared to adaptive filters, it takes less computational efforts.
• To establish a battery model for EKF, multiple laboratory tests are required, as

introduced in Chapter 3. Also, the tests are only valid for a specific temperature.
For various ambient temperatures, different tests should be performed. The LSTM-
RNN model can learn its network parameters by being fed training data, which the
BMS can easily obtain from practice in a short time duration. When temperature
is an input feature, one LSTM-RNN can learn to estimate SOC throughout various
different ambient temperature conditions.

4.4.1 RNN and LSTM

Traditional neural networks cannot capture the dependencies between time steps in
time series. However, by Eq. (4.3), the current has an accumulative effect on the cell
SOC. Neural networks with no memory functions are not ideal in this regard. As shown
in Fig. 10, where xk, yk are the inputs and outputs, the loops in the RNN architecture
enable information to be passed from one step to the next. If the RNN is unrolled, it can
be thought of as multiple copies of the same network, each passing the information to
a successor. This chain-like nature reveals that RNNs are closely related to sequences,
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Figure 10: RNN architecture (Olah 2015)

which means they are suitable for SOC estimation.
However, the typical RNN suffers from short-term memory. If an input sequence is too

long, the network will not be able to carry information from earlier time steps to later
ones. In other words, RNN is not capable of learning long-term dependencies. Proposed
by Hochreiter & Schmidhuber (1997), the LSTM aims to solve this problem.

Figure 11: LSTM node (Olah 2015)

Fig. 11 shows the structure of a LSTM cell. It comprises three gates: forget gate,
input gate, and output gate. The forget gate decides what information to discard and
what to leave. It looks at hk−1 and xk, and returns a number between 0 and 1 with the
sigmoid function σ(x) = (1 + e−x)−1. A one represents "completely keep this" and a zero
represents "completely discard this". The function is written as

fk = σ(Wxfxk + Whfhk−1 + bf) (4.21)

Here, Wxf and Whf denote the weights for the gate. A bias term bf is added at the gate
to increase the network’s flexibility to fit the data.

The input gate layer decides which values we will update. Next, a tanh layer creates
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a vector of new candidate values, C̃k, that could be added to the state. In the next step,
we will combine these two to create an update to the state.

ik = σ (Wxixk + Whihk−1 + bi) (4.22)

C̃k = tanh (WxCxkWhChk−1 + bC) (4.23)

The current state Ck is updated based on the previous state Ck−1 and the new candi-
date value C̃k.

Ck = fkCk−1 + ikC̃k (4.24)

Finally, the output gate decides what it is going to output. The sigmoid function
decides which parts of the cell state to output, and the cell state is passed through tanh
and multiplied by the output.

ok = σ(Wxoxk + Whohk−1 + bo) (4.25)

hk = oktanh(Ck) (4.26)

4.4.2 Data pre-processing

In this thesis, we only use the ten drive cycles at 25°C for SOC estimation. As opposed to
the traditional method that divides the entire dataset into, e.g., training set: validation
set: test set = 0.7:0.15:0.15, the network is trained by feeding one drive cycle at a time.
Specifically, seven drive cycles (US06, NN, HWFT, and mixed cycles 1-4) are used as
the training set, while one drive cycle (UDDS) is used as the validation set and one
drive cycle (LA92) as the test set. This method is commonly performed for training RNN
models, as the consistency of a sequence is of vital importance. Each drive cycle has a
length of over 100 000 time steps, and a personal laptop cannot process such a massive
amount of data. This is why not all ten cycles are used in the experiment.

Furthermore, the data are standardized to have a zero-mean and a variance of one.
It is done by:

x′ =
x− µ
σ

(4.27)

where µ is the mean value of the data and σ is the variance. It helps to accelerate the
convergence speed.

4.4.3 Implementation

In this thesis, the Deep Learning Toolbox on MATLAB is used in conjunction with a
GeForce GTX 1050Ti graphics card on a personal laptop. Limited by the performance
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of the graphics card, a high number of hidden units is not permitted, and thus the per-
formance of the networks may not be optimal.

Fig. 12 illustrates the architecture of a LSTM-RNN for regression. The network com-
prises three layers: the input layer, the LSTM layer, and the output layer. The input layer
receives sequential data and feeds them to the LSTM layer. The output layer receives fit-
ting results from the LSTM layer and feeds back the error to start a new training epoch.

Figure 12: LSTM-RNN topology for SOC estimation

The sequence input layer takes the input sequence with the specified number of fea-
tures, which is 2 (voltage and current) in this thesis. The LSTM outputs the hidden state
and the cell state. As we want the output SOC to be a sequence instead of just one value,
we should set the output mode of the LSTM layer to ’sequence’. The output layer per-
forms a linear transformation on the hidden state hk to obtain a single estimated SOC
value at time step k. This is done as follows:

zk = Wouthk + by (4.28)

where Wout and by are the fully connected layer’s weight matrix and bias, respectively.

4.4.4 Networks training

When the data are ready, we can start training our networks. As we only use data at
25°C, the temperature is not used as an input feature. The objective is to estimate SOC
based on the input sequence of voltage and current. The hyperparameters that need to
be tuned include
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• the maximum epochs,
• the minimum batch size,
• the initial learning rate,
• the number of hidden layers, and
• the L2 regularization rate.

It is easy to determine the maximum epochs as the performance of the networks does
not improve significantly after a certain number of epochs, which in this case, around
80. The minimum batch size decides how "efficient" the program will be, and a larger
minimum batch size enables the networks to process more data simultaneously. A com-
mon choice for it will be 32, 64, or 128. A high initial learning rate would allow the
networks to converge faster, but at the same time, it may be difficult for the networks
to find the optimal parameters to minimize the cost function. One alternative would be
using a piecewise learning rate schedule, where the learning rate drops by, e.g., 0.1 time
after 50 epochs. It ensures the networks can converge quickly at the beginning of the
training and that the optimal solutions can be found towards the end.

The number of hidden nodes directly determines the performance of the networks,
the computational complexity, and the training time. A higher number of hidden nodes
increase the complexity of the networks, but it does not necessarily mean the perfor-
mance will improve simultaneously. The networks may encounter an overfitting problem
once the number of hidden nodes is too high, while a number of hidden nodes that is
too low will result in underfitting. At the same time, L2 regularization prevents over-
fitting, while it would also lead to underfitting when the L2 regularization is too high.
Therefore, it is tricky to find the proper hyperparameters for the networks.

One efficient way to tune the hyperparameters is using the validation set as an indi-
cator. During the training process, the networks act on the validation set and return the
errors on the training set and the validation set. If the validation error deviates a lot from
the training error, the networks are overfitting/underfitting. The advantage of using a
validation set is that we do not have to wait until the entire training process ends, and
we can know the performance of the networks as the training is in the process.

4.5 Results and discussion

4.5.1 Matrics

The following three matrics are used to evaluate the models throughout the thesis.

Mean absolute error (MAE)

The MAE is defined as

MAE =
1

n

n∑
i=1

|yi − ŷi|
yi

× 100 (4.29)
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where yi is the measurements, ŷi is the estimates, and n represents the total number of
samples.

Root mean square error (RMSE)

With the same scale as MAE, the RMSE reflects the deviation in errors. It is defined as

RMSE =
1

n

n∑
i=1

|yi − ŷi|2 (4.30)

Coefficient of determination (R2)

R2 measures how well the model explains the observed variability in the target vari-
able. R2 ranges from 0 to 1 where a value of 1 indicates the model can explain all the
variabilities of the target class. It is given as

R2 = 1−

n∑
i=1

(yi − ŷi)
2

n∑
i=1

(yi − ȳ)2

(4.31)

where ȳ represents the mean of measurements.

4.5.2 EKF results

With the OCV relationship and the model parameters determined in Section 3.4, we can
start implementing the EKF. The EKF implementation is based on the ESC toolbox from
Plett (2015a). Before entering the main loop, an initialization step is required to load
the cell model and the drive cycle data, and to create initial states and initial covariance
values. The covariance values are the tuning parameters that have a great effect on the
results. After initialization complete, we enter the main program loop. It takes voltage,
current, and temperature as inputs, executes the EKF algorithm step by step, and returns
the SOC estimate as well as the output estimate at the current time step.

Fig. 13 shows the LA92 drive cycle used for testing the EKF. The cell began in a fully
charged state and completed the drive cycle test at around 5% SOC, and the ambient
temperature is 25°C.

Fig. 14(a) compares the estimate by the EKF and the measurement, and Fig. 14(b)
shows the estimation error over time. The estimation MAE is 0.27%, and the RMSE
is 0.52%. The error is outside of error bounds 5.0% of the time, and it occurs at the
beginning of the process. It can be seen from the figures that the EKF has an good
capability of tracking the actual SOC within an acceptable error bound.

The EKF is further performed on nine drive cycles at an ambient temperature of 25°C.

34



(a) Voltage measurements (b) Current profile

(c) Capacity

Figure 13: LA92 drive cycle recorded at an ambient temperature of 25°C

Table 7 summarizes the MAE and RMSE for each drive cycle, and the average MAE and
RMSE are 0.64% and 0.77%, respectively.

Table 7: EKF performance for nine drive cycles

Drive Cycle MAE (%) RMSE (%) Drive Cycle MAE (%) RMSE (%)
LA92 0.27 0.52 HWFTb 0.61 0.78

US06 1.14 1.07 Mixed cycle 1 0.19 0.44

UDDS 0.29 0.54 Mixed cycle 2 0.88 0.94

NN 0.45 0.67 Mixed cycle 3 0.76 0.87

HWFTa 1.18 1.09 Average 0.64 0.77

Although the EKF gives a satisfying estimation result, there are still flaws with this
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Figure 14: EKF performance for LA92 drive cycle

method compared to machine learning. It takes extra laboratory work to collect data for
system identification, while machine learning can map the voltage, current, and tem-
perature directly to SOC. Also, the tuning of parameters takes a considerable amount
of time, and they significantly impact the performance. Machine learning also requires
tuning, but the process is relatively easy as only the hyperparameters need to be tuned.

Nevertheless, EKF is still a commonly applied state estimation method for nonlinear
systems. Chpater 5 power limit estimation and Chapter 7 fault detection are based on
the EKF developed in this chapter.

4.5.3 LSTM-RNN results

The learning curve, which indicates the performance of the training process, is shown
in Fig. 15. The figure shows that the overall error and loss are low, and the validation
error matches the training error. This proves that the networks have an excellent ability
to estimate SOC without overfitting/underfitting.

After the training process is finished, we use the test set data (LA92 drive cycle) to test
the performance of the networks. Fig. 16(a) shows the SOC estimates by LSTM-RNN and
by EKF, as well as the measurement values. Fig. 16(b) shows the error using LSTM-RNN
over all time steps. The MAE of LSTM-RNN is 0.84%, and the RMSE is 1.0%. Both EKF
and LSTM-RNN give a satisfying performance in estimating SOC. However, if we take a
closer look at the curve, we can find that although the EKF can track the measurement
value better than LSTM-RNN, its output keeps a static error at all times.

Given that a BESS can obtain a considerable amount of data, the machine learning
method seems natural for SOC estimation. The LSTM-RNN model provides a competi-
tive performance compared to EKF, and by its nature, it is a very suitable method in the
machine learning family. Also, in traditional techniques like KF, the model parameters
must be identified via laboratory experiments, and the covariance matrices need to be
determined. The LSTM-RNN model can learn the network parameters with actual oper-
ating data, freeing engineers from tuning the models themselves. Overall, this section
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Figure 15: The learning curve for the LSTM-RNN model

showcases the theory behind the LSTM-RNN model and its competitive performance on
actual data compared to EKF.

Nevertheless, there are still several unanswered questions in this thesis:

• The effect of temperature is not considered during the system identification pro-
cess and the network training. The algorithms are only performed at 25°C, and
therefore, further study can focus on building battery models and training the net-
works at various temperatures.
• The amount of data is not enough to consider cell aging and degradation. Usually,

a Li-ion battery has a cycle life from 500 to 1000, while the cycles provided in the
dataset are independent and short. In other words, this dataset is not suitable for
SOH estimation.
• The dataset used in this chapter is not for marine applications. Compared to bat-

teries in an EV, batteries on a vessel or an ROV have a higher C-rate to handle the
complex environment, and their performance will be different. Unfortunately, up
to date, there is not public dataset for marine Li-ion batteries.

4.6 Summary

In this chapter, we first introduce the definition of SOC and the ECM of battery cells.
Then, four methods for SOC estimation are presented, and the Kalman filter and ma-
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Figure 16: LSTM-RNN performance for SOC estimation

chine learning become the main focuses in this chapter. For the Kalman filter, it is es-
sential to perform two tests to identify the battery cell model. The performance of the
Kalman filter on the Panasonic 18650PF dataset shows an MAE of 0.32% and an RMSE
of 0.56%. An LSTM-RNN model is also implemented and tested on the same dataset,
giving an MAE of 0.84% and an RMSE of 1.01%. Further experiments, using temper-
ature as an input feature, could shed more light on the effect of temperature on SOC
estimation.
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Chapter 5

Power Limit Estimation

A power limit contains information about how quickly energy can be added to or re-
moved from the battery pack without violating a set of design constraints (Plett 2015b).
A power output that is too low for a battery pack will decrease its performance, while
a power output that is too high will accelerate its aging. Therefore, there exists a trade-
off between the performance and the expected lifetime. To compute the power limit is
essentially to optimize this trade-off.

One common way to impose these constraints is by limiting the terminal voltage, as
the BMS can obtain it directly. The other is to include SOC-based limits in addition to the
voltage-based limits. This chapter will focus on how to calculate the power limit using
two different methods.

5.1 Hybrid pulse power characterization (HPPC) using a simplified model

Figure 17: Simplified battery model from Plett (2015b)
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Section 5.1 and 5.2 are based on the work of Plett (2015b) and Frankforter et al.
(2020). HPPC is a standard method to estimate power limits. This method uses a sim-
plified model, as shown in Fig. 17. The terminal voltage can be expressed as

vk = OCV(zk)− ikRk (5.1)

By rearranging the terms we have

ik =
OCV(zk)− vk

Rk
(5.2)

If we constrain the voltage to its minimum design voltage vmin, the discharge power is
then expressed as

pdis,k = vkik = vmin
OCV(zk)− vmin

Rk
(5.3)

The Rk is essentially the equivalent series resistance R0. However, if we want to find
the maximum discharge power, it is crucial to model a larger Rk value. The HPPC method
aims at finding the Rk by applying pulses.

Figure 18: HPPC voltage

As shown in Fig. 18, a constant current pulse idis is applied to the cell for a duration
of ∆T = 10s, resulting in a decrease in the cell voltage ∆vdis. The cell stays at rest after
the pulse and waits for the next to come. The discharge resistance over the ∆T = 10s

duration is computed as:

Rdis,∆T =

∣∣∣∣∆vdis

idis

∣∣∣∣ (5.4)
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So, by setting Rk = Rdis,∆T, we can compute the maximum discharge current and max-
imum discharge power as

idis,volt
max,k =

OCV(zk)− vmin

Rdis,∆T
(5.5)

pdis,volt
max,k = vminidis,volt

max,k (5.6)

As the dataset from Chemali et al. (2018) contains HPPC tests at different tempera-
tures, we will use this simple method to estimate maximum power in Section 5.3.

5.2 Enhanced HPPC using an ECM model

The performance of the HPPC method can be improved by using the ECM model pro-
posed in Chapter 2. Depending on the constraints used, there are two different methods:
voltage-based and SOC-based.

5.2.1 Voltage-based estimation

During operation, the BMS estimates the power limits and communicates to the load-
management system. If the battery pack acts as the sole power source, such as in an all-
electric ferry, the load controller must ensure that the power limits are not violated, even
if it means a loss in performance. Suppose the battery pack is one of many power sources.
In that case, the load controller uses the maximum limits from the battery management
system as part of its strategy to blend the capabilities of the two sources intelligently to
satisfy the load requirements while optimizing some performance criteria (Plett 2015b).

In applications, the power limit is not estimated at each time instant, as the true
available power does not change rapidly. A slowly-varying power limit can avoid abrupt
changes in the battery pack load. More importantly, instead of an instantaneous estimate,
a predictive estimate of power is preferred so that the system can make a load plan over
a near-future time horizon. Therefore, the estimate of power limit over the next ∆Ts
is of particular interest. At this point, one may notice that the power limit pmax is most
likely provided by the manufacturer. However, we need to adopt a more conservative
strategy to provide a power range for redundancy to absorb a short-term exceedance.
That explains why the power limit should be estimated even though the maximum power
is known.

However, the computation is done more frequently than every ∆Ts. This approach
is called overlapping moving-window. It acts as a low-pass filter and can smooth the
estimates.

Before introducing the algorithm, the following notations and assumptions are re-
quired. We denote:

• Cell terminal voltage at time instant k by vk; where design limits vmin ≤ vk ≤ vmax
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must be enforced;
• Cell current at time k, where imin ≤ ik ≤ imax is enforced;
• SOC at time k by zk, where zmin ≤ zk ≤ zmax is enforced;
• Cell power at time k by pk, where pmin ≤ pk ≤ pmax is enforced;

The HPPC method uses a simplified battery model with only an OCV and equiva-
lent series resistance. To obtain higher accuracy, Plett (2015b) improved the method by
including the diffusion voltage.

Now, recall the ECM in Chapter 2. Its discrete-time state-space model is

 zk+1

iR,k+1

 =

 1 0

0 ARC

 zk

iR,k

+

 −ηk∆t
Q

1−ARC

 ik.

vk = OCV(zk)− R1iR1,k − R0ik

The cell voltage ∆Ts into the future can be expressed by

vk+∆T = OCV(zk+∆T)− R1iR1,k+∆T − R0ik+∆T (5.7)

where OCV(zk+∆T),R1iR1,k+∆T can be computed by the state function. In this case, the
state function is linear. By assuming ik = ik+∆T, we have

xk+∆T = A∆Txk +

∆T−1∑
j=0

A∆T−1−j

Bik (5.8)

The approach aims at finding two values: idis, volt
max,k , which represents the maximum dis-

charge current at time instant k, using voltage-based method; and ichg,volt
min,k , which repre-

sents the minimum charging current at time instant k, using the same method. ichg,volt
min,k is

the numerical solution of ik to the following equality:

vmax − vk+∆T = 0 (5.9)

Similarly, to compute idis,volt
max,k , we need to find an ik such that the following equality is

satisfied:
vmin − vk+∆T = 0 (5.10)

where vmin, vmax are provided by the manufacturer.
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5.2.2 SOC-based power limit estimation

Cell SOC is another alternative to estimate power limit. The SOC into the future ∆Ts is

zk+∆T = zk −
ηk∆T

Q
ik (5.11)

By rearranging the terms, we have

ik =
zk − zk+∆T

ηk∆T/Q
(5.12)

Thus, by enforcing the SOC constraints zmin ≤ zk ≤ zmax, the current constraints are
computed as

idis,soc
max,k =

zk − zmin

∆T/Q
(5.13)

i
chg, soc

min,k =
zk − zmax

η∆T/Q
(5.14)

where the coulomb efficiency ηk = 1 during discharging and ηk ≤ 1 when charging.
However, the SOC estimates always come with errors, and a more conservative power

limit estimate can be made by considering the errors. When using EKF, the confidence
interval of SOC estimation at time instant k is denoted by σz,k. A 3σz,k confidence interval
is assumed to be sufficient to include the true SOC estimate. Thus Eq. (5.13) and (5.14)
can be modified as

idis,soc
max,k =

(zk − 3σz,k)− zmin

∆T/Q
(5.15)

ichg,soc
min,k =

(zk − 3σz,k)− zmax

η∆T/Q
(5.16)

Once we obtain the cell current limits, we use the maximum/minimum value to compute
the power limit:

ichg
min,k = max

(
imin, i

chg,volt
min,k , ichg,soc

min,k

)
(5.17)

idis
max,k = min

(
imax, i

dis,volt
max,k , i

dis,soc
max,k

)
(5.18)

43



The charge and discharge power can be computed as

pchg
min,k = max

(
pmin, i

chg
min,kvk+∆T

)
(5.19)

pdis
max,k = min

(
pmax, i

dis
max,kvk+∆T

)
(5.20)

To compute the power limit of a battery back, assume it comprises Ns ≥ 1 cells con-
nected in series and Np ≥ 1 cells in parallel. Eq. (5.19) and (5.20) can be modified as

pchg
min,k = Npmax

(
Nspmin,

Ns∑
i=1

ichg
min,kv

(i)
k+∆T

)
(5.21)

pdis
max,k = Npmin

(
Nspmax,

Ns∑
i=1

idis
max,kv

(i)
k+∆T

)
(5.22)

5.3 Results and discussion

The proposed power limit design methods are tested with the short-term drive cycle
performance dataset from Chemali et al. (2018). For the Panasonic 18650PF cell used
in the test, the operational limits for voltage, current, SOC and power are summarized
in Table 8. The tests are performed on a cell level as the dataset lacks data for an entire
battery pack.

Table 8: Operational limits

Minimum Maximum
Voltage 2.5V 4.2V

Current -30A 30A

SOC 10% 90%

Power -∞ +∞

5.3.1 HPPC test

The HPPC data at 25°C is applied in the test. With Eq. (5.4), the average value for the
discharge resistance is Rdis,∆T = 38mΩ. Fig. 19(a) shows the design current limit. In
the first 875min, the rated current is lower than the designed current limit and restricts
the maximum power to 30A× 2.5V = 75W, as shown in Fig. 19(b). Subsequently, the
designed current limit takes over, and the power limit starts varying according to it. The
power profile throughout the test is lower than the power limit.
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(a) (b)

Figure 19: Power limit design using HPPC method

5.3.2 Enhanced HPPC test

(a) (b)

Figure 20: Power limit design using enhanced HPPC method

The UDDS drive cycle at 25°C is applied in the test. Instead of using the bisection
method to predict the maximum discharge current in Eq. (5.10), the states are first
computed with the EKF to simplify the process. The maximum current are shown in
Fig. 20(a), where the rated current is dominant in the first 230min. Subsequently, the
SOC-based maximum current takes over and the maximum power varies according to
it. The voltage-based maximum current contains noise, resulting from the noisy voltage
measurements.

Fig. 20(b) compares the power limit with the actual power profile. After around
300min, the power limit is lower than the actual power. For a BMS, a power control
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strategy should be applied to reduce the power so that the operational safety can be
ensured.

5.4 Summary

Enforcing power limits to the battery cells ensures safe operations. In this chapter, sec-
tion 5.1 introduced a standard method - HPPC - for power limits design. The HPPC
method is simple and straightforward, using a simplified battery model. Section 5.2 pro-
posed the enhanced HPPC method by including the ECM model presented in Chapter
2. Based on the constraints used, the enhanced HPPC method can be further classified
into voltage-based and SOC-based. Section 5.3 implemented the algorithms and pre-
sented the test results using the EKF and the dataset in Chapter 4. In summary, the
HPPC method provides a systematic approach to optimize the tradeoff between the bat-
tery performance and life.
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Chapter 6

State-of-Health Estimation and

Remaining Useful Life Prediction

Batteries in a BESS age and degrade over time due to undesired side reactions in the
cells. They will eventually reach a point where they no longer meet the performance
requirements of the battery, which is considered the end of life (EOL) of the battery.
Between a battery’s beginning of life and EOL, it is crucial to have knowledge regarding
the present degradation status of its cells. The state-of-health (SOH) estimation, also
known as health diagnosis, is the key to evaluate the present degradation.

The EOL of a battery is also referred to as failure. We usually want to replace the
battery for applications before failure occurs, as battery failure could result in degraded
capability, unavailable operation, downtime, and even a catastrophic occurrence. The
remaining useful life (RUL) prediction, also know as failure prognosis, is the key to pre-
dict battery failure. It requires the knowledge of the current and historical data, often
obtained from the SOH estimator, to forecast the system’s future state under certain
operating conditions.

In this chapter, the indicators of battery degradation are presented in Section 6.1,
as the degradation mechanisms will help us understand the diagnosis and prognosis
process. Section 4.2 shows the mainstream methods for both SOH estimation and RUL
prediction. Section 6.3 applies LSTM-RNN for SOH estimation and RUL prediction.

6.1 Battery degradation indicators

Total capacity and ESR can represent the degree of degradation of a battery cell. Typ-
ically, a cell is considered at EOL when its total capacity decreases below 80% of its
nominal capacity or when its ESR doubles (Li et al. 2019). We will use these two indi-
cators throughout the chapter, and a deeper understanding will help us how SOH and
RUL are evaluated. The following discussion is adapted from Plett (2015b) and Tran &
Fowler (2020).
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Figure 21: Two major factors that lead to degradation (Plett 2015b)

6.1.1 Total capacity Q

A battery cell’s total capacity decreases as it ages. For a Li-ion cell, two common factors
lead to degradation: undesired side reactions and structural deterioration.

The undesired side reactions consume lithium when the lithium transits from one
electrode to another. The consumed lithium is permanently removed from the cycle, and
thus the capacity decreases. Most side reactions occur during the charging process.

Structural deterioration of the electrode’s active materials also leads to degradation.
It eliminates lithium storage sites from one of the electrodes. A common cause that leads
to structural deterioration is a collapse of part of the crystal structure of the electrode.

Although there is no universally agreed-upon definition of SOH, in this chapter, we
define SOH using the total capacity as follows:

SOH =
Q

Qnom
× 100% (6.1)

where Q represents the total capacity of the cell at its current state and Qnom is the nom-
inal capacity which the manufacturer provides. Here, SOH is defined as a percentage. A
fresh battery is at 100% SOH, and 80% SOH indicates the EOL of the battery.

An accurate total capacity estimation is essential for SOC estimation when using
Coulomb counting. However, when using the Kalman filter, the SOC estimation is in-
sensitive to a poor total capacity estimate. The built-in feedback correction mechanism
is able to compensate for moderate errors in the total capacity estimate. This is another
advantage of using the Kalman filter.

6.1.2 Equivalent series resistance (ESR) R0

A battery cell’s equivalent equivalent series resistance (ESR) as it ages. A high value
of ESR will lead to degraded capability and hazards such as overheating. Here as well,
the primary reasons are undesired side reactions and structural deterioration. The side
reactions form resistive films on the surface of the active material particles that impede
the ionic conductivity. Structural deterioration cuts off the electronic pathways between
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particles and decreases the electronic conductivity.
An accurate estimation of the ESR is essential for SOC estimation using voltage-based

methods. However, similar to the total capacity, the Kalman filter can compensate for
moderate errors in the ESR estimate. For Coulomb counting, it does not have any effect.

6.2 Methods for SOH estimation and RUL prediction

Over the years, various SOH estimation and RUL prediction methods have been devel-
oped. Direct measuring methods include electrochemical impedance spectroscopy (EIS)
and hybrid pulse power characterization (HPPC). However, these methods are only suit-
able in laboratories. For in-situ applications, one common idea is to simulate the behav-
iors of cells based on cell models. Model-based methods, such as the Kalman filter and
particle filter, estimate the degradation indicators and SOH states. Aside from the ECM
model, electrochemical models are also used to study battery degradation.

Data-driven methods for health diagnosis and failure prognosis are becoming the
main focuses in recent years. Their advantages include flexibility and not requiring a
model. However, the acquisition of high-quality data in various operating conditions still
remains a problem.

6.2.1 Model-based methods

The Kalman filter is a universal method for both state and parameter estimation. In
Chapter 4, we implemented an EKF to estimate SOC, while in fact, we can modify the
EKF to estimate battery parameters such as total capacity Q and ESR R0 as well. Plett
(2015b) proposed the general framework for this purpose. Nevertheless, it is not imple-
mented in this thesis due to the limitations of the dataset we obtained.

The parameters vary slowly by assumption, and thus the parameter vector θk at time
instant k is modelled as

θk = θk−1 + rk−1 (6.2)

where rk−1 is a fictitious white noise with zero-mean. The model output equation can be
expressed as

dk = g(xk,uk, θ, ek) (6.3)

where g(·) is the output equation of the system model, and ek represents the sensor
noise.

There are two approaches to incorporate state and parameter estimation: joint esti-
mation and dual estimation. Joint estimation combines the state vector xk and parameter
vector θk to form augmented dynamics, while in dual estimation, the state dynamics ex-
plicitly includes the parameter vector. As they are not implemented in this thesis, for
further information, see Appendix B.

In addition to EKF, sigma point Kalman filter (SPKF), also known as unscented Kalman
filter (UKF) is another common choice for battery parameter estimation. In summary, for
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parameter estimation, the Kalman filter has the advantages of high accuracy and possi-
bility to be used as in-situ estimation. Its drawbacks include high computational effort
and requiring a model.

6.2.2 Data-driven methods

The computational complexity of using a nonlinear Kalman filter is relatively high. One
alternative is to use simple data-driven methods such as linear regression. Based on the
works of Plett (2015b) and Ng et al. (2020), the linear regression is summarized as
follows.

Recall Eq. (4.3) and we compute a cell’s SOC at time instant k2 > k1, where the state
at k1 is known.

zk2 = zk1 −
1

Q

k2−1∑
k=k1

ηkik (6.4)

Rearrange the terms to get

−
k2−1∑
k=k1

ηkik︸ ︷︷ ︸
y

= Q (zk2 − zk1)︸ ︷︷ ︸
x

, (6.5)

The structure becomes a linear equation y = Qx. With the values for x and y, we can
compute the estimates of Q with regression techniques.

However, in applications, these values are not certain as they both contain errors.
The ordinary least square (OLS) approach assumes there is no error on x and models
the data as y = Qx + ∆y, where ∆y represents the measurement errors. If we want to
include the process errors, we can adopt the total least square (TLS) approach which
models the data as y −∆y = Q(x−∆x), where ∆x represents the process errors.

In addition to total capacity, linear regression can also be used to predict RUL. Sever-
son et al. (2019) predicts the RUL of Li-ion cells after 100 charge/discharge cycles. The
input features include cycle number, voltage, current, and capacity. The prediction error
is 9.1%. The simple linear regression model does not require huge computational effort
and can be deployed in real-time devices.

Another common data-driven method for SOH estimation and RUL prediction is neu-
ral networks, which have already been introduced in Chapter 4, and thus are not dis-
cussed in detail in this chapter.

6.3 LSTM-RNN for SOH estimation and RUL prediction

The LSTM-RNN model is used again in this chapter for health diagnosis and failure
prediction. The theory, network topology, and hyperparameter training have already
been introduced in detail in Section 4.4, and thus are not elaborated on here.
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6.3.1 Dataset used

Figure 22: Capacity degradation of all cells (Severson et al. 2019)

The dataset for this chapter is from Severson et al. (2019). 124 LFP/graphite cells
(A123 system, model APR18650M1A, 1.1Ah nominal capacity, and 3.3V nominal volt-
age) were cycled in a battery test chamber until they reached EOL. Fig. 22 shows the
capacity degradation for the first 1000 cycles of all cells. Different fast-charging profiles
are applied to the cells, while the discharge condition remains identical.

During the test, voltage, current, and capacity are measured and recorded at each
time instant. In each cycle, when the cell is charged at 80% SOC, 10 pulses of ±3.6C
with a width of 30ms are imposed to obtain its internal resistance. Also, the IC/DV
analysis is performed in each cycle. The dataset contains up to 96700 cycles. With the
massive amount of data, this dataset is suitable for SOH estimation and RUL prediction.

However, this dataset still has its drawbacks. Although all cells are tested in a constant
temperature chamber, the temperature measurements for each cell are not "perfectly
reliable," as the thermal contact between the thermocouple and the cell can vary sub-
stantially, and the thermocouple sometimes loses contact during cycling. Also, the cells
are only tested at 30°C. The effect of temperature is not of interest in this dataset. De-
spite the massive amount of data, it does not contain OCV tests or dynamic tests, which
leads to difficulties in system identification. As a result, the EKF for parameter estimation
cannot be implemented in this thesis due to the lack of a comprehensive dataset.

6.3.2 Incremental capacity/differential voltage (IC/DV) analysis

The incremental capacity/differential voltage (IC/DV) analysis provides a non-destructive
means of characterization of cells and has been widely used for aging mechanism iden-
tification and online SOH estimation. The IC is calculated by differentiating the change
in battery capacity to the change in terminal voltage for a sufficient small-time interval.
At the same time, the DV is defined as the inverse of IC (Li et al. 2019). By differenti-
ating, the voltage plateaus in charge/discharge curves are transformed into identifiable
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Figure 23: IC curve of one cell from the fresh state to EOL

peaks/valleys in IC/DV curves. The peaks and valleys have their own physical meanings.
Valleys in the DV curve indicate phase transitions in the electrodes, while valleys in the
IC curve represent the location of a phase equilibrium. The value and location of each
peak are essential features containing the aging information of the cell.

Fig. 23 shows the IC curve of one cell in the dataset used. As the cell ages from fresh
state to EOL, the valley values (minima) increase, and the corresponding locations on
the voltage axis decrease. For different cell chemistries, the curves may have various
shapes with multiple peaks/valleys. In that case, all peaks/valleys can become features,
although the extracting process will be more difficult.

The IC/DV analysis has several advantages. It is easy to implement in a BMS for on-
line SOH estimation by monitoring only two parameters, voltage and charge/discharge
capacity. Specifically, IC is more suitable for online SOH estimation. In real-life appli-
cations, batteries are not necessarily charged/discharged in full cycles. DV requires a
complete cycle, whereas IC can work for partial charging/discharging conditions. Also,
IC/DV analysis can all be applied regardless of cell types, sizes, and chemistries.

On the other hand, the drawbacks of IC/DV analysis are significant. For chemistries
with large voltage plateaus (e.g. LFP), the dV approximates to zero when using two-
point numerical differentiation, yielding results of infinity. Also, it is sensitive to mea-
surement noise, and thus smoothing techniques are required to obtain smooth curves
(Li et al. 2019).

6.3.3 Data pre-processing

The data are divided into training set: validation set: test set = 0.8: 0.1: 0.1. A random
number generator is used to divide dataset to ensure it is evenly divided. The entire
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dataset contains three batches, but the first batch contains several errors, and thus only
the second and the third batches are used for testing. The data pre-processing program
extracts the minima and the minima location in IC curves, as well as the discharge
capacity and the ESR. It then computes the RUL. The cycle number, minima, and the
minima location are used as input features, while discharge capacity, ESR, and RUL
are to be estimated. Techniques such as standardization are also used to accelerate the
convergence speed.

The dataset does not explicitly provide RUL, so we need to compute it. As we know
the cycle life of each cell, the RUL is defined as

RUL = cycle life− current cycle number (6.6)

6.3.4 Implementation

The Deep Leaning Toolbox on MATLAB is used to implement the LSTM-RNN. The ar-
chitecture of the networks is shown in Fig. 24. The amount of data is smaller than in
the SOC estimation. Although it enables a higher number of hidden units, it turns out
overfitting is a major problem once the number of hidden units exceeds 20. In SOC es-
timation, the number of hidden units is 120. The difference tells us that the IC curve
contains such a massive amount of aging information that it does not require a complex
model to explain the relationships. Also, the data used here is less noisy than in the
SOC estimation. This explains why the LSTM-RNN here requires less hidden units. The
hyperparameters are summarized in Appendix A.

Figure 24: LSTM-RNN topology for estimating/predicting total capacity, ESR and RUL
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6.4 Results and discussion

The results for one of the nine cells in the test set are presented in Fig. 25. Table 9
summarizes the performance. Overall, these results indicate that the proposed LSTM-
RNN has a good capability in evaluating battery health. However, we can also see that
the LSTM-RNN performance in the first 10 cycles is not ideal. For SOH, the error is up
to 10% in the first few cycles, while for RUL, the error is near 600. However, in real
applications, these estimates are not the only numbers we rely on. Cycle number, which
indicates how many cycles the battery has had, is also important when replacing the
battery. For instance, a human operator is unlikely to replace a battery with an estimated
SOH of 70% if that battery is only on its third cycle. Such a phenomenon can be improved
by initialization techniques, which are out of the scope in this thesis. Despite the poor
performance in early life, the LSTM-RNN shows a better performance towards the EOL,
particularly in RUL prediction. This is helpful for operators to decide when to replace
the battery.

Table 9: LSTM-RNN performance for SOH&ESR estimation and RUL prediction

MAE RMSE R2

SOH 0.62% 0.99% 0.99

ESR 0.14mΩ 0.19mΩ 0.98

RUL 64.70 100.99 0.89

The proposed LSTM-RNN for SOH estimation and RUL prediction adopts a different
strategy from adaptive filters such as EKF and SPKF: it does not return an estimate at
each time step. It is believed the battery health does not decrease rapidly, and evaluating
the battery state at each time step would only consume computational resources and
provide little information. The proposed LSTM-RNN evaluates the battery health at each
cycle, using a few features that the BMS can easily obtain. Besides, the networks contain
only a small number of hidden units. The factors mentioned above significantly decrease
the computational effort, thus making the method promising for deployment in real
applications.

Nevertheless, there are still unanswered questions in this thesis:

• The entire experiment was conducted at 30°C, and there is no available data at
different temperatures. Also, due to the loose thermal contacts between the ther-
mocouples and the cells, the temperature measurements are not perfectly reliable.
As a result, the effect of temperature remains unclear.
• Alternatively, the LSTM-RNN is able to perform sequence-to-one computation. For

each cycle, the voltage and current sequences can be used as input features, return-
ing a total capacity/ESR/RUL estimate. In that case, the networks only use basic
measurements to evaluate battery health. Further study can focus on this aspect.
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(a) SOH estimation performance (b) SOH estimation error

(c) ESR estimation performance (d) ESR estimation error

(e) RUL prediction performance (f) RUL prediction error

Figure 25: LSTM-RNN performance
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6.5 Summary

In this chapter, the indicators of battery degradation were presented in Section 6.1, and
the definition of SOH based on the total capacity was proposed. Section 6.2 introduced
two major categories of methods for SOH estimation and RUL prediction: model-based
methods and data-driven methods. The LSTM-RNN was again employed to evaluate
battery health in Section 6.3. Results show that the LSTM-RNN is a powerful tool for
both battery health diagnosis and prognosis with various advantages. Further study can
focus on the effect of temperature and on using basic measurements such as voltage and
current to evaluate battery health.
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Chapter 7

Fault Detection

Safe battery operation can extend the service life of a BESS, and avoid property and
human loss. BMS plays an important role in this regard. An important function of the
BMS is fault detection, also known as fault diagnosis, which can come from extreme
operating conditions, sysyem failure, manufacturing flaws, or battery aging (Wei et al.
2019).

This chapter is organized as follows. Section 7.1 summarizes common faults and
analyzes the corresponding causes and consequences. Section 7.2 introduces two cate-
gories of fault detection methods: model-based methods and non-model-based methods.
A model-based fault detection algorithm - the GLR algorithm - is presented in Section
7.3 and implemented in 7.4.

7.1 Types of fault in a Li-ion BESS

Based on the location of the faults, Li-ion BESS faults can be classified into internal
faults and external faults. The mechanisms and failure modes are beyond the scope
of the works, and thus they are not discussed in this section. Tran & Fowler (2020) and
Helgesen et al. (2019) summarize a number of faults in a Li-ion BESS, and the discussion
below is based on their works.

7.1.1 Internal faults

Internal faults occur within the cell. They are difficult to detect as the mechanism within
a Li-ion cell is still not fully understood (Tran & Fowler 2020). Typical internal battery
faults include overcharge, overdischarge, internal and external short circuit, overheat-
ing, and excessive cold.

• Overcharge. Overcharge occurs when a battery exceeds its recommended maxi-
mum voltage. It is one of the most likely faults that can occur. When a battery
is overcharged, internal temperature rises, and the electrolyte is at higher risk of
breaking down into its gaseous constituents. It can lead to accelerated degradation
and thermal runaway. Also, for a sealed battery, the buildup of gases can cause the
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Table 10: Summary of faults in a Li-ion BESS

Faults Causes Indicators Consequences

Overcharge
Sensor faults,

inaccuarte SOC estimate,
short circuit

SOC,
temperature

Thermal runaway,
accelerated degradation

Overdischarge
Sensor faults,

inaccurate SOC estimate,
short circuit

SOC
Accelerated degradation,

short circuit

Overheating
Cooling system faults,
cell conenction faults,

internal/external short circuit
Temperature Thermal runaway

Excessive cold Low ambient temperature Temperature
Efficiency decreasing,
formation of dendrites

Internal
short circuit

Melting, cell deformation,
dendrite formation,
compressive shock

Internal
resistance

Cell bursting,
thermal runaway

External
short circuit

Water immersion,
collision deformation

Excessive
current

Excessive discharge,
cell bursting,

thermal runaway

Sensor faults
Sensor degradation,

connection faults
High residual

signal

Overcharge,
overdischarge,
overheating,

cooling system faults

Cooling system
faults

Cooling motor or fan failure,
temperature sensor faults,

broken fuse

High cell
temperature Thermal runaway

Cell connection
faults

Vibration and corrosion
of the terminals

Increase in
cell resistances Overheating
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battery to burst. Common causes for overcharge include the capacity variation of
cells in the pack, incorrect voltage or current measurement, inaccurate SOC esti-
mation from the BMS, or a short circuit producing an excessive charge current.
• Overdischarge. Similar to overcharge, overdischarge occurs when a battery drops

below its recommended minimum voltage. It can also lead to accelerated degrada-
tion and decomposition of the electrodes within the battery, which imposes a risk
of short circuit. Causes for overdischarge are similar to overcharge, and thus BMS
plays an important role in protecting the battery from overcharge and overdis-
charge.
• Overheating. A Li-ion battery can overheat when an alternator’s voltage regulator

fails, sending a high amount of voltage back to the battery. An internal and external
short circuit can produce an excessive current and result in overheating of the
battery. Overheating can lead to a significant capacity loss and the breakdown of
the internal materials.
• Excessive cold. A battery operating below its rated temperature will result in resis-

tance increasing, efficiency decreasing, and formation of dendrites. Lower temper-
ature thresholds vary widely between different cell chemistries and manufacturer
recommendations should be followed closely.
• Internal short circuit. A short circuit in Li-ion batteries can occur both internally

and externally. An internal short circuit occurs when the insulating separator layer
between the electrodes fails. This failure of the separator can be attributed to melt-
ing due to high temperature, cell deformation, the formation of dendrites, or com-
pressive shock. It could lead to the buildup of off-gas and thermal runaway. Unlike
most other faults that show clear symptoms, an internal short circuit is not de-
tectable by the BMS, making it the largest threat to a Li-ion battery system.
• External short circuit. An external short circuit often occurs when the tabs are

connected directly or by a low resistance path. Water immersion and collision de-
formation can also lead to an external short circuit. The consequences of an ex-
ternal short circuit include excessive discharge of energy, thermal runaway, and
buildup of off-gas. External short circuits can be prevented by passive electrical
protections such as fuses and breakers.

7.1.2 External faults

As opposed to internal faults, external faults occur outside the cell, and thus it is easier to
detect external faults than internal faults. External faults can have a significant effect on
the other functions of the BMS and lead to internal faults. Typical faults include sensor
faults, cooling system faults, and cell connection faults.

• Sensor faults. Reliable sensors ensure safe battery operation and proper perfor-
mance. Therefore, it is essential to have a reliable sensor fault diagnostic scheme.
A battery cell is generally equipped with a voltage sensor, a current sensor, and a
temperature sensor, and each sensor has its independent techniques for fault di-
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agnosis. Several scenarios can lead to sensor faults: vibration, collision, electrolyte
leakage, loose battery terminals, or corrosion around the battery sensor. A sensor
fault can lead to incorrect state estimation and thus hinders the BMS functions.

The temperature sensor is a key component in the battery system as it provides
temperature measurements for the BMS and the thermal management system. All
faults mentioned in this section will ultimately lead to thermal runaway in the
worst case scenario, making the temperature sensor an important component in
preventing thermal runaway. A temperature sensor fault can lead to overheating,
accelerated degradation, cooling system faults, and even thermal runaway.

Voltage and current measurements from the voltage and current sensors are
essential for state estimations, as mentioned in Chapter 4 and 6. Therefore, voltage
and current sensor faults can lead to inaccurate state estimates and consequently
overcharge, overdischarge, and faulty control actions in the BMS. The method to
detect voltage sensor faults is presented and implemented in Section 7.4.
• Cooling system faults. The cooling system helps heat dissipation and ensures

the battery remains at working temperature. Several scenarios can lead to cooling
system faults, such as cooling motor or fan failure, temperature sensor faults, or
a broken fuse. A cooling system fault is among the most severe external faults
that could occur to a battery system as it directly affects the system’s thermal
performance and ultimately leads to thermal runaway.
• Cell connection faults. As the name suggests, cell connection faults result from

a poor electrical connection between the cell terminals. Vibration and corrosion
of the terminals will generally lead to this type of fault. Consequently, the cell
resistance increases and the BMS gives an uneven balancing current, leading to
overheating the cell. Cell connection faults are easy to detect with voltage and
temperature sensors.

7.2 Fault detection methods for Li-ion BESS

Fault detection methods for Li-ion BESS can be classified into two categories: model-
based and non-model-based. Model-based methods include state estimation, parameter
estimation, parity space, and structural analysis (Tran & Fowler 2020), while state esti-
mation is the main focus of this thesis. Implementation of EKF-based voltage sensor fault
detection is presented in Section 7.4. Non-model-based methods comprise signal pro-
cessing and machine learning. The methods apply to both external and internal faults.

Some faults mentioned in the last section, e.g., external short circuit, are easy to de-
tect as the symptom is straightforward. In this example, an excessive current represents
the occurrence of an external short circuit. Passive methods, such as fuses and breakers,
can respond faster and minimize the potential damage. Therefore, instead of building
complex models and developing time-consuming algorithms to detect such faults, it is
better to use simple methods. In the following part, only faults that are difficult to detect
are considered.
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7.2.1 Model-based methods

Figure 26: Schematic for model-based fault detection

Fig. 26 shows the main principle of model-based methods. For a battery cell, the
input and output are generally current i(k) and terminal voltage v(k). Provided the
same input, the model, which is a state estimator in this case, can also return an output
voltage v̂(k). The residual r(k) = v(k)− v̂(k) is used to detect fault. If we assume the
current sensor functions properly and the model is correct, when r(k) is beyond the pre-
defined range, it indicates a voltage sensor fault. In Section 7.4, we will further discuss
how to determine this range with generalized likelihood ratio test (GLRT). Besides, as
a state estimator can estimate the SOC, an accurate SOC estimation can also prevent
overcharge and overdischarge.

Other battery models can be applied to detect various faults. Alavi et al. (2013)
proposed a particle-filtering-based estimation technique to detect plating of metallic
lithium for Li-ion batteries. They used an electrochemical model to the algorithm, and
this method is effective in detecting Li plating. However, an electrochemical model is
computationally intensive, making it unrealistic for real-time applications.

Model-based methods can quickly detect and isolate a fault in real-time but require
high modeling accuracy (Tran & Fowler 2020). Further research should focus on battery
failure modes to develop a precise yet efficient battery model.

7.2.2 Non-model-based methods

Non-model-based methods include signal processing and machine learning. These meth-
ods can avoid the difficult requirements for battery modeling and improve the fault de-
tection accuracy. But they generally require a huge amount of fault data, and very often
it is not available. Particularly in the marine sector, the data are usually confidential. As
of now, there is no available public dataset in the marine sector for fault detection. Also,
these methods are often computationally intensive, and therefore, they are impractical
for real-time applications in BMS. In recent years, different machine learning methods
are implemented for fault detection, such as fuzzy logic (Muddappa & Anwar 2014),
random forest (Yang et al. 2018), and neural networks (Zhao et al. 2017).
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7.3 Fault detection algorithm

Recall the voltage residual r(k) = v(k)− v̂(k) (Fig. 26). By intuition, a voltage sensor
fault occurs when r(k) exceeds a certain threshold; this is a straightforward but not
practical method, as the voltage sensor is affected by noise and its output fluctuates
over time. Thus it is difficult to determine the threshold. Blanke et al. (2006) proposed
a statistics-based framework which uses a decision function for fault detection and the
following discussion is based on their works.

Two types of algorithms aim to solve the fault detection problem: cumulative sum
(CUSUM) and generalized likelihood ratio (GLR). Both algorithms rely on Neyman-
Pearson’s method. The CUSUM can detect known changes, while GLR focuses on un-
known changes. Each algorithm can be further classified into scalar and vector cases
depending on the number of fault indicators. The change is usually unknown for a volt-
age sensor fault, and the voltage residual is the only indicator. With regards to this, the
scalar GLR algorithm is introduced and implemented in this thesis. A formal problem
statement is first presented in this section.

7.3.1 Problem statement

Before introducing the GLR algorithm, we need to give a formal problem statement.
Given a sequence of independent random variables r(1), ..., r(k) with probability density
function pθ(x) depending on one scalar parameter θ. Choose at time instant k between
the following two hypotheses:

H0(the nominal case) : θ = θ0 for 1 ≤ i ≤ k

H1(the faulty case) : θ = θ0 for 1 ≤ i ≤ k0 − 1 and θ = θ1 for k0 ≤ i ≤ k, where

the time instant k0 is unknown.

Without a detailed definition, a decision function and the threshold are denoted as
g(k) and h. At each time instant, make the following decisions:

if g(k) ≤ h accept H0

if g(k) > h accept H1 .

When H1 is accepted, ka = k is the instant when fault occurs. The objective of the
algorithm is to find a sequence of ka. Next on, we will introduce how to define g(k) as
well as how h is determined.
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7.3.2 The generalized likelihood ratio (GLR) algorithm

Let j be a hypothetical change time, the log-likelihood ratio between H0 and H1 with
k0 = j is given as

Λk
1(j) =

j−1∏
i=1

pθ0(r(i))

k∏
i=j

pθ1(r(i))

k∏
i=1

pθ0(r(i))

(7.1)

The cumulative sum of log-likelihood ratios is written as:

Sk
j (θ1) = lnΛk

l (j) =
k∑

i=j

ln
pθ1(r(i))

pθ0(r(i))
(7.2)

The optimal decision function for this problem is

g(k) = max
1≤j≤k

max
θ1

Sk
j (θ1) (7.3)

The maximization in Eq. (7.3) is performed over all possible time instants, and this will
significantly increase the computational effort as time elapses. Therefore, we restrict the
computation to the last M time instants. The hypotheses are rewritten as:

H0 : θ = θ0 for k−M + 1 ≤ i ≤ k,

H1 : θ = θ1 for k−M + 1 ≤ i ≤ k.

The corresponding decision function is denoted as gM(k):

gM(k) = max
k−M+1≤j≤k

max
θ1

Sk
j (θ1) (7.4)

where M is termed window length.
For a change in the mean of a Gaussian sequence, gM(k) takes the following form:

gM(k) =
1

2σ2M

[
k∑

i=k−M+1

(r(i)− µ0)

]2

(7.5)

where σ and µ0 denote the variance and the mean of the sequence, respectively. The
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proof is provided in Appendix C.1.
So far, we have derived the expression for the decision function, but the threshold h

and the window length M remain unknown. Limited by space, the procedure to design
these two parameters can be found in Appendix C.2. The GLR algorithm is summarized
as follows:

GLR algorithm

Given:

1. A sequence of data r(1), ..., r(k) with probability density function pθ(r) de-

pending on the scalar parameter θ.

2. A threshold h and a window length M.

At each time instant k:

Compute gM(k) with Eq. (7.5). If gM(k) > h, generate an alarm and provide

the time instant ka = k.

Return:

A sequence of alarm time instants ka.

Figure 27: Residual distribution
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7.4 EKF-based voltage sensor fault detection

Based on the EKF developed in Chapter 4, we implement the GLR algorithm to detect
voltage sensor faults. First, we need to confirm the residual r(k) = v(k)− v̂(k) follows
a Gaussian distribution. The drive cycle used in this section is also LA92. The voltage
measurement, estimates using EKF, and the residual are presented in Fig. 28(a) and (b).

Fig. 27 shows that we can approximate the residual distribution as a Gaussian distri-
bution, with mean µ0 = 0.0198 and standard deviation σ = 0.1369. We use subscript 0
for nominal case, and 1 for faulty case.

As there are no faults in the original data, we need to create some by manipulating the
data. Let the voltage sensor fault occur between 25.0 and 25.3 min, and we multiply the
voltage measurement data by 1.1 to create faults. The voltage data after manipulation
are shown in Fig. 28(c) and (d). The mean of faulty voltage µ1 = −0.403.

(a) Voltage measurement vs estimation using EKF (b) Voltage residuals

(c) Voltage measurement vs estimation using EKF
after manipulation

(d) Voltage residuals after manipulation

Figure 28: Manipulation of data to mimic voltage sensor faults
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After we compute the statistics of the data, with the GLR design process, we obtain
both the threshold h = 9.2 and the window length M = 5. With these statistics and pa-
rameters, we can start testing the algorithm.

Figure 29: GLR algorithm test results

In the main loop of EKF, g(k) is computed at each time instant k > 5 using Eq. (7.5).
Once gM(k) > h, the program sends an alarm along with the current time instant ka.
An array alarm is used to store the alarm signal. The gM(k) value over all time instants
is shown in Fig. 29. The faulty voltage begins at time instant k = 15000 and ends at
k = 15200, while the alarm signal begins at k = 15003 and ends at k = 15203. The re-
sults show that the GLR algorithm provides a systematic approach for fault detection.
Although the window technique can decrease computational effort, it also introduces
time delay when detecting the fault and when the fault is clear, which in this case is
0.3s. Blanke et al. (2006) also provides the approach to estimate the fault occurrence
time. However, the fault occurrence time is likely unnecessary, and requires a significant
computational effort. In this thesis, the precise fault occurrence time is not considered,
and the short time delay is within the acceptable range. Therefore, the fault occurrence
time estimation is not implemented.

7.5 Summary

For a Li-ion BESS, faults can be categorized into internal faults and external faults. Sec-
tion 7.1 summarized common faults and analyzed the corresponding causes and conse-
quences. Section 7.2 introduced two categories of fault detection methods: model-based
methods and non-model-based methods. A model-based fault detection algorithm - the
GLR algorithm - was presented in Section 7.3 and implemented in 7.4.

In simple residual analysis methods, when the residual r(k) exceeds a specific value,
the system returns an alarm. However, these methods fail to consider measurement
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noise, and the threshold is designed empirically. The GLR algorithm provides a system-
atic approach to detect faults in a stochastic system, and the parameters are designed
based on statistics. The test results proved the algorithm’s capability in detecting voltage
sensor fault, and it seems promising to apply it in actual Li-ion BESS.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

The short-term drive cycle performance dataset contains experimental data, including
drive cycle tests, OCV tests, dynamic tests, and HPPC tests. The OCV test and dynamic
test are used for battery model parameter identification, while the drive cycle tests are
used for SOC estimation with two methods. The model-based method - EKF - achieves
a low MAE of 0.64% on nine drive cycles, while the machine learning method - LSTM-
RNN - has an MAE of 0.84% on the test set. Both methods show good performance in
SOC estimation, but they both have strengths and weaknesses. The states and output
estimation of the EKF can be further applied in power limit estimation and fault detec-
tion. Also, over the years, it has been widely applied and approved in practice. However,
its model parameters need to be identified under the system identification framework,
which requires additional laboratory tests and workload. In contrast, the LSTM-RNN
can map raw measurement data directly to SOC without a battery model. Also, it is
the battery system’s nature that it can collect a massive amount of data in a short du-
ration, and thus machine learning methods have the potential to be used in practice.
However, unlike the EKF can also be applied to power limit estimation and fault detec-
tion, the LSTM-RNN proposed here is limited to SOC estimation. For specific purposes,
customized LSTM-RNN should be established.

The HPPC test in the dataset is used for power limit estimation. This thesis showcases
how power limit can be determined using the HPPC test data with a simplified ECM and
drive cycle test data with a complete ECM. An accurate power limit estimation ensures
a safe and optimal operation of the batteries.

Another dataset used in this thesis is the long-term degradation dataset. 124 cells are
cycled until the EOL in this dataset, and thus it is ideal for battery health diagnosis (SOH
estimation) and failure prediction (RUL prediction). The proposed LSTM-RNN uses a
small number of input features from IC analysis and delivers high accuracy. For SOH
estimation, the networks achieve an MAE of 0.62%, and for RUL prediction, the MAE is
64.7 cycles. The small number of input features, the accessibility to these features during
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each cycle, and the simple network structure make LSTM-RNN a promising method in
practice.

Fault detection is another focus of this thesis. Various faults that can occur in a Li-
ion BESS are investigated and presented. Combined with the EKF proposed earlier, the
GLR algorithm is introduced and implemented to detect voltage sensor faults. As there
are no faults in the original dataset, the voltage data are manipulated to simulate a
voltage sensor fault. The algorithm provides a systematic approach for residual analysis.
By restricting the computation to a specific window length, the computational effort
significantly decreases, and the algorithm is able to detect voltage sensor fault with a
short time delay of 0.3s.

8.2 Future work

Although the obtained results are equally applicable, it is still preferred to use available
data from the marine industry. Also, due to the particularities of the datasets, a different
dataset is used for SOH estimation and RUL prediction. This makes it impossible to
consider the cell aging effect when estimating SOC. Also, it reduces the consistency of
the thesis to a certain extent. If possible, future research work needs to be conducted in
one dataset from the marine industry.

In addition, the effect of temperature is not taken into account for both SOC and SOH
estimation in this thesis due to the lack of time. Future experiments using a broader
range of temperature could shed more light on the effect of temperature.

Moreover, due to the lack of fault data, the faults are manipulated manually to test the
algorithm. Future research should apply data obtained from practice for fault detection
if possible.
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Appendix A

Hyperparameters for neural

network training

Table 11: LSTM-RNN hyperparameters for SOC estimation

Hyperparameters Value

Number of hidden units 120

Maximum epochs 100

Minimum batch size 256

L2 regularization factor 0.001

Initial learning rate 0.005

Learning rate drop period 50

Learning rate drop factor 0.1
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Table 12: LSTM-RNN hyperparameters for SOH estimation and RUL prediction

Hyperparameters Value

Number of hidden units 15

Maximum epochs 300

Minimum batch size 64

L2 regularization factor 0.001

Initial learning rate 0.01

Learning rate drop period 150

Learning rate drop factor 0.1
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Appendix B

Joint extended Kalman filter (JEKF)

for state and parameter estimation

This method is adapted from Plett (2015b), Chapter 4.
The state-space model is written as:

 xk

θk

 =

 f (xk−1, uk−1,wk−1, θk−1)

θk−1 + rk−1

 (B.1)

yk = h (xk,uk, vk, θk) (B.2)

where states, parameters, and output are denoted as xk, θk, yk, respectively. wk, rk and
vk are independent, Gaussian noise processes with means w̄, zero, and v̄, and covariance
matrices Σw̃,Σr̃, and Σṽ, respectively. Let Xk =

[
xT

k , θ
T
k

]T
, Wk =

[
wT

k , rT
k

]T and Σ
W̃

=

diag (Σw̃,Σr̃), we have

Xk = F (Xk−1, uk−1,Wk−1) (B.3)

yk = h (Xk, uk, vk) (B.4)

Define the following variables:

Âk = dF(Xk,uk, Wk)
dXk

∣∣∣
Xk=X̂+

k

B̂k = dF(Xk,uk,wk)
dWk

∣∣∣
Wk=Wk

Ĉk = dh(Xk,uk,vk)
dXk

∣∣∣
Xk=X̂−

k

D̂k = dh(Xk,uk,vk)
dvk

∣∣∣
vk=v̄k

(B.5)
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Initialization: for k = 0, set

X̂+
0 = E [X0] (B.6)

Σ+
X̃,0

= E
[(

X0 − X̂+
0

)(
X0 − X̂+

0

)T]
(B.7)

Main loop: for k = 1, 2, ..., compute:

State estimate time update: X̂−k = F
(
X̂+

k−1, uk−1,Wk−1

)
(B.8)

Error covariance time update: Σ−
X̃,k

= Ak−1Σ+
X̃,k−1

AT
k−1 + B̂k−1Σ

W̃
B̂T

k−1 (B.9)

Output estimate: ŷk = h
(
X̂−k ,uk, v̄k

)
(B.10)

Estimator gain matrix: Lk = ΣX̃,kĈT
k

[
ĈkΣX̃,kĈT

k + D̂kΣṽD̂T
k

]−1
(B.11)

State estimate meas. update: X̂+
k = x̂−k + Lk (yk − ŷk) (B.12)

Error covariance meas. update: Σ
X̃,k

+ = ΣX̃−
k −Lk

Σỹ,kLT
k

(B.13)
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Appendix C

The GLR algorithm

C.1 Proof of gM(k) for the change of mean in a Gaussian sequence

Given: a Gaussian sequence r(k) with independent and identically distributed incre-
ments.
Prove: the decision function gM(k) takes the form:

gM(k) =
1

2σ2M

[
k∑

i=k−M+1

(r(i)− µ0)

]2

Proof:
For a Gaussian sequence, the cumulative sum of log-likelihood ratios is written as:

Sk(µ1) =
k∑

i=j

ln
pθ1(r(i))

pθ0(r(i))
=
µ1 − µ0

σ2

k∑
i=k−M+1

(
r(i)− µ1 + µ0

2

)
(C.1)
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To maximize Sk(µ1) with respect to µ1, we need to find ∂Sk(µ1)
∂µ1

= 0.

∂Sk (µ1)

∂µ1
=

1

σ2

k∑
i=k−M+1

(
r(i)− µ1 + µ0

2

)
− µ1 − µ0

σ2

M

2
= 0

⇒
k∑

i=k−M+1

r(i)−
k∑

i=k−M+1

µ̂1 + µ0

2
− (µ̂1 − µ0)

M

2
= 0

⇒
k∑

i=k−M+1

r(i)− (µ̂1 + µ0)
M

2
− (µ̂1 − µ0)

M

2
= 0

⇒ µ̂1 =
1

M

k∑
i=k−M+1

r(i)

Substitute µ̂1 into C.1, and yield

Sk (µ̂1) =
1

σ2

(
1

M

k∑
i=k−M+1

r(i)− µ0

)
k∑

i=k−M+1

(
r(i)− 1

2

(
1

M

k∑
i=k−M+1

r(i) + µ0

))

Note that

k∑
i=k−M+1

1

M

k∑
i=k−M+1

r(i) =

k∑
i=k−M

r(i),

1

M

k∑
i=k−M+1

µ0 = µ0

Thus we have

max
µ1

Sk(µ1) = Sk(µ̂1) =
1

2σ2M

(
k∑

k−M+1

(r(i)− µ0)2

)
(C.2)

gM(k) = max
µ1

Sk (µ1) = gM(k) =
1

2σ2M

[
k∑

i=k−M+1

(r(i)− µ0)

]2

(C.3)
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C.2 GLR design methodology

The objective is to design the threshold h and window length M to meet a given proba-
bility PF of false alarm, and a probability PD of detection of a change in mean from µ0

to µ1.
Denote the log-likelihood taken over a window length M by SM,

SM(k) =

k∑
i=k−M+1

ln
pθ1(r(i))

pθ0(r(i))

=
1√
Mσ

[
k∑

i=k−M+1

(r(i)− µ0)

]

Note that SM(k) = 2
√

g(k), and it has the following probability:

p (SM(k)) = N (0, 1) under H0

p (SM(k))= N

(√
M (µ1 − µ0)

σ
, 1

)
under H1

The probability law for gM(k) is given by

p (2gM(k)) = χ2
1 under H0 (C.4)

p (2gM(k)) = χ2
1

(
M (µ1 − µ0)2

σ2

)
under H1 (C.5)

where χ2
1(x) denotes the chi-square distribution with one degree of freedom with the

non-centrality parameter x.
To enforce the given probabilities of false and correct detection, they are given as:

PF = P (g > h | H0) =

∫ ∞
h

p (g | H0) dg (C.6)

PD = P (g ≥ h | H1) =

∫ ∞
h

p (g | H1) dg (C.7)

where p(2g | H0) and p(2g | H1) denote the probability density function of the test func-
tion, 2g, conditioned on H0 and H1, respectively. Accounting to the previously deter-
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mined probability density functions C.4 and C.5, yield:

∫ ∞
2h

pχ2
1
(X)dX = α (C.8)∫ ∞

2h
pχ2

1

(
X;

M (µ1 − µ0)2

σ2

)
dX = β (C.9)

If data are available for bothH0 andH1 cases, the cumulative density functions F(gM | H0; M

and F(gM | H1; M can be estimated from these data for different values of the window
length M. From these cumulative density functions, the threshold h and window length
M can be determined to achieve a required probability of false alarm α and a required
probability of correct detection β. They can be expressed as:

α = 1− F (h | H0; M)⇒ h = F−1(1− α; M) (C.10)

β = 1− F (h | H1;µ1,M)⇒ M = F−1 (1− β;µ1, h) (C.11)

Hence it is possible to determine a window size that provides a desired probability of
detection.
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