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ABSTRACT

The focus of this dissertation is on using optimization and Bayesian inference
in model-based decision making. We discuss two problems: (a) optimal battery
charging and battery life management; (b) fault diagnosis using probabilistic graphical
models. In the first part of this thesis, we address the optimal charging problem
using a two-time-scale algorithm which performs fast-charging at the lower-level (fast
time-scale), while managing the battery life at the higher-level (low time-scale). At the
lower-level, we derive optimal charging algorithms for Li-ion batteries using equivalent
electrical circuit models and quadratic optimization approaches. The objective function
is considered as a linear combination of time-to-charge, energy-loss, temperature rise
index, and any other arbitrary function of state-of-charge (SOC). A generic algorithm,
which is applicable to any equivalent electrical circuit model of a battery, is derived
for calculating the optimal current profile. At the higher-level, we propose a battery
life management algorithm to determine the optimal values for the control parameters
of the charging process, namely, maximum allowable current and maximum allowable
terminal voltage. As a precursor to the battery life management algorithm, we propose

two new battery capacity fade models that are shown to be statistically superior to
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the bi-exponential capacity fade model. In the second part of the thesis, we consider
the fault diagnosis problem using probabilistic graphical models. We discuss the
Detection-False Alarm (DFA), the Leaky Noisy OR (LNOR), and the logistic regression
(LR)-based test models. Here, we prove the equivalence of DFA and LNOR test models.
Then, we propose a unified test model that includes both the LNOR and the LR
test models as special cases, and derive a Maximum a posterior: solution for the
multiple fault diagnosis problem based on the unified test model using the Lagrangian

relaxation method and deriving a dual cost function for the problem.



Optimization and Bayesian Inference in
Model-based Decision Making

Ali Abdollahi

M.S., Electrical Engineering, Ferdowsi University of Mashhad, 2002

B.S., Electrical Engineering, Ferdowsi University of Mashhad, 1999

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy
at the

University of Connecticut

2017



Copyright by

Ali Abdollahi

2017

1



APPROVAL PAGE

Doctor of Philosophy Dissertation

Optimization and Bayesian Inference in
Model-based Decision Making

Presented by
Ali Abdollahi, M.S. Electrical Engineering

Major Advisor

Krishna R. Pattipati

Associate Advisor

Yaakov Bar-Shalom

Associate Advisor

Shengli Zhou

University of Connecticut

2017

1l



To: my mother and my wife

v



ACKNOWLEDGMENTS

Now that I am in the last stages of preparing my PhD thesis, I would like to
spend some time to thank those who helped me during this journey. First, I would
like to thank my major advisor, Prof. Krishna R. Pattipati, who helped me prepare
this work. I love the moments that we discussed and I am thankful for his support,
guidance, and encouragement. I learned from him lessons of research and lessons of
life. T would like to thank my co-advisor, Prof. Yaakov Bar-Shalom, for his meticulous
reading of my papers and for his helpful comments. I would like to thank Prof. Shengli
Zhou for serving on my dissertation Committee.

I would like to thank Cyberlab students, Xu Han, Niranjan Raghunathan,
Manisha Mishra, Pujitha Mannaru, Rajeev Ghimire, David Sidoti, Lingyi Zhang, Gopi
Vinod Avvari, Bharath Pattipati, Donald McMenemy, and Spandana Vallabhaneni,
for the friendly environment that they provided in Cyberlab, and I would like to
especially thank Xu Han and Niranjan Raghunathan for their help in the optimal
battery charging project.

I would like to thank Michael Rauth, Bob Card, and Travis Williams from
Fairchild Semiconductor for the discussions that we had during the weekly telecon-
ferences. I would also like to thank the Department Head, Prof. Rajeev Bansal, the
Department Associate Head, Prof. John Chandy, and the administrative staff of the
Department, Mary P. McCarthy, Karen Kuca, Celine Goorahoo, and Dee Stolstrom

for their help.



Support from Fairchild Semiconductor, National Science Foundation (NSF),
UTC Chair Professorship and UCONN’s Academic Plan is gratefully acknowledged.
Finally, T would like to thank my family members who have always been
the source of support, encouragement and love. I would like to specially thank and

dedicate this work to my mother and my wife.

vi



Contents

Page

List of Figures. . . . . . . . . . . . . ix

List of Tables . . . . . . . . . . . . xiii

Ch.1. Introduction 1

1.1 Publications . . . . . . . . ... 4

1.2 Optimal Battery Charging and Battery Life Management . . . . . . . 6

1.2.1 Motivation . . . . . . ..o 6

1.2.2 Related Work . . . . . . . ..o 6

1.2.3 Challenges . . . . . . . . . . 7

1.2.4 Approach and Results . . . . . ... .. ... ... ...... 8

1.3 Multiple Fault Diagnosis using Probabilistic Graphical Models . . . . 8

1.3.1 Motivation . . . . . . ..o 8

1.3.2 Related Work . . . . . ... ... o 9

1.3.3 Challenges . . . . . . . . . . ... 10

1.3.4 Approach and Results . . . .. .. ... ... ... ...... 11

1.4 Contributions and Research Impact . . . . . . . ... ... ... ... 12

Ch. 2. Optimal Battery Charging 14

2.1 Imtroduction . . . . . . . . ... 14
2.2 Analytic Solution for Optimal Charging Current Profile for OCV-

Resistance Model . . . . . . . ... ... 16

2.3  Optimal Charging Problem Considering Temperature . . . . . . . .. 29

2.4 Linear Quadratic- Constant Voltage (LQ-CV) Strategy Formulation . 34

2.5 Simulations . . . . .. .. 44

2.5.1 Model I . . . . .. . . 45

Verification of the Optimal Solution . . . . . . . ... ... .. 45

Effect of Weights . . . . . . . .. .. ... 47

vii



2.6

Ch. 3.
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9

Ch. 4.
4.1
4.2

4.3

4.4

Ch. 5.
5.1
5.2
5.3

Temperature Effect . . . . ... ... ... ... ... ... . 51

Analysis of Different Commercial Batteries . . . . . . . . . .. 54
2.5.2 Model III . . . . . . . . .. 56

Effect of Weights . . . . . .. .. ... 0oL 26
SUMMATY . . . v v v e e e e 29
Capacity Fade Modeling 60
Introduction . . . . . .. .. oo 60
Aging Experiments . . . . . ... ... Lo 61
LAR-afy Model . . . . . .. . . 65
LS-BE Model . . . . . . . . .. . .. .. 65
Comparison of LAR-af8y Model and LS-BE Model . . . . ... ... 67
CVD Model . . . . . . . . 71
Comparison of CVD and LS-BE Models . . . .. ... ... ..... 73
Effect of Terminal Voltage and Current on Battery Capacity . . . . . 75
SUmMmary . . ... 7
Battery Life Management 78
Introduction . . . . . . ... 78
Fast Charging with Battery Life Management via Optimal Charging
Parameter Selection . . . . . . . . ... ... L 79
Numerical [llustration of Optimal Charging Parameter Selection . . . 87
4.3.1 Scenario 1 . . . . . . ... 88
4.3.2 Scenario 2 . . . . ... 90
4.3.3 Scenario 3 . . . . . ... 92
4.3.4 Scenario 4 . . . . ... 93
4.3.5 Scenario b . . . . ... 95
4.3.6 Scenario 6 . . . . . ... 96
4.3.7 Scenario 7 . . . . . ... 98
4.3.8 Scenario 8 . . . . . ... 99
4.3.9 Summary of Scenarios and Some Insights . . . . . . .. .. .. 103
SUMMATY . . . . o o o o e e 104
Fault Detection, Diagnosis and Prognosis 106
Introduction . . . . . ... 106
Static Multiple Fault Diagnosis . . . . . . . . ... ... ... .... 111
Dynamic Multiple Fault Diagnosis . . . . . . .. .. .. .. ... ... 127

viil



5.4 Fault Diagnosis in Active Probing (Sequential Fault Diagnosis) and

Fault Diagnosis Applications . . . . . . . .. . ... ... ... .... 132
5.5 Relevant Work . . . . . . . . ... 136
5.6 Summary . . ... 142
Ch. 6. Unification of Leaky Noisy OR and Logistic Regression Test
Models 145
6.1 Introduction . . . . . . . . .. ... 145
6.2 Equivalence of Detection-False Alarm (DFA) and Leaky Noisy OR
(LNOR) Test Models . . . . . . ... .. ... ... ... ...... 146
6.3 Logistic Representation of Test Models . . . . . . ... .. ... ... 150
6.3.1  Logistic Combinatorial Test Models . . . . . . ... ... .. 151
6.3.2 Restricted Logistic Test Model . . . . . . . ... .. ... ... 151
6.3.3 Logistic Regression Test Model . . . . . . ... .. ... ... 152
6.4 Unified Representation of Leaky Noisy OR and Logistic Regression Test
Models . . . . . . . . 154
6.5 Maximum A Posteriori (MAP) Inference for the Unified Test Model . 156
6.6 Simulation Results . . . . . . .. . .. ... ... 162
6.6.1 Comparison of the Leaky Noisy OR and Logistic Regression
Test Models . . . . . . . . ... .. . ... 162
6.6.2 Dual Cost Function and the MAP Estimate . . . . ... ... 166
6.7 Summary . . ... ... 168
Ch.7. Conclusion and Future Work 170
Appendices 179
Ch. A. OCYV and electrical parameters for commercial batteries 180
Ch. B. Temperature Modeling for OCV-Resistance Model 182
Ch. C. Derivation of the LQ-CV algorithm 189
Bibliography 201

X



List of Figures

1.0.1 Battery management system (BMS) block diagram . . . .. .. .. .. 2
2.2.1 OCV curve as a function of SOC . . . ... ... ... ... ... ... 18
2.2.2 Equivalent electrical circuit model I of battery . . . . . . ... ... .. 19
2.2.3 Equivalent electrical circuit model III of battery . . . . . . .. ... .. 19
2.2.4 Minimization of time and energy loss . . . . . . . .. ... .. ... .. 23
2.4.1 Equivalent electrical circuit model IIT of battery . . . . . . ... .. .. 34
2.5.1 Five different current profiles (including the optimal profile) . . . . . . 46
2.5.2  Five different current profiles: a) cost functions b) current levels in CC

stage ..o L 47
2.5.3 Current profiles for different valuesof py . . . . . . . ... ... 48
2.5.4 SOC profiles for different valuesof py . . . . . . . ... ... 49
2.5.5 Voltage profiles for different valuesof p, . . . . . . .. ... ... ... 49
2.5.6 TTC, El and efficiency curves for different valuesof p, . . . . . . . .. 50
2.5.7 TTC versus efficiency . . . . . .. .. .. . L 51
2.5.8 Current profiles for p; = 1, pr = 1 and temperature parameter set "A” . 53
2.5.9 Temperature profiles for p; = 1, pr = 1 and temperature parameter set ”A” 53
2.5.10 Time-to-charge versus efficiency of different battery types at 25°C . . . 55



2.5.11 Cost function for different battery types at 25°C, py =0.5. . . . . . .. 55

2.5.12 Current profiles for different valuesof py . . . . . . . .. ... .. ... 56
2.5.13 SOC profiles for different valuesof py . . . . . . . .. ... ... .. 57
2.5.14 Terminal voltage profiles for different valuesof p, . . . . . . . . . . .. o7
2.5.15 Current profiles for different valuesof pr . . . . . . . ... ... .. .. 58
3.2.1 A sample current profile (charge-rest-discharge-rest) . . . . . . .. . .. 64
3.2.2 Voltage profiles of 125 cycles (dataset 2) . . . . .. .. ... ... ... 64

3.5.1 Comparison of LAR-a/3y model and LS-BE model with 40 training samples 68
3.5.2 Comparison of LAR-afvy model and LS-BE model with 160 training

samples . ..o 68
3.5.3 MSE ratio of LS-BE to LAR . . . . . . ... ... ... ... ... 70
3.7.1 Comparison of LAR-avy model and LS-BE model with different fitting

data lengths. . . . . . . . .o 74
3.7.2 Relative error of LS-BE, and CVD models with respect to LAR-af8vy . . 74
3.8.1 Plot of 80 capacity curves with high resolution in voltage (20 values) and

low resolution in current (4 values) . . . . ... ... ... ... 76

3.8.2 Plot of 80 capacity curves with low resolution in voltage (4 values) and

high resolution in current (20 values) . . . . ... ... ... ... ... 76
4.1.1 Block diagram of level-I optimization (battery life management) . . .. 79
4.2.1 An example of normalized capacity as a function of cycle number . . . 81
4.2.2 Ilustration of Useful Cycle Life (UCL) . . .. ... ... ... ... .. 82
4.2.3 Tlustration of Virtual Present Cycle (VPC) . . . ... ... ... ... 83
4.2.4 Tlustration of Remaining Useful Cycle Life (RUCL) . . . . .. ... .. 84
4.2.5 Battery life management block diagram . . . . . .. ... ... ... 87

x1



4.3.1

4.3.2

4.3.3

4.3.4

4.3.5

4.3.6

4.3.7

4.3.8

4.3.9

Expected Useful Cycle Life (EUCL) for Scenario 1 infeasible strategies
are in red; optimal strategy isin green . .. .. ... ... ... .... 89
Expected Useful Cycle Life (EUCL) for Scenario 2 infeasible strategies
are in red; optimal strategy isin green . . . ... ... ... ... ... 91
Expected Useful Cycle Life (EUCL) for Scenario 3 infeasible strategies
are in red; optimal strategy isin green . . .. ... ... ... .. ... 93
Expected Useful Cycle Life (EUCL) for Scenario 4 infeasible strategies
are in red; optimal strategy isin green . . . ... ... ... ... ... 94
Expected Useful Cycle Life (EUCL) for Scenario 5 infeasible strategies
are in red; optimal strategy isin green . . . .. . ... ... ... ... 96
Expected Useful Cycle Life (EUCL) for Scenario 6 infeasible strategies
are in red; optimal strategy isin green . . ... .. ... .. ...... 97
Expected Useful Cycle Life (EUCL) for Scenario 7 infeasible strategies
are in red; optimal strategy isin green . . ... ... ... .... ... 99
Expected Useful Cycle Life (EUCL) for Scenario 8 infeasible strategies
are in red; optimal strategy isin green . . ... ... ... ... .... 100
Effect of power fade (increase in the series resistance) on the expected

useful cycle life (EUCL) of battery . . . .. ... ... ... ...... 101

4.3.10 Effect of capacity fade on the expected useful cycle life (EUCL) of battery 102

4.3.11 Effect of vyax and i, on power fade and capacity fade . . . . . . . .. 102
5.1.1 Tripartite digraph of fault diagnosis system . . . . . . . . ... ... .. 108
5.1.2 Modeling abstractions in fault diagnosis subsystems . . . . . . . .. .. 110
5.1.3 Perfect and imperfect relations of a failure source and a test outcome . 111
5.2.1 Some plots regarding the dual function . . . . . .. ... ... ... .. 123

xii



5.2.2

6.2.1
6.2.2

6.6.1

6.6.2

6.6.3
6.6.4
6.6.5
6.6.6

B.0.1

Dual cost function analysis . . . . . . . ... ..o 125

Detection-False Alarm (DFA) test model . . . . . ... ... ... ... 147
Leaky Noisy OR (LNOR) test model . . . ... ... ... .. ..... 147
Comparison of probability of ¢; is passed given x for the LNOR and the

LR test models . . . . . .. .. 164
Comparison of probability of £ is passed given x for the LNOR and the

LR test models . . . . . .. ..o 164
Comparison of Pr(7T = 11|x) Pr(x) for the LNOR and the LR test models 165
Comparison of Pr(7" = 11|x) Pr(x) for the LNOR and the LR test models 166

Dual cost function for the LNOR test model . . . . . . . . .. .. ... 167
Dual cost function for the LR test model . . . . . . . . . . .. . .. .. 167
Block diagram of temperature modeling . . . . . . . ... ... ... .. 186

xiil



List of Tables

2.5.1
2.5.2

3.2.1
3.2.2
3.2.3
3.5.1

3.5.2
3.6.1

4.3.1

4.3.2

4.3.3

Battery thermal paramters . . . . . . . . . ... oL

Cost function for different schemes . . . . . . . . . . . . .. ... ...

List of aging experiments . . . . . . . . ... ...
Description of charging profiles . . . . . . . .. ... ... .. .. ...
Description of discharge profile of Dischl . . . . . . ... ... ... ..
AIC differences of the LAR-a7y and LS-BE models and relative likelihood
of LS-BE model for all aging experiments . . . . . . ... .. .. .. ..
Parameters of LAR-af8y model for all experiments . . . . . . .. .. ..

Parameters of CVD model . . . . . . . . . ...

Expected Useful Cycle Life (EUCL), for Scenario 1: PC' = 50, Qpc = 0.96,
Ry =150m€2, and s, =050 . . . . . ..o
Expected Useful Cycle Life (EUCL), for Scenario 2: PC' = 50, Qpc = 0.99,
Ry = 150mS2, and s¢, =050 . . . . . ... L
Expected Useful Cycle Life (EUCL), for Scenario 3: PC' = 50, Qpc = 0.96,
Ry =150mS2, and s, =080 . . . . . . ... ...

Xiv

70
71
73

89

90



4.3.4 Expected Useful Cycle Life (EUCL), for Scenario 4: PC' = 50, Qpc = 0.96,

Ry =200mS2, and s¢, =050 . . . . ... 94
4.3.5 Expected Useful Cycle Life (EUCL), for Scenario 5: PC' = 50, Qpc = 0.96,

Ry =250mS2, and s¢, =050 . . . . . ..o L 95
4.3.6 Expected Useful Cycle Life (EUCL), for Scenario 6: PC' = 50, Qpc = 0.96,

Ry =300m2, and s, =050 . . . .. ... 97
4.3.7 Expected Useful Cycle Life (EUCL), for Scenario 7: PC' = 50, Qpc = 0.97,

Ry =150m€2, and s, =050 . . . . . ... 98
4.3.8 Expected Useful Cycle Life (EUCL), for Scenario 8: PC' = 50, Qpc = 0.98,

Ry =150m2, and s, =050 . . . .. ... 100
4.3.9 Scenarios: parameters and optimal policy . . . . . . . ... ... 103
6.3.1 Input and f;(x) for two failure sources and a single output . . . . . . . 152
A.0.1 Electrical parameters of model III for commercial batteries . . . . . . . 180
A.0.2 OCV parameters for commercial batteries . . . .. . ... ... .... 181

XV



Chapter 1

Introduction

The focus of this dissertation is on optimization and Bayesian inference in model-based
decision making. In the optimization part, our focus is on optimal battery charging.
Figure 1.0.1 shows the block diagram of a battery management system (BMS). The
battery fuel gauge (BFG) provides the charger with battery model parameters, battery
capacity estimate, battery usage statistics, and battery state-of-charge (SOC). The
charging process is considered as a two-level algorithm. In a higher level (level I), we
determine the optimal values for maximum allowable current and maximum allowable
terminal voltage of the battery. In a lower level (level II), we find the optimal charging

current with respect to an objective function.
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Voltage (v) . Model Parameters (R, R1,C1,...) Level T
. Battery : : Battery
Current (i) . Fuel Capacity Estimate (Q) Life
Gauge Management
Temperaﬁure (T) Battery Usage Statistics (v,i, T, DOD,...) Algorithm
Batter : Time Seale: Day/Week
(AR o .
Battery S0C (s[k]) Level I1
Optimal
Battery
Charging
Optimal Charging Profile (i[k]) Algorithm

Time Scale: Charging Event

SOC: State of Charge
DOD: Depth of Discharge

FIGURE 1.0.1: Battery management system (BMS) block diagram

At the lower level (level IT), using equivalent electrical circuit models of the
battery, we formulate the charging problem as a constrained optimization problem
with an objective function that is a combination of three sub-objectives: time-to-charge
(TTC), energy loss (EL), and a temperature rise index (TRI); the constraints are
the battery dynamics, the maximum allowable terminal voltage, and the maximum
allowable current. We show that under if a simple model (composed of an Open-Circuit
Voltage (OCV) and a resistance) is used for the battery, the well-known Constant
Current-Constant Voltage (CC-CV) policy with the value of the current in the CC
stage being a function of the ratio of the weightings on TTC and EL, and of the
resistance of the battery, is the optimal charging profile. The optimal battery charging

problem is then formulated in its general form for any electrical model of the battery



and for a more general objective function (composed of weighted sum of TTC, EL,
TRI, and any function of the state-of-charge (SOC)).

At the higher level (level 1), as a precursor to formulating the battery life
management in terms of an optimization problem, we present two new models for
normalized battery capacity as functions of the number of cycles and two charge control
parameters, viz., maximum terminal voltage of the battery and maximum charge
current. These models are compared to a bi-exponential capacity model proposed in
the literature. The effectiveness of the proposed models for forecasting the battery
capacity is validated using experimental data and they are shown statistically to be
substantially more accurate than the bi-exponential capacity model. The new models
are used for battery life management by developing an optimal charging parameter
selection method, which provides the best setting values for the two control variables
to achieve a pre-specified desired “useful cycle life,” while attaining the fastest possible
time-to-charge.

In the Bayesian inference part, our focus is on the problem of fault diagnosis
in probabilistic graphical models. The fault diagnosis problem can be represented as
a tri-partite probabilistic graphical model. The first layer of this tri-partite graph is
composed of the components of the system, which are the potential sources of failure.
The health condition of each component is represented by a binary state variable,
which is zero if the component is healthy and one otherwise. The second layer is
composed of tests with binary outcomes (pass or fail), and the third layer constitutes
of the noisy observations associated with the test outcomes. The cause-effect relations
between the states of components and the observed test outcomes can be compactly
modeled in terms of detection and false alarm probabilities. This model, which uses

the concept of detection and false alarm probabilities, is referred to as the DFA test



model in this dissertation. The fault diagnosis problem is formulated as a maximum
a posteriori (MAP) inference problem, and a dual cost function of the resulting
optimization problem is derived. Another model, which is discussed, is the leaky
noisy OR (LNOR) test model. We prove that, for every DFA test model, there is
an equivalent LNOR test model. Thus, all the formulations involving the DFA test
model are applicable to the LNOR test model. Another model that is discussed is the
logistic regression (LR) test model. Then, a unified test model, which subsumes both
the LNOR and the LR test models as special cases, is developed. The MAP problem
for fault diagnosis for the unified test model is discussed and a dual cost function is

derived.

1.1 Publications

Publications to-date include: [5, 6, 11, 9, 10, 7, 8, 135].

1. A. Abdollahi, X. Han, N. Raghunathan, B. Pattapati, B. Balasingam, K.
R. Pattipati, Y. Bar-Shalom, and B. Card, “Optimal Charging for General
Equivalent Electrical Battery Model, and Battery Life Management,” Journal

of Energy Storage, vol. 9, pp. 47-58, 2017.

2. A. Abdollahi, X. Han, G. V. Avvari, N. Raghunathan, B. Balasingam, K. R.
Pattipati, and Y. Bar-Shalom, “Optimal battery charging, Part I: Minimizing
time-to-charge, energy loss, and temperature rise for OCV-resistance battery

model,” Journal of Power Sources, vol. 303, pp. 388-398, 2016.

3. A. Abdollahi, K. R. Pattipati, A. Kodali, S. Singh, S. Zhang, and P. B. Luh,

“Probabilistic Graphical Models for Fault Diagnosis in Complex Systems,” Part-I
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Ch. 5 in Principles of Performance and Reliability Modeling and FEvaluation,
Springer 2016. pp. 109-139.

. A. Abdollahi, K. R. Pattipati, “Probabilistic Graphical Models for Fault Prog-

nosis in Complex Systems,” in preparation, 2017.

. A. Abdollahi, K. R. Pattipati, “Unification of Leaky Noisy OR and Logistic
Regression Models and Maximum A Posteriori Inference for Multiple Fault
Diagnosis Using the Unified Model,” in International Workshop on Principles
of Diagnosis (DX), Denver, CO., Oct., 2016.

. A. Abdollahi, N. Raghunathan, X. Han, G. V. Avvari, B. Balasingam, K.
R. Pattipati, and Y. Bar-Shalom, “Battery charging optimization for OCV-
resistance equivalent circuit model,” in Proc. American Control Conference

(ACC), 2015, pp. 3467-3472.

. A. Abdollahi, N. Raghunathan, X. Han, B. Pattipati, B. Balasingam, K. R.
Pattipati, Y. Bar-Shalom, and B. Card, “Battery health degradation and optimal
life management,” in Proc. IEEE AUTOTESTCON, 2015, pp. 146-151.

. B. Pattipati, B. Balasingam, A. Abdollahi, G. V. Avvari, K. R. Pattipati, and
Y. Bar-Shalom, “Integrated battery fuel gauge and optimal charger,” In Proc.
IEEE AUTOTESTCON, 2014, pp. 260-269.



1.2 Optimal Battery Charging and Battery Life
Management

1.2.1 Motivation

The ever-increasing market for battery-operated smart devices and electric vehicles is
a catalyst for the efficient operation and health monitoring of batteries. In this vein,
researchers address this challenge, broadly, in two ways: optimal battery charging and
life cycle management. The latter requires the tracking of battery capacity. Although
the literature abounds with different charging methods and different capacity modeling
approaches (see the following subsection), to the best of our knowledge, no general
framework exists that considers both charging and life management of a battery. In
this thesis, this integrated battery charging and battery life management will be

discussed and a two-level algorithm for solving the problem is proposed.

1.2.2 Related Work

There are different approaches for charging batteries in the literature, including:
traditional methods of charging such as the constant trickle current charge strategy,
constant-current constant-voltage (CC-CV) [51], multi-step constant-current charging
[115], Taguchi-based methods [116, 187], boost charging [132], pulse-charging [153, 41,
42, 113], ant-colony based optimization of multistage constant current strategy [117],
optimal-control based approaches|77], neural network [148], Grey-predicted charging
system [43]. For a review of different charging methods, the interested reader may
consult [51], [102], [39], [175].

There are a number of capacity models in the literature, including bi-



exponential [82], physics-based electrochemical [114], [160], [152], and methods that
are based on support vector machines [136], relevance vector machines (RVM) [162],
sample entropy-based [85], extended Kalman filter [150], weighted total least squares
[151], and SOC lookup [59]. A robust real time capacity estimation approach based
on recursive least squares, total least squares, and OCV lookup has been proposed in
[21]. A good review of several capacity estimation techniques can be found in [201].

For more information on capacity fade, the interested reader may refer to [14], [205].

1.2.3 Challenges

One challenge in finding the optimal charging profile is that batteries are nonlinear
systems. The open-circuit voltage (OCV) of a battery is a nonlinear function of the
state-of-charge (SOC) of the battery. Another challenge is controlling the capacity
fade due to a charging profile. Capacity of a battery decreases with usage and the
amount of capacity fade depends on how the battery is charged and discharged. While
the discharge is out of designer’s control, the charging profile can be controlled. For
example, if the battery is charged with a low-level of current, its capacity fades more
slowly over time compared to a battery with the same characteristics, but charged
with high levels of current. The former requires longer charging times, while the latter
shortens the charging time at the cost of decreased battery life. A challenge in finding
the optimal charging profile is how to strike a balance between the speed of charge

and the life of a battery.



1.2.4 Approach and Results

In this thesis, we investigate a two-level control strategy for combined optimal battery
charging and battery life management. The low-level (level-IT) deals with the problem
of optimally charging the battery, given the control parameters of charging, viz.,
the maximum allowable current and the maximum allowable terminal voltage. A
combination of different cost functions is considered including: time-to-charge, energy
loss, and temperature rise index. For the battery, equivalent electrical circuit models
are considered [20, 21]. At the higher level of optimization (level-I), we consider the
optimal selection of control parameters of the charging process (maximum allowable
current and maximum allowable terminal voltage). These parameters greatly affect
the life of the battery. As a precursor to the level-I optimization strategy, we present
two models of normalized battery capacity (or, equivalently, capacity fade), one of
which as a function of the number of cycles and the two charge control parameters.
In the level-I optimization, we develop an algorithm for selecting the setpoints for the
control variables to achieve a pre-specified desired “useful cycle life”, while attaining

the fastest possible time-to-charge. This work was published in [5, 6, 11, 9, 10].

1.3 Multiple Fault Diagnosis using Probabilistic
Graphical Models

1.3.1 Motivation

Reliability is essential to system availability and critical to system performance, and it is

achieved in two phases: in design and development via design for performance reliability



and testability, and during system operation via fault diagnosis and maintenance.
Design process aims at increasing product performance and reliability, while reducing
the cost and time-to-market. The performance and reliability goals conflict with the the
need to reduce cost and time-to-market, and this imposes a trade-off on how reliability
and performance are achieved. Market pressures restrict the extent to which reliability
can be achieved during system design; after-market services, such as efficient fault
diagnosis, prognosis and condition-based maintenance, represent additional strategies
to improve system availability. The latter strategies are assuming greater significance
as systems are becoming complex with larger numbers of interacting components and
are networked with the attendant cross-subsystem fault propagation. As a result,
accurate methods of fault detection, diagnosis, and prognosis are in high demand in

industry.

1.3.2 Related Work

Traditional approaches to fault detection and isolation, as discussed in [191], include
“failure-sensitive” filters [101], [97], voting systems (for systems with a high degree of
redundancy in parallel hardware), multiple hypothesis filter-detectors [111], [15], [49],
jump process techniques [35], [34], and innovation-based detection systems [122], [124],
[165], [79], [192].

Data-driven approaches to FDD are used when the system models are
unavailable, but adequate data monitoring is available. Such systems are frequently
used when vendors of subsystems do not provide the details of the internal functioning
of their products in order to protect their intellectual property. To circumvent this

lack of product details, data-driven approaches utilize substantial monitoring data in



order to train a model that satisfactorily represents the black-box system. Recursive
identification [118], neural networks [68], [32] and machine learning methods [177],
[159] are among the data-driven techniques.

Knowledge-based approaches to FDD require qualitative models for process
monitoring and are used when mathematical models are unavailable. Most knowledge-
based techniques are based on causal analysis, expert systems, and/or ad hoc rules.
Because of the qualitative nature of these models, knowledge-based approaches have
been applied to many complex systems. Graphical models, such as Petri nets, multi-
signal flow graphs and Bayesian networks [177], are applied for diagnostic knowledge
representation and inference in complex systems. Bayesian Networks subsume the
deterministic fault diagnosis models embodied in the Petri net and multi-signal models.

The model based, data-driven and knowledge-based approaches provide the
“sand box” that test designers can use to experiment with, and systematically select
relevant models or combinations thereof, to satisfy the requirements on diagnostic
accuracy, computational speed, memory, on-line versus off-line diagnosis, and so
on. Ironically, no single technique can serve as the diagnostic approach for complex
systems. Thus, an integrated diagnostic process that naturally employs data-driven
techniques, graph-based dependency models and mathematical /physical models is
necessary for fault diagnosis, thereby enabling efficient maintenance of these systems.

The probabilistic graphical models provide such an integrating platform.

1.3.3 Challenges

The process of detecting and isolating faults in complex systems is challenging, because:

e The numbers of faults and monitoring signals (“processed sensor measurements”
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“tests”, “symptoms”, “visual observations”) in these systems are large (running

into tens of thousands).

Each test outcome may be caused by faults in multiple components of possibly

multiple subsystems (“many-to-many” fault-test relationships).

Faults propagate from one subsystem to another (“cross-subsystem fault propa-

gation”) with delays.

The combination of failure sources leads to combinatorial explosion in an ex-

haustive search for failure sources, which is impractical in real-world problems.

Test outcomes, which are uncertain, are observed with delays caused by fault

propagation, computation and communication.

Simultaneous occurrence of multiple faults is frequent.

This makes traditional single-fault diagnosis approaches untenable. Uncertain

test outcomes pose particularly difficult challenges to fault diagnosis: while, in a perfect

binary test outcome situation, a passed test indicates the normal status of its associated

components and a failed test implies the existence of at least one faulty component

associated with the test, neither can be inferred when the tests are imperfect.

1.3.4 Approach and Results

We address the multiple fault diagnosis using probabilistic graphical models in which

the failure sources have probabilistic cause-effect relations with the test outcomes.

These are performed using the detection and false alarm probabilities (DFA test model).

Also, we show that the DFA test model and the leaky noisy OR (LNOR) test model

11



are two different ways of representing the same uncertain test outcome phenomena. A
unified test model is proposed to include both the LNOR and the logistic regression
(LR) test models. The maximum a prosteriori inference for multiple fault diagnosis is
derived for the unified test model and it is extended for fault prognosis. This work

was published in [11, 7]. Additional publication is planned [§].

1.4 Contributions and Research Impact

The primary contributions of this thesis are:

1. Deriving a closed form solution for determining the optimal battery charging

profile to minimize a weighted sum of time-to-charge and energy loss;

2. Proving that for an OCV-Resistance battery model, CC-CV is the optimal
solution with respect to an objective function, composed of linear combination

of time-to-charge and energy-loss.

3. Deriving a semi-closed form solution for optimal battery charging profile by

adding the temperature rise index to the cost function;

4. Showing that the effect of temperature rise can be approximated as an equivalent

heating resistance;

5. Deriving the optimal battery charging profile for general equivalent electrical

circuit models as a linear quadratic - constant voltage (LQ-CV) strategy;

6. Deriving two new battery capacity fade models that are shown to be statistically

superior to the bi-exponential capacity fade model.
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7. Developing an optimal charging parameter selection method for selecting the
best settings for the control variables to achieve a desired “useful cycle life”,

while attaining the fastest possible time-to-charge;

8. Proving the equivalence of the Detection-False Alarm (DFA) and the Leaky

Noisy OR (LNOR) test models;

9. Introducing a unified test model to include both the LNOR and the logistic

regression (LR) test models;

10. Solving the maximum a posteriori (MAP) inference problem associated with

the unified test model;

11. Deriving a dual cost function for the fault diagnosis problem both in the DFA

test model and in the unified test model.

12. Developing an algorithm for fault prognosis in systems using the unified test

model.
The broader impacts of this thesis are as follows:
1. Minimizing the life cycle cost of systems;
2. Enhancing the safety and reliability of systems;
3. Improving customer satisfaction through enhanced system availability;

4. Utility in a large number of applications, including automotive systems, aerospace
systems, electrification of transportation, medical equipment, smart build-

ings/smart grid, and communication networks, to name a few.

13



Chapter 2

Optimal Battery Charging

2.1 Introduction

Battery charging is a problem of significant interest, especially as the battery-dependent
smart devices proliferate.The literature abounds with different strategies for charging
batteries. Among the traditional methods of charging, the simplest is the constant
trickle current charge strategy, which, due to its low charging current, requires a long
charging time (around 10 hours) [51]; constant current strategy with higher rates of
current requires shorter charging time. The most widely-used traditional strategy
is the constant-current constant-voltage (CC-CV) [51] strategy, in which a constant
current is applied to the battery until the terminal voltage reaches a specified value,
and afterwards the charging current decreases by applying a constant voltage to the
terminals of the battery. In [89, 88], a multi-step constant-current charging is devised
for shortening the charging time and prolonging the cycle life of the battery. Using

orthogonal arrays, Taguchi-based methods for battery charging [116, 188] present
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a systematic method to find the optimal solution with guidelines for choosing the
design parameters. In [132], a boost charging strategy is proposed by applying
very high currents to close-to-fully discharged batteries. In pulse-charging methods
[153, 202, 41, 42, 113], the battery is exposed to very short rest or even deliberate
discharging periods during the charging process. Soft-computing approaches are also
used in the optimization of battery charging profile. In [117], the charging problem
is viewed as an optimization problem with the objective function of maximizing the
charge within 30 minutes using a multistage constant current charging algorithm
whose optimal solution is obtained via an ant-colony approach. In [77], a universal
voltage protocol is proposed to improve charging efficiency and cycle life by applying
a charging profile depending on the state-of-health (SOH) of the battery, using SOH
estimation approaches [78] in the optimization process. Recently, in [84], battery
charging is considered as an optimization problem with cost function of time-to-charge
and energy loss (as we do in this paper), but they have not solved the problem
analytically; rather they have presented a numerical solution to the problem. Other
approaches, such as genetic algorithm and neural network based strategies [148], data
mining [12, 76|, Grey-predicted charging system [43] have also been used for charging
batteries.

In this chapter, we look at the charging problem from a fresh perspective
using optimal control theory, and our goal is to find the optimal current profile that
minimizes a specific cost function. In this sense, different objectives may be embedded
in the cost function. One obvious cost function is the time-to-charge (TTC). We prefer
to minimize the charging time as much as possible, as TTC reduction contributes to
user satisfaction. Another important objective is the energy loss (EL) during charging.

Reducing the energy loss increases the charging efficiency. In this paper, first we
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use an integrated cost function that includes both the TTC and EL. Then, we also
include the effects of temperature into account, and the cost function is selected as
a linear combination of three criteria: time-to-charge, energy loss, and temperature
rise index (TRI). In both cases, analytical solutions of the optimal charging problem
are derived, when the battery model is considered as an Open-Circuit Voltage (OCV)
and a resistance. When more complex models are adopted for the battery, we can no
longer obtain an analytic solution, but we can find a numerical algorithm to provide
the optimal charging profile.

This chapter is organized as follows. In section 2.2, we derive an analytical
solution for the optimal charging current profile to minimize TTC and EL, for OCV-
Resistance model (referred to here as Model I). In section 2.3, we extend this approach
to the case where temperature rise is considered as well. In section 2.4, we we derive the
optimal charging profile, which is called LQ-CV (Linear QuadraticConstant Voltage),
for a general equivalent electrical model of battery. Section 2.5 is devoted to simulation

results and finally we summarize the chapter in section 2.6.

2.2 Analytic Solution for Optimal Charging Cur-
rent Profile for OCV-Resistance Model

We consider a simplified equivalent electrical circuit model of the battery as shown in
Fig. 2.2.2. The theory extends naturally to more complex models involving parallel
RC elements (shown in Fig. 2.2.3), but, as we will discuss in section 2.4, the analytical
closed form solutions are not possible in the latter case. The model consists of a
voltage source corresponding to the open-circuit voltage (OCV), which is dependent

on the state of charge (SOC), and a resistance Ry. The SOC is denoted by s. The
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equivalent electrical circuit models in Fig. 2.2.2 and Fig. 2.2.3, in this dissertation,
are termed “model I” and “model II”, respectively, for the sake of consistency with
previous publications [20]. The OCV is a nonlinear function of SOC and is denoted

by OCV (s[k]). In [20], OCV-SOC function is described as follows:

s = E+5(1 —2E) (2.2.1)

OCV () = Ko+ Kys;' + Kys 2 + Kys.® + Kys;* + Kssg + Kgln(sg) + Kqln(1 — s;)

(2.2.2)

and £ = 0.15. Note that the scaling of SOC in (2.2.1) is performed for numerical

stability. For example, if s = 0, then In(s) equals negative infinity, if the scaling is not
used. K through K7 are some constants.

Figure 2.2.1 depicts the OCV curve as a function of SOC for several com-

mercial batteries.
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34 ----- varying capacities from Samsung, LG,
! RIM, Nokia and Huawei (4.2V, 45°C).

S0OC

FIGURE 2.2.1: OCV curve as a function of SOC

The state of charge is zero when the battery is totally discharged and it is
one if it is completely charged. The sampling time is denoted by A (in seconds). We
assume that the initial and final SOC are known: s[0] = so, s[ky] = si,, where k;A is
the charging time. We also assume that the maximum allowed value of the terminal
charging voltage is v, that is, v[k] < v, for all k. In this thesis, we consider charging
current as positive and discharging current as negative.

The SOC dynamics for the battery considering the foregoing model are as

follows:

slk + 1] = s[k] + cui[k] (2.2.3)
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where ¢;, (in 1/Amperes) is the parameter in Coulomb counting, given by

A
= ———

= 36000

where @ (in Ah) is the battery capacity, assumed to be known.

Tt <ﬂ

OCV (s[k]) v [k]

FIGURE 2.2.2: Equivalent electrical circuit model I of battery

i
] \
Cy
OCV (s[k]) v (k]

FIGURE 2.2.3: Equivalent electrical circuit model III of battery
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Let the objective function be a combination of TTC and EL. In other words,

kp—1
Jiw = wiy + weJw = wikpA +we Y Roi® (KA (2.2.5)

k=0

where J; is the TTC cost function, Jg is the EL cost function; wy and wg are weights
on the TTC and EL cost functions, respectively. The resistance of the battery, i.e.,
Ry, is assumed to be known.

The charging problem then could be formulated as follows:

Minimize th subject to:

s[k + 1] = s[k] + cpi[k] s[0] = s s[ky] = s, (2.2.6)
OCV (s[k]) + Roilk] < vpmax (2.2.7)
i[k] < i (2.2.8)

It is important to note that only the ratio of weights affects the optimal
current profile of i[k]. Therefore, by dividing (2.2.5) by wg, we redefine the cost

function as follows:

kp—1
Jie = Jie/we = pudi + Je = pkisA+ > Roi’[k]A (2.2.9)

k=0

where p; = wy/wg. Also note that when the current is injected into the battery, the
OCV starts to increase and this, in turn, causes the terminal voltage to rise, until
it reaches vy, which is the maximum allowed terminal voltage. During the whole
charging process the current should not exceed %,,,, Which is the maximum allowed

charging current. Selecting the optimal values of i, and vy, is discussed in chapter
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4. In this chapter, we use v, for v,.,, where v, is the voltage corresponding to SOC of

1; that is

ve = OCV(1) (2.2.10)

Assume that at time k;, the terminal voltage v[k;] reaches v. and let us
denote the state of charge at time ky as s;. After time k;, the terminal voltage should
be fixed at the constant voltage (CV) v.; hence, for k = ki, ki + 1,...,kf — 1, the

dynamics of the system are as follows:

i[k] = R#O(vc — OCV(s[k])) (2.2.11)
slk + 1] = s[k] + cui[k] (2.2.12)
slki] = 51 s[ky] = s, (2.2.13)

Before going further, let us define a new equivalent problem as follows:
Minimize
ki—1

Jie = pudi+ Jo = pki A+ Roi®[k]A (2.2.14)
k=0
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subject to:

slk 4+ 1] = slk] + epIk] s[0] =so  s[ki] = 1 (2.2.15)

This problem is in fact the minimization in the stage where the terminal
voltage is below v, and therefore here the condition OCV (s[k]) + RoI[k] < v, is not
shown as we know that it holds.

Inspired by [186] and [60], we solve the problem in three steps as described

below:

@ Given k; (when the terminal voltage constraint becomes active), find the
optimal current profile that minimizes the energy losses, and calculate the

corresponding energy losses as a function of k;.

® Generate a new equivalent cost function Jig+ consisting of the weighted TTC
plus the ki-dependent minimum energy loss obtained in step 1, and find the

optimal k; based on this cost function.

® Given the optimal k; from step 2, evaluate the optimal current obtained in

step 1.

In the first step, assuming k; is known, we find the optimal current i*[k|k;]
that minimizes the energy loss. Having this optimal current profile, we can calculate
the minimum EL cost function J(k1), which is a function of k;. In the second step,
we use the partially optimized cost function Jig« = pik1 A + Ji (k1) and we find the
optimum value for &y, say k7. In the third step, we insert the optimal final time &} into

the current i*[k|k;] (obtained in step 1) to find the optimal current i*[k]. Inserting
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Minimize
the energy loss given time k;.

Assume the time kq
is known.

Set the objective function
as energy loss: Jg (k).

Step 2: |
Calculate |

the optimal final time. |
I

Set the objective function as:

Find the optimal
current given kq: ¢*[k|k1].

|

Having i*[k|k1], calculate
the minimum energy loss:

Jis (k).

| |
| |
! |
! |
' |
' |
I |
| l |
|

| |
| |
| |
| |
| |
| |

JtE(kll) = ptklA + ']E(kl)

Find the optimal time k;
that minimizes Jig(k1).

0" (k|

Step 3:
Aggregate
Step 1 and Step 2.

Insert ki from Step 1
into i* [k|k1] from Step 2
to find
the optimal current profile i*[k].

FIGURE 2.2.4: Minimization of time and energy loss

i*[k] into the cost function, one can calculate Ji (k7).

Figure 2.2.4 illustrates the

above three steps. In Fig. 2.2.4, think of £y as the final time, and consider the problem

of minimizing a “combination of time and energy loss”.

Note that, given ki, the term pikiA in (2.2.14) is constant and can be

dropped; therefore, the first stage is formulated as follows:

Minimize

subject to

slk + 1] = s[k] + cpi[k]

Jr

ki1—1

(k1) = Y Roi’[k]A

s[0] = so
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The Hamiltonian function for this problem is

H[k] = Roi*[k]A + Mk + 1] (s[k] + cui[k])

The following equations must hold for the optimal solution [30]:

oilk]
N %f[[;fj]
_ OHIK]
b+l =m0
From (2.2.19) we have
i AR+ 1] B
Z[k]—_hQPLT k—O,l,kl—l

From (2.2.20), we can write

Ak =Ak+1] k=k —1,..,0 Ak =v

(2.2.18)

(2.2.19)

(2.2.20)

(2.2.21)

(2.2.22)

(2.2.23)

where v is the Lagrange multiplier associated with the constraint s[k;] = s1. Equation
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(2.2.23) implies that all co-states are equal; therefore, we can write

ANk =v k=0,1,..k (2.2.24)

Based on (2.2.24), equation (2.2.22) can be written as

CplV

T 2R\A

k] = k=0,1,..k —1 (2.2.25)

Note that equation (2.2.25) states that the optimal current is constant. From (2.2.21),

we can write
slk + 1] = slk] + cpi[k] (2.2.26)

which is actually the dynamics of the system. Knowing the initial state of charge (sg),

and noting the optimal current in (2.2.25) is constant, we have

L kciv
s[k] = so+cn Y ill] = so — 57" (2.2.27)
o 2R A

Since for k = ki, we have s[ki] = s, therefore

klciy
=80 — 2.2.2
51 = 50 2Ry A ( 8)
Solving for v, we have
2RoA(sy —
y = — 2f0A s = 50) (2.2.29)

2
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Inserting (2.2.29) into (2.2.25), we have

PR =270 =01,k — 1 (2.2.30)

Eich,

Inserting (2.2.30) into the cost function, the optimal cost function, given k; is:

ki1 2 2
. $1 — S RoA(s1 — sp)
Tik) =3 R ( - ) A= b (2.2.31)
k=0

Now, consider step 2 and define the cost function as

RoA(Sl — 80)2

‘]tE* = ptklA + Jé(kl) = ptklA + L D) (2232)

1Cy,

To find the optimum £y, the following relations should hold:
Jige (k1 — 1) > Jig+ (k1) (2.2.33)

Inserting (2.2.32) into (2.2.33) and (2.2.34) we obtain two second-order equations in
term of k;. Solving these equations, we get ki and ki, respectively, for relations

(2.2.33) and (2.2.34).

:l:1+ 1+ 4R0(Sl*80)2

kf = 5 PLon (2.2.35)

The optimum k; is ceil(k;) or floor(k;"). Since k; — k' = 1, we have ceil(k;) =
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floor(k;") = round((k; + k;7)/2). Thus,

1 R0(81 — 80)2
ki = d -4 2.2.36
1 = roun <\/4 + 2 ( )

A more convenient way is to treat k; in (2.2.32) as a continuous variable and

take derivative of (2.2.32) with respect to k; as follows:

&]tE*(kl) RoA(Sl — 80)2
Ghe M) _ A — —0 2.2.37
Ok Py K2 ( )
g = S50 [Fo (2.2.38)

Ch Pt

Note that if we neglect § in (2.2.36), the argument of the rounded function in (2.2.36)
is exactly the same as the one in (2.2.38).

Step 3 involves inserting (2.2.38) into (2.2.30) to find the optimum current

% S1 — So Pt
k] = =/= k=0,1,..,k—1 2.2.39
¢ [ ] ijCh RO Y Y ) 1 ( )

Remark 2.2.1. If we put more emphasis on TTC (i.e., we increase py), the optimal
current increases and TTC decreases. For an animation of the effect of p; on the

optimal current, the reader may refer to [1].

Remark 2.2.2. When a battery ages, it experiences power fade which is equivalent
to increasing the series resistance in the battery. Increasing the series resistance (i.e.,
Ry) results in a decrease in the optimal current and TTC increases. For an animation

of the effect of power fade (increasing Ry) on the optimal current, the reader may
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refer to [1].

It is seen that the optimal current is constant and is a function of the weight
on TTC and the series resistance. Therefore, the solution of optimal time-to-charge
and energy loss (OtE) problem is a CC-CV profile with the current of the CC stage

given by (2.2.39). Following the CC stage, from k;y to ks, one has the CV stage where
vkl =v. k =k, ... ky (2.2.40)

To the best of our knowledge, this is the first time that it is proved that the
well-known CC-CV charging profile is the optimal solution of a particular optimization
problem, namely, the problem of minimizing the weighted sum of time-to-charge and
energy loss for the OCV-Resistance model in Fig. 2.2.2.

In the sequel, this profile is referred to as OtE profile or OtE policy.

Before we close this section, we point out another way of solving the OtE
problem of (2.2.14)-(2.2.15) by condensing (2.2.15) for all values of k into a single

condition. From (2.2.15) we can write
ilk] = (slk + 1] — s[k]) /cn (2.2.41)

Since (2.2.41) holds for £ = 0,1,...,k; — 1, and using the initial and end

values of SOC from (2.2.15) we can write:
k-1
> il = (s1 — s0)/cn (2.2.42)

=0

Therefore, the problem of (2.2.14)-(2.2.15) is equivalent to a quadratic pro-
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gramming problem with the constraint in (2.2.42). In this way, we are dealing with
currents i[l] as our unknowns. It is easy to show that this results in the same solution
as (2.2.39). This simplification of the dynamics of the system into the condensed
condition of (2.2.42) will be useful in the next section where we derive an analytical
solution when the cost function includes the summation of temperature rises as well.

It should be noted that the practical meaning of the parameters of opti-
mization problem (e.g., wy and wg in (2.2.5) and p; in (2.2.14)) is to use them in
an iterative design procedure to reach the desired performance. For example, if the
maximum energy loss is F., and the maximum time-to-charge is TT'C\,.y, then in

the design procedure, wy and wg should be selected inversely proportional to Fi .y

and TTCh.y, respectively; that is wy o ﬁ, W X EL and then iterate. Or
equivalently, p; should be selected proportional to T?g‘”‘ ; that is py o T?% and

Emax

then iterate on the proportionality factor. As =

is actually the power loss, p¢

should be selected proportional to power loss.

2.3 Optimal Charging Problem Considering Tem-
perature

In this section, we will extend the cost function to include the battery temperature
via temperature rise index (TRI, to be defined) as well as TTC and EL. To this
end, we need a temperature model for the battery. The reader may refer to the
“Appendix B” for details of temperature modeling. References [146] and [198] describe
the temperature model of the battery as a linear system with two states, namely, Teore
and Ty, and reference [147] uses the nonlinear heat transfer equation with a single

state. Our simulations show that the dynamics of T};, have negligible fluctuations
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around the ambient temperature. Therefore, the temperature model, considered below,

can be simplified to the linear part of the heat transfer equation

Tk + 1] = T[k] — a(T[k] — Tamp) + bi*[K] (2.3.1)

where

A (2 3 2)
a= 3.
mbattchbattREﬁ”

is the cooling coefficient and

RoA

Mpatt Ch,batt

b= (2.3.3)

Here, T is the battery core temperature in kelvin (K), T, is the ambient temperature

in K, My is the battery mass in kg, Cj patt 1s the heat capacity of the battery in

J/(kg - K), and Rgg is the effective thermal resistance in K/W (kelvin/watt).
Defining temperature rise (TR) as T[k] = T[k] — Tamp and assuming T[0] =

Tamb, We can write

Tk+1]=(1—a)T[k]+bi’[k], T[0]=0 (2.3.4)
The solution of (2.3.4) is
Tk =bY (1—a) 7121 (2.3.5)
Equation (2.3.5) states that the temperature rise at any time is the integral of the
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square of current, from time zero up to that time with a ”forgetting factor” of (1 — a)

and the scaling factor b.

Since T'[k] is positive for any k, the cost function including TTC, EL and

TR can be written as

Jigr = peJy + Jg + prdT

(2.3.6)

where J; and Jg are TTC and EL as before and Jr is the temperature rise index

(TRI) defined as follows:

Using (2.3.5) and (2.3.8), we can write (2.3.6) as follows

kp—1
Jier = pkisA+ ) Roi’[k]A
k=0
kf*l k
+prbA Y 0> (1 —a)t A
k=0 [=0
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which can be simplified as follows

kp—1 kp—k—1
Jier = pkisA+ A | Ro+prd Y (1—a) | *[K] (2.3.10)
k=0 =0

Simplifying the inner summation and noting that b/a = RoRgg, we can write

Jier = poksA + A fz Req[K]i*[K] (2.3.11)
Reg[k] = Ry + R[k] (2.3.12)
Rrlk] = prRoRes (1 — (1 — a)™ %) (2.3.13)

where Rr[k| is the heating equivalent resistance. Assume, as before, that at time ky,
the terminal voltage v reaches its maximum allowable value of v., and SOC reaches

s1. Given s; and ki, we can write the cost function as

k-1
J(s1,k1) = A Req[k]i*[K] (2.3.14)
k=0
Note that we discarded the contributions of i[k],...,i[k; — 1], because when the

terminal voltage reaches v. the current is already determined by the constrained
dynamics of the system in (2.2.11); we also discarded the contribution of ky, i.e.
peksA, because: firstly, ki is given; secondly, given sq, ky — k; is also known, which
means ky is known. An important point to note is that, while the upper bound of the

summation in (2.3.14) is k; — 1, the formulation for R, i.e., (2.3.12), considers the
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effect of the whole charging time and it contains k; rather than k.
Now, given s; and ki, we can state the optimal charging problem as follows:

Minimize (2.3.14) subject to (2.2.42), or equivalently

ki—1
Minimize: L = J(s1, k) + (Z i — 2 SO) (2.3.15)

c
1=0 h

Taking the derivative of Lagrangian L with respect to i[k] for k =0,1,...,k; — 1 and

equating it to zero, we have:

i[k] = _2Re:\[k]A = —M;eg[k] (2.3.16)

where Geq[k] = 1/ Req[k] is the conductance. Taking the derivative of L with respect

to A, and using (2.3.16) we find the optimal current profile in the first stage as follows:

-Gl

ch kZ:O Gleq|K]

k=0,1,.. k —1 (2.3.17)

We refer to the current profile in (2.3.17) as the optimal time-to-charge,
energy losses and temperature rise (OtET) policy. Note that (2.3.17) is similar to
what we obtained for the OtE case. In particular, if pr = 0, then (2.3.17) will be
the same as (2.2.30). Also, comparing (2.3.16) with the OtE case and, noting that
for k = 0,1,...,k; — 1, we can use the approximation of Re.[k] ~ Ro(1 + prREs),

analogous to the optimal current profile of (2.2.39), we can write

s Pt
k] ~ k=0,1,..k —1 2.3.18
¢ [ ] \/Ro(l +pTREff) ! ( )
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We refer to the current profile of (2.3.18) as the near-optimal time-to-charge, energy

loss and temperature rise (NOtET) policy.

2.4 Linear Quadratic- Constant Voltage (LQ-CV)
Strategy Formulation

In this section, we investigate the battery charging problem using the equivalent

electrical circuit model (model IIT) shown in Fig. 2.4.1.

OCV (s[k]) NP

FIGURE 2.4.1: Equivalent electrical circuit model III of battery

Compared to the model discussed in subsection 2.2, it includes an extra
RC circuit (R; and C). Let the current (in continuous time) through Ry and R;

be i(t) and i1(t), respectively, and let the current through and the voltage across

Cl dve (t)

the capacitor C} be, respectively, i.(t) and v.(t). Then, we have: i.(t) = ==,

ic(t) = i(t) —ir(t), d”ét(t) = Rldicll—t(t), dicll—it) = A112}10 M. Using these relations

and inserting R% Alim

. 1—exp(—§ ) for C'1, one can derive the following relation in
H
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the discrete form:

ir[k + 1] = adr[k] + (1 — a)i[k] (2.4.1)

where i1[k] and i[k] are i1(kA) and i(kA), respectively; A is the sampling interval
(typically 0.1 to 1 second, and assumed constant for simplicity of notation), and « is

as follows:

A
R101

a = exp(—

) (2.4.2)
The dynamic evolution of the battery state-of-charge (SOC), s, is given by

slk + 1] = s[k] + cui[k] (2.4.3)

where s[k] is the SOC at time k and ¢, (in 1/Amperes) is the Coulomb counting

coefficient, given by

A

Ch

where A is the time step (typically 0.1 to 1 second) and @ (in Ah) is the battery
capacity, assumed to be known. It is assumed that the charging process takes k;A
seconds (k; unknown and to be optimized), to attain a specified final desired SOC of

Sk;- That is,

s[ky] = s, (2.4.5)
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We consider a cost function composed of time-to-charge (TTC), energy loss (EL) in
Ry and Ry, and a temperature rise index (TRI). To have more flexibility in controlling
the time to charge and the trajectory of SOC during charging, we also include a term
including the sum of the squares of the difference of SOC at various times of the
charging interval from the final desired SOC.

The cost function is, therefore, as follows:

JigsT = poJy + Jg + psJs + prdr (2.4.6)
where
Jo = kA (2.4.7)
kp—1
Je =AY (Roi’[k] + Ryi3[k]) (2.4.8)
k=0
kp—1
Jo=Y_(s[k] — si,)? (2.4.9)
k=0
ky
Jr =AY Tk (2.4.10)
k=0
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where T [k] is the temperature rise from the ambient temperature, T,,p; that is
T[k] = T[k] - Tamb (2411)

Since it is the ratio of the weights that matters, we have assigned a weight of 1 to the

energy loss cost function, i.e., Jg.

Remark 2.4.1. In (2.4.9), one can replace s, with sq(k), the desired SOC at time

step k, for the charging process to follow a desired sequence of SOCs {sd(k)}l,zf: 0

Remark 2.4.2. The cost function can include other functions of the SOC and the
method that we discuss is still applicable. One such candidate is the following term,

which corresponds to sum of squares of cumulative SOC difference from the final

desired SOC.

[y

Js=> ( 7 (s[l] — skf)) (2.4.12)

k=0

The temperature dynamics are as follows (For more details about thermal

models refer to [5, 146, 198, 134, 147, 199, 206, 81]):

Tk +1] = (1 — a)T[k] + boi?[k] + by3>[k] (2.4.13)

where a is the cooling coefficient (see (B.0.21)). Note that equation (2.4.13) is
similar to (2.3.4), except that here we have the effect of current i; too. The reader

may refer to the “Appendix B” for details of temperature modeling.
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RoA
bp= ——— 2.4.14
0 Mpatt Ch,batt ( )

RA
by = ———— 2.4.15
! Mpatt Ch,batt ( )

and Cj,patt is the heat capacity of the battery (see (B.0.21)). The solution of
(2.4.13) is as follows:

T =Y (1 —a)" " (boi?[l] + bii3[1]) (2.4.16)

Similarly to subsection 2.3, the cost function due to temperature, i.e., Jr,

can be written as follows:

Jr=A fZ fz (1 —a)" | (boi®[l] + by®[1]) (2.4.17)

Calculating the summation of (1 — a) and noting that by/a = RyRgg and

b1/a = Ry Rgg, we can write

Jr=A fz_ Roeq [ K]i2[K] + Rieq|K]i2[K] (2.4.18)
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Roeqlk] = Ro + Ror[k] (2.4.19)

Ryr[k] = prRoRes (1 — (1 —a)™ %) (2.4.20)
Rleq[k] - Rl + RlT[k] (2421)
Rirl[k] = prRiReg (1 — (1 —a)™ %) (2.4.22)

where Ryr[k] and Ry7[k| are the heating equivalent resistances respectively due

to Ry and R;. To simplify the equations, we define the following state vector:

2k = | (2.4.23)

The dynamics of z[k] with its initial and final states could be written as

follows:

zlk + 1] = Oz[k] + L'i[K] (2.4.24)
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¢ = . (2.4.25)
I'= [ch, 1— oz]T (2.4.26)
z[0] = [so — Sk O}T (2.4.27)
2[kys] = [O,free]f (2.4.28)

The battery terminal voltage is then as follows:
oK) = OOV (i) + Rl + [0 | 20 (2.4.20)
with following constraints:

v[k] < Umax (2.4.30)

i[k] < imax (2.4.31)

Selecting the optimal values of 7., and vy is discussed in chapter 4. In this section,

without loss of generality, we use v, for vy,.,, where v, is the voltage corresponding to

SOC of 1; that is

e = OCV(1) (2.4.32)
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Using the above notations, we can write the cost function as follows:

kp—1
St = s+ 3 (DR K2 (K] + 2T K]QUK]2[K)) (2.4.33)
where
o = | ’ (2.4.34)
0 ARjeqk]

(2.4.35)

Similarly to section 2.2, we divide the charging process into two stages: in

the first stage that lasts for k; samples, the battery terminal voltage is less than v..

That is

vkl <ve  k=0,1,..,k —1 (2.4.36)

and in the second stage which starts at time k; onwards, the battery terminal voltage

is equal to v.. That is

U[k’] = V¢ k= l{fl, k?l + 1, ceey k?f (2437)

As the voltage hits the boundary value of v, at time k7, and remains constant

from then on, the current in stage 2 is already determined by the constrained dynamics
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of the system, as follows:

ik] = L= OC\};O_ L AN (2.4.38)

ok = aik— 1+ 1 -a)ik—1]  k=kik +1,...k (2.4.39)

with the following initial values

ilky — 1] = ig, (2.4.40)

il[kl - 1] - 2'1]“,1 (2441)

where iy, _; and 41, _; are the initial values of the currents for stage 2, which are equal
to the final values of currents for stage 1.
The current profile in stage 1 is obtained by solving a linear quadratic (LQ)
problem. The following algorithm finds the optimal current profile in stage 1.
Algorithm: For a given k; value, the optimal current profile in stage 1 (the

LQ stage) is obtained as follows:

ik = = sxpoy (Plk + 1] (I + WK Pk + 1)) 7" (D2[k] = U[k]glk + 1]v)) + glk + 1))
(2.4.42)

where v and W[k| are given by:

v = i Skfw_[ole[O]é[O] (2.4.43)
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[N

Ik = 2A Roeq K]

(2.4.44)

z[0] is the initial state, and g[0] and w[0] are calculated by solving the

following backward set of recursions:

P[k] = 2Q[k] + ®TP[k + 1] (Is + V[k]P[k + 1)) ' ®
glk] = ®" (I + Pk + 1] U[k]) " g[k + 1] (2.4.45)

wlk] = wlk + 1] — g7k + 1) (I + V[k] Pk + 1)) " U[k]g[k + 1]

with the following terminal values:

0 0
Plki] =
0 0
T (2.4.46)
glki] = {1 0}
W[kl] =0

The derivation of this algorithm is presented in the “Appendix C”.

Based on the above, the numerical calculation of the optimal current is
computed via the following steps:

©® Set J3d. to a big value (for example, in Matlab, set it as "Inf”).

@ Initialize k; with 1.

® Solve the set of equations (2.4.45) with the terminal values in (2.4.46).

O Calculate the current in stage 2 (the CV stage) by assuming the terminal
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voltage as v, until the SOC reaches the desired value of s, .

@ Calculate the cost function based on the current profiles of stage 1 and
stage 2 and assign it to Jixir.

O If Jiow > Jod . the optimal k; is the previous value and the optimal
current profile was obtained in the previous step; otherwise, go to next step.

@ Solve the set of recursions (2.4.45) for one step with the terminal values
obtained in the previous step.

O Go to step "OQ”.

It is important to note that although the optimal current profile is derived for
model IIT (see Fig. 2.4.1), the method is generic and it is applicable to any equivalent
electrical circuit model, with an enlarged state vector z[k].

It should be noted that the practical meaning of the parameters of optimiza-
tion problem (e.g., py, ps, and pr in (2.4.6)) is to use them in an iterative design

procedure to reach the desired performance. For example, if the maximum allowed

energy loss is Fi,.x and the maximum acceptable time-to-charge is TTClax, then in

Emax
TTCrmax

the design procedure, p; should be selected proportional to ; that is py o¢ mmma—

and then iterate on the proportionality factor.

2.5 Simulations

In this section, we present simulations based on the theoretical foundations of the

previous sections.
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2.5.1 Model I

Verification of the Optimal Solution

Here, we apply different levels of current and the simulation is run until the terminal
voltage reaches v. and after that a constant voltage of v, is applied until the battery is
charged to si,. Five different current profiles are chosen including the optimal current
profile (Fig. 2.5.1). The optimal current profile as mentioned before has the value of
\/g:to in the CC stage. The battery parameters of Nokia BP-4L (Cell#3), given in
the “Appendix A”, are used. The following simulation parameters are used: p = 1,
A=1(s), 850 =0, s, = 1.

The “Appendix A” also shows the parameters of the OCV curve (calculated
based on [20]). The OCV is a function of SOC s as in [20].

ss = E+s(1—2F) (2.5.1)

OCV (ss) = Ko+ Kis] ' + Kas ? + Kss.? + Kys, ' + Ksss + Keln(sg) + K7In(1 — s;)
(2.5.2)

and F = 0.15. Fig. 2.5.1 shows the current profiles with different levels of

current in the CC stage. As seen from Fig. 2.5.1, at lower levels of current, the CC
stage will take a longer time and the terminal voltage reaches the threshold voltage of
v, at a later time. At higher levels of current, however, the OCV grows more rapidly.
As the terminal voltage is v[k] = OCV (s[k]) + Ryi[k], at higher levels of current the

threshold voltage of v, is reached in a shorter time.
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FIGURE 2.5.1: Five different current profiles (including the optimal profile)

Fig. 2.5.2(a) shows the cost function Jig for the five current profiles of Fig.
2.5.1 and Fig. 2.5.2(b) shows the corresponding current levels in the CC stage. It
is seen that the optimal current profile (i.e., profile 3) has the lowest cost function.
Deviating from this profile, either by increasing or decreasing the current in the CC
stage, results in an increase in the cost function. For the lower current levels (profiles
1-2), the rise in the cost function is due to a rise in TTC and for higher current levels

(profiles 4-5) the rise in cost function is due to rise in EL.
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FIGURE 2.5.2: Five different current profiles: a) cost functions b) current levels in CC stage

Effect of Weights

In this subsection, we use different cost functions and find the corresponding optimal
profiles. Different values of p; from 0.1 to 0.5 are chosen. Figures 2.5.3, 2.5.4, and
2.5.5, respectively, show the profiles of current, state of charge and terminal voltage.
Fig. 2.5.3 shows that low values of p; result in low values of current in the CC stage.
In other words, a low p; puts less emphasis on charging time and more emphasis on
the energy losses; hence, it results in low level of current which provides low energy
losses. On the other hand, by increasing p;, more emphasis is placed on the charging
time. Consequently, the level of current is increased proportionally to /p; to reduce

the TTC.
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FI1GURE 2.5.3: Current profiles for different values of py

Fig. 2.5.4 shows the state-of-charge profiles for different values of p;. It is
seen that by increasing p;, more emphasis is placed on charging time and the SOC
reaches the final value in a shorter time. Fig. 2.5.5 shows the terminal voltage profiles
for different values of p;. Note that for low values of p;, as the emphasis on energy loss
is high, the corresponding current level in CC is low, and consequently, the terminal
voltage reaches the threshold value of v. at a later time. Hence, the duration of CC

stage is high and the charging time is high as well.
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F1GURE 2.5.4: SOC profiles for different values of py
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FIGURE 2.5.5: Voltage profiles for different values of p;

Fig. 2.5.6 shows the time-to-charge, energy losses and efficiency as functions

of py. As expected, high values of p; result in lower TTC. The low TTC, however, is
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obtained by increasing the current level; as EL is proportional to the square of current,
thus the high values of p; result in high values of EL. The high values of EL mean

that a higher fraction of input power is wasted; hence it is equivalent to a decline in

efficiency.
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FiGure 2.5.6: TTC, El and efficiency curves for different values of p;

Fig. 2.5.7 shows the time-to-charge versus efficiency (ratio of effective to
total energy) curve. TTC and efficiency are two counteracting objectives. For low
values of p;, as less emphasis is put on TTC, the TTC is high; however, high TTC
is the result of low current values, which incur low energy losses and hence higher
efficiency. For example at p; = 0.1, the TTC is 195 minutes, but the efficiency is as
high as 95.82%. On the other hand, for high values of p; which place more emphasis on
TTC, the TTC is reduced dramatically; however, low TTC is achieved by increasing
the current values, which results in high energy losses and hence lower efficiency. For
example, at py = 0.5, the TTC is as low as 148 minutes, but the efficiency decreases

to 92.87%.
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FiGUrE 2.5.7: TTC versus efficiency

Temperature Effect

In this section, we consider the effect of temperature rise index (TRI) on optimal
charging. The cost function is a weighted sum of TTC (seconds), EL (Joules) and

TRI (Kelvin seconds), given by

JtET = py X TTC + EL + pT X TRI (253)

We used two sets of thermal parameters, shown in Table 2.5.1. Parameter set 7 A”
is adopted from [198]. Parameter set "B” is a scaled version of parameter set ”A”
with mpae set as the weight of Nokia BP-4L. For each set of thermal parameters
("A” or "B”), the weights of the cost function are chosen as p; = 1, pr = 1 and
pr = 1, pr = 4. Three schemes are used: OtE (equations (2.2.39) and (2.2.40)), OtET
(equations (2.3.17) and (2.2.40)), and NOtET (equations (2.3.18) and (2.2.40)). The
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cost function in (2.5.3) or (2.3.6) is calculated for the three schemes. Table 2.5.2
shows the cost functions of the three schemes for different weightings. As seen from
this table, the cost function for the OtE has the highest value. Also the difference
between the cost function of OtET and NOtET is negligible with the OtET being
slightly smaller when thermal parameter set ”A” is used. For thermal parameter set of
"B”, there is visually no difference between NOtET and OtET. Due to this negligible
difference in the cost function and also since the calculation of NOtET profile is much
easier than that of the OtET, it is reasonable to use NOtET rather than the OtET
scheme. Also note that the weight on TRI results in a reduction of current, as can be
seen from Figure 2.5.8. This reduction in current level results in a lower temperature
rise (see Figure 2.5.9 ). In other words, energy losses with R, instead of Ry can be

used as a surrogate cost function for the TRI.

TABLE 2.5.1: Battery thermal paramters

Paramter Set  mpatt (kg)  Reg (K/W)  Chpart (J/(kg.K))

A 0.37824 7.8146 795
B 0.080 1.6528 168.15

TABLE 2.5.2: Cost function for different schemes

JtET

OtE NOtET OtET

26734 22206 22198
72023 38996 38960
14970 14696 14696
24966 21272 21271

pt  pr Thermal Parameters

— ==
e
W W= =
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FI1GURE 2.5.8: Current profiles for py = 1, pr = 1 and temperature parameter set ” A”
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FIGURE 2.5.9: Temperature profiles for py = 1, pr = 1 and temperature parameter set ” A”
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Analysis of Different Commercial Batteries

In this subsection, we discuss the behavior of different commercial batteries. The
parameters of the investigated batteries are given in the “Appendix A”. Note that
the equivalent electrical circuit parameters given in Table A.0.1 are for model III (see
Figure 2.2.3). In simulations, we use the summation of “Ry + R;” of model III as
an estimate of resistance Ry in model I. The batteries are Samsung EB575152 (four
cells), Samsung EB504465 (four cells), Samsung AB463651 (two cells), Nokia BP-4L
(four cells), LG LGIP (two cells).

Next, we apply the OtE algorithm with p; = 0.5 to 16 commercial batteries
to investigate the times-to-charge and efficiencies of the batteries. The parameters of
the batteries, i.e., the electrical parameters of the models in Fig. 2.2.2 and 2.2.3, and
the parameters of OCV function in (2.5.2), were calculated using experimental data
and by applying the BFG algorithms in [20]. These parameters are listed in Tables
A.0.1 and A.0.2 in the Appendix. Fig. 2.5.10 shows the TTC versus efficiency for
different types of batteries. Among all batteries, Sam-EB575152 (Cell 3) has the lowest
efficiency (90.73%). This can be attributed to the high resistance of this battery, which
might be due to aging. Sam-EB504465 (Cell 4) has the highest TTC (102 minutes)
and Nokia BP-4L (Cell 4) has the highest efficiency. Note that the cells of the same
battery are close to each other in terms of efficiency and TTC. Considering all the
cells of a battery, we can say that LG-LGIP cells (circle markers) have the highest
efficiency (91.4%) . Fig. 2.5.11 shows the cost function values of Jig = piJ; + Jg.
When TTC is weighted with weight value of p; = 0.5, Sam-EB575152 (Cell 2) has the

best performance.
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FIGURE 2.5.10: Time-to-charge versus efficiency of different battery types at 25°C
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2.5.2 Model III

Effect of Weights

In this subsection, we use different cost functions and find the corresponding optimal
profiles for Model III. First, we set p; = pr = 0, and we change the values of p; from
0.1 to 0.5. Figures 2.5.12, 2.5.13, and 2.5.14, respectively, show the profiles of current,
state of charge and terminal voltage. Fig. 2.5.12 shows that low values of p; result
in low values of current in stage 1 (LQ stage). In other words, a low p; puts less
emphasis on charging time and more emphasis on the energy losses; hence, it results
in low level of current which provides low energy loss and higher charging efficiency.

On the other hand, by increasing p;, more emphasis is placed on the charging time.

2
/\ —p; = 0.1
1.5 h 3 P, = 0.25

? 4% 10
- JK / \ —p; = 0.5
5 1w N\ 2, 7
8 . 5\¥ \ J&4O 260 280 300 320
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time (min)

FIGURE 2.5.12: Current profiles for different values of py
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FI1GURE 2.5.15: Current profiles for different values of pr

Next, we consider the effects of pr and ps, and we compare the results to
the case when these weights are zero. Figure 2.5.15 shows the optimal current profile
for three different weight sets. The blue curve represents the optimal profile when
pr = 0.5, ps = 0,, pr = 0. Here there is no penalty on the temperature rise and the
squared difference of the SOC and the final desired SOC (s;,). When we change pr
from zero to 0.5, the emphasis on the temperature rise results in a decrease in the
magnitude of current, as depicted by the blue and red curves in Fig. 2.5.15. The
green curve shows the optimal current profile when we set ps to 0.1 as well. Here, the

penalty on the squares difference of the SOC and the final desired SOC (sy, ) results

in an increase in the current level.
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2.6 Summary

The optimal charging problem involving a weighted combination of time-to-charge
(TTC), energy loss (EL) and temperature rise index (TRI) was considered. The
optimal TTC and EL solution (OtE) is found to be the well-known CC-CV strategy
with the value of current in the CC stage being a function of the ratio of weighting
on TTC and EL and also the resistance of battery. To the best of our knowledge,
this is the first time that it is proved that the well-known CC-CV charging profile
is the optimal solution of a particular optimization problem, namely, the problem
of minimizing the weighted sum of time-to-charge and energy loss. In addition, an
analytical solution for the optimal TTC, EL and TRI, referred to as OtET, was
developed. Due to similarity of the structure of the OtE and OtET solutions, a
near-optimal version of OtET was developed (referred to as NOtET). The NOtET
is a CC-CV strategy with the value of current in the CC stage being a function of
the ratio of weighting on TTC and EL, the resistance of the battery and the effective
thermal resistance. Then, we presented a linear quadratic optimization approach and
its solution to optimally charging a Li-ion battery in a general form. The optimal
profile was derived based on a cost function, which is a weighted sum of time-to-charge
(TTC), energy loss (EL), sum of the squares of the differences of the state-of-charge
(SOC) from the final desired SOC, and temperature rise index (TRI). The presented
solution strategy is generic and it is applicable to any equivalent electrical circuit
model of a battery. A number of simulations were conducted to evaluate the effect
of weighting parameters. Finally, extensive results on industrial batteries from LG,

Nokia and Samsung were presented.

29



Chapter 3

Capacity Fade Modeling

3.1 Introduction

In this chapter, we propose two models, namely LAR-afy and CVD, to estimate
the normalized capacity (and, equivalently, the capacity fade) as a function of the
cycle number. The motivation for developing a capacity fade model is that, for the
level-I control policy (to be presented in the next chapter), we need a capacity model
that considers both the current and the terminal voltage as control parameters of the
model. In other words, this chapter is a precursor to the next chapter. These models
are developed by exploring a number of models with different fitting methods. The
development of the models is based on the data obtained from the aging experiments,
which are detailed in section 3.2. Let n denote the cycle number. The capacity at cycle
n, denoted by Q[n], is calculated by trapezoidal integration of the injected current
during the charging process, which is also referred to as the Coulomb counting. In

each experiment, the calculated capacities Q[n] are normalized by dividing them by
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the capacity of the battery at the first cycle, i.e., Q[1], and the resulting normalized

capacities are denoted by Qpom[n]; that is
Quom[n] = == n=12... (3.1.1)

These normalized capacities are used for fitting the capacity models.

This chapter is organized as follows. In section 3.2, we explain how the aging
experiments have been conducted. In section 3.3, we propose LAR-afy model. Then,
in section 3.4, we study the LS-BE model. The comparison of the LAR-a3+ and the
LS-BE models is presented in section 3.5. In section 3.6, we present the CVD model,
which is a function of control variables v,,x and ¢y,.¢. The comparison of the CVD
and the LS-BE models is presented in section 3.7. In section 3.8, using the CVD
model, we analyze the effect of current and terminal voltage on capacity fade. Finally,

in section 3.9, we summarize the chapter.

3.2 Aging Experiments

In order to study the effects of aging on capacity, ten different experiments were
performed. The batteries used in these experiments were Samsung GS4 with a
capacity of 2600 mAh and a nominal terminal voltage of 4.35 volts. The batteries
were exposed to several (from 25 to 200) cycles of charging and discharging with a 10
minute rest after any charge or discharge process. The experiments were performed at
room temperature (25 °C) using Keithley 2651A [2]; descriptions of the experiments
are provided in Table 3.2.1. Seven different charge profiles (Ch1-Ch7) were used

and are described in Table 3.2.2. Note that 1.0C for GS4 battery corresponds to 2.6
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amperes. All the charge profiles are terminated once the charge current falls below
2—100 or, equivalently, 130 mA. Three different discharge profiles, namely Disch1-Disch3,
were used. Table 3.2.3 describes the discharge profile Disch1, which has been used in
all experiments except 2 and 10. The profile Disch2 is similar to Dischl, except that
0.25C is used for stage 1, 0.5C for stage 2, and 0.2C for stage 3. The profile Disch3

consists of only one stage: discharge at 0.2C until the terminal voltage reaches 2.8V.

TABLE 3.2.1: List of aging experiments

Experiment ID Charge Profile Discharge Profile Number of Cycles

1 Ch1 Disch1 200
2 Ch2 Disch1 125
3 Ch3 Dischl 75
4 Ch3 Disch3 75
5 Ch4 Dischl 50
6 Ch4 Disch?2 50
7 Chbh Disch1 50
8 Ch2 Dischl 50
9 Ch6 Disch1 25
10 Ch7 Dischl 25
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TABLE 3.2.2: Description of charging profiles

Charge Profile Description

Chl Multi-level current at 1.25C for 1200 seconds, 0.833C for 1100 seconds

then 0.5C until the battery terminal voltage hits 4.35, afterwards the CV stage is activated with 4.35 volts

Ch2 CC-CV with current at CC stage equal to 1.0C and voltage at CV stage equal to 4.35 volts
Ch3 CC-CV with current at CC stage equal to 0.7C and voltage at CV stage equal to 4.35 volts
Ch4 Multi-level CV at 4.45, 4.40, 4.35, 4.30, 4.25 volts each for 0.5 seconds

with tapering down the voltage to 4.35 volts after SOC of 70%

Chb CC-CV with current at CC stage equal to 1.3C and voltage at CV stage equal to 4.35 volts
Ch6 CC-CV with current at CC stage equal to 1.3C and voltage at CV stage equal to 4.25 volts
Ch7 CC-CV with current at CC stage equal to 1.0C and voltage at CV stage equal to 4.25 volts

TABLE 3.2.3: Description of discharge profile of Dischl

Stage Description

1 discharge at 0.5C for 1 hour

2 discharge at 1C for 15 minutes

3 discharge at 0.5C for few seconds (6 seconds)

4 discharge at 0.2C until battery terminal voltage hits 2.8 volts

Figure 3.2.1 shows a sample charge-discharge profile for one of the experiments
and Figure 3.2.2 shows all of its 125 voltage profiles. It can be seen that, as the
battery ages, the time-to-charge and time-to-discharge decrease and hence the total
time of a charge-rest-discharge-rest cycle decreases. This decrease in time-to-charge
and time-to-discharge is due to capacity fade. For an animation about illustration of
capacity fade (via the decreasing time-to-charge and time-to-discharge as the battery

ages), the reader may refer to [1].
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FIGURE 3.2.2: Voltage profiles of 125 cycles (data set 2)

Remark 3.2.1. Note that Fig. 3.2.2 also illustrates power fade in a battery as it

ages. A jump in the current results in a jump in the terminal voltage. The series

resistance of a battery (Ry) equals to the ratio of the jump in the terminal voltage to

the jump in the current. If the jump in the current remains fixed, as the number of
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cycles increases, the change in the jump in the terminal voltage is proportional to the
change in the series resistance in the battery as it ages. One can see as the current
jumps from —2.6 A(—1 Crate) to —130mA(—55 Crate), the magnitude of the jump in
terminal voltage increases as the number of cycles goes up. This demonstrates that
the series resistance in the battery increases as the battery ages, which demonstrates

power fade in the battery due to aging.

3.3 LAR-apfy Model

Among the explored models, the following model with the least absolute residuals
(LAR) as its fitting criterion was found to better capture the trend in the normalized

capacity. We refer to this model as "LAR-a/37”.
Qnorm[n] = aﬁnn'y n = 1, 2, A (331)

The LAR method is robust in that it minimizes the sum of the absolute values of the
residuals, rather than the squared differences as in ordinary least squares. Therefore,
extreme values have substantially smaller influence on the fit, thereby achieving the
desired robustness of the fit. The Matlab function of "fit” with the ”StartPoint” of |1

1 1] was used for training the model.

3.4 LS-BE Model

For performance comparison with the LAR-a8y model, the following bi-exponential

model, which is frequently used in the literature [75], [196], [82], was chosen. We used
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the least squares approach as the fitting method; hence we refer to it as "LS-BE”.

Qnorm[1] = a1 57 + an 5y n=12... (3.4.1)

The estimation of the parameters is performed as follows. First, we can

easily verify that the following relation holds.

Qnorm[n + 1] = lenorm[n] - xQQnorm[n - 1] (342)

where,

r1 = (61 + 52) Ty = B1f2 (3.4.3)

Since we have the profile of normalized capacity, the unknown variables of x; and x4
in (3.4.2) can easily be estimated using LS method. Since x; and x5 are, respectively,
the sum and the product of 5, and s, we can find the estimates of 8; and [, by

solving the following quadratic equation, once we estimate x; and xs.

B =1 f+x=0 (3.4.4)

Having the estimates of 51 and [, equation (3.4.1) reduces to a linear equation with
unknown variables a; and as. Hence, by applying the LS method, we can estimate
both o and as.

Note that since the capacity model is in the normalized form, the capacity
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fade (CF), which is defined in (3.4.5), can also be written as in (3.4.6).

Qu-Qm ., (3.45)

CFll =0

CF[n] =1 — Quorm[n] n=12... (3.4.6)

3.5 Comparison of LAR-afvy Model and LS-BE Model

Figures 3.5.1 and 3.5.2 show the data for normalized capacities in one of the exper-
iments, along with the estimates of LAR~afvy and LS-BE models, with 40 and 160
training samples, respectively. In this experiment, as Fig. 3.5.1 and Fig. 3.5.2 show,
the LAR-af37 is better at capturing the trend in the normalized capacities than LS-BE.
While the outliers affect the LS-BE model significantly, they have minor effect on the
LAR~afvy and hence LAR-af7 filters out the outliers. It is seen that predictions of
LAR~ap~ are consistent with the experimental data even when just 40 samples are

used in the fitting process.
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FiGURE 3.5.2: Comparison of LAR-a8y model and LS-BE model with 160 training samples

Next, in one of the experiments, we used the data from cycles 1-175 for

training the two models, and then we predicted the normalized capacity for cycles
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176-200. We found while the average of the relative error of LS-BE prediction is 0.99%,
that of LAR-a3v is only 0.35%; in addition, the maximum values of relative error for
these models are 1.50% and .87%, respectively. This suggests that LAR-af~ provides
better performance in capturing the trend in capacity fade than LS-BE does. This
observation was found to be consistently valid across all the experiments.

Next we compare LAR-afvy and the LS-BE models using the Akaike Infor-
mation Criterion (AIC). The AIC is used to rank multiple models in the Kullback-
Leibler information sense [38] and values the goodness-of-fit and parsimony, two
often-counteracting factors. However, once a model, with fewer parameters (more
parsimonious), provides a better goodness-of-fit than a model with more parameters,
the AIC selects the model with less parameters. The number of parameters for the
LAR-afy is 3 and for the LS-BE is 4, meaning that the LAR-afy model is more
parsimonious than the LS-BE model. As for the goodness-of-fit, Fig. 3.5.3 shows
the ratio of MSE (Mean Squared Error) of LAR-af7 to that of LS-BE, where in
all experiments, this ratio is higher than 1 with it being as high as 3.6 for the first
experiment. In ranking models via AIC, what is important is the AIC differences
rather than the AIC values themselves [38]. Table 3.5.1 shows the AIC differences
(AAIC = AICs_pg — AIC;AR—ap) for the 10 aging experiments. For eight of experi-
ments the AIC difference is greater than 10 and for the remaining two experiments,
it is greater than 4. As rule of thumb, the level of empirical support for a model
with higher AIC is considerably less when the AIC difference is between 4 and 7 and
it is essentially none when the AIC difference is greater than 10 [4]. The relative
likelihood of LS-BE model (with respect to LAR-a87) can be calculated using the
AIC differences as lis_pr = exp(—2419)[38]. These values are shown in Table 3.5.1

and it is seen that the highest value for relative likelihood of LS-BE model is 0.1,
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which demonstrates that the LAR-afy model is better than LS-BE model in the

Kullback-Leibler information sense.
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FIGURE 3.5.3: MSE ratio of LS-BE to LAR

TABLE 3.5.1: AIC differences of the LAR-af8vy and LS-BE models and relative likelihood of
LS-BE model for all aging experiments

Experiment ID 1 2 3 4 5 6 7 8 9 10

AAIC = AICLg_gg — AICLAR-asy 257 128 32 6 75 16 45 11 25 11
lus_E (Relative likelihood) 0.00 0.00 0.00 0.00 0.02 0.00 0.10 0.00 0.00 0.00
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Table 3.5.2 shows the parameters of LAR-a8y model for the ten experiments.

TABLE 3.5.2: Parameters of LAR-a8y model for all experiments

Experiment 1D Q 15} vy

1 0.9992 0.9995 -0.0037
2 1.0015 0.9996 -0.0027
3 1.0007 0.9996 -0.0018
4 1.0007 0.9996 -0.0006
bt 1.0013 0.9995 -0.0042
6 1.0008 0.9996 -0.0043
7 1.0005 0.9996 -0.0028
8 1.0016  0.9996 -0.0032
9 1.0004 0.9996 -0.0021
10 1.0004 0.9996 -0.0009

3.6 CVD Model

In order to be able to apply the level-I control policy (as described in chapter 4)
to select the optimal values for the maximum allowable current and the maximum
allowable terminal voltage, we need a capacity fade model that incorporates these two
parameters. For this reason, we developed a control variable-dependent model (CVD
model), in which the afv parameters are dependent on vyay, and iy.,. The model
chosen for this purpose is as follows:

Qnorm,vmax,imax [n} = (alUQQ (o ) (61/0[32 ZB3 )Tbn(’71+’szmax+’Y3imax) n = 17 27 (361)

max "max max "max
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The fitting of model (3.6.1) is performed in three stages:

O The data for each experiment are used to find the corresponding LAR-a3~

model.

® For each experiment, the corresponding LAR-«a/f7 is used to generate the

normalized capacity data for 500 cycles.

® The generated normalized capacity data in stage 2 for all experiments as well
as the vy and 7., of the experiments are used to fit the CVD model using

the LS approach.

The CVD model of (3.6.1) can be written as follows:

Qnormu[n] = f(a. 8,7,u,1) (3.6.2)
- o8
g= {ﬂl Bs 63r (3.6.4)
y= {% 72 %,r (3.6.5)
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T
u= [Umax @'max} (3.6.6)

where , 3, and v are fixed parameters, once the model is trained. Therefore, the
trend in capacity (and consequently capacity fade) over cycles depends on the values
of control variables u. Note that vy, and iy, are expressed in normalized form with
their nominal values being 4.35V and 2.6 A, respectively.

Table 3.6.1 shows the parameters of the CVD model.

TABLE 3.6.1: Parameters of CVD model

(07] (67) (0%
1.0007  0.0539 -0.0051
B Ba Bs

0.9996 -0.0012 -1.0407x107*

4! Y2 V3

0.0749 -0.0767 -4.9293 x10~*

3.7 Comparison of CVD and LS-BE Models

Figure 3.7.1 shows a comparison of the LAR-a5y, CVD and LS-BE models in capturing
the trend in capacities for two of the experiments. The CVD model and the LAR-a5vy
model are indistinguishable. Figure 3.7.2 shows the relative error of the CVD and
the LS-BE models with respect to the LAR-afv model. As is evident from these

experiments, compared to LS-BE, the CVD model has a lower relative error.
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3.8 Effect of Terminal Voltage and Current on Bat-
tery Capacity

In this section, using the CVD model, we consider the effect of voltage and current
on the capacity curves. For this purpose, we use the range {0_97 1.02] for both
normalized v, and normalized i,,,. INote that these variables are in normalized
form with 1 for vy, and iy., representing 4.35 V and 2.6 A, respectively. Figure
3.8.1 shows 80 capacity curves which are obtained by 20 linearly-spaced values in
the voltage range and 4 linearly-spaced values in the current range. The red and
green curves shov:\; the harshest and mildTest strategies, respectively, corresponding to
u= [1_02 1'02} and u = {0,97 ()'97] . It is seen that these 80 curves span almost
all the area between the harshest and mildest strategies. On the other hand, Figure
3.8.2 shows 80 capacity curves which are obtained by 4 linearly-spaced values in the
voltage range and 20 linearly-spaced values in the current range. Again, the red and
green curves show t%rle harshest and mildes;c strategies, respectively, corresponding
tou = {1,02 1.()2} and u = {().97 0.97} . It is seen that there is sparsity in the
region between the red curves. More specifically, there are four sets (corresponding
to the four values of v,y ) of curves each containing 20 curves (corresponding to the
20 values of iy, ) and these four sets are separated by empty spaces. In other words,

Figures 3.8.1 and 3.8.2 confirm that vy,y, rather than i,,,, has a salient effect on

capacity fade.
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In another simulation, we used the harshest value for v,,., i.e., 1.02, and
100 linearly-spaced values for iy, in the region {0,97 1'()2]. All the 100 curves had

normalized capacities of less than 0.80 after 500 cycles. However, by reversing the
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scenario, i.e., using the harshest value for i,.y, i.e., 1.02, and 100 linearly-spaced
values for v, in the region {0.97 1,02}, only 36 curves had normalized capacities
that are less than 0.80 after 500 cycles. This again confirms the dominant effect of

Umax OVET Iy, ON capacity fade.

3.9 Summary

In this chapter, we presented two models for estimating the normalized battery capacity,
namely, the LAR-a8y and the CVD. The former is a function of the number of cycles
and the latter is a function of the number of cycles and two charge control parameters,
viz., maximum terminal voltage of the battery (vmax) and maximum charge current
(imax)- The accuracies of these models were explored by experimental data gathered
from aging experiments performed on Samsung GS4 battery, and their dominance
over the bi-exponential capacity model was demonstrated using the experimental
data. The statistical dominance of LAR-af8v over LS-BE was performed using Akaike
Information Criterion (AIC). Using the CVD model, we also analyzed the effect of
voltage and current on the capacity curves and we showed that vy, rather than ¢,,.,

has a salient effect on the capacity fade of a battery.
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Chapter 4

Battery Life Management

4.1 Introduction

As mentioned earlier, we analyze the optimal charging problem as a two-level strategy
(level-I and level-IT) that provides fast charging, while considering the battery life
management by achieving a pre-specified desired “useful cycle life”. At a lower and
more detailed level (level-II), the objective is to find the optimal current profile to
minimize the time-to-charge and energy loss during charging. The optimal charging
algorithms require two parameters: maximum acceptable terminal voltage of the
battery and the maximum current during charge. As observed by other researchers as
well [100], these two parameters affect the life of the battery. Other factors that affect
the life of the battery include depth of discharge, variations in charge and discharge
currents, temperature, and duty cycle and pulse duration in the case of pulse charging,
to name a few. In this chapter, we focus on the Level-I optimization, which is in fact

battery life management.
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The block diagram of level-I optimization is shown in Fig. 4.1.1. The
measured capacity data from aging experiments is fed into a capacity fade model that
uses the present cycle and the capacity of the battery obtained from the battery fuel
gauge (BFG) to select the optimal charging parameters vy, and ip.x to be used as

control parameters in the charging algorithm.

QIIUI’I:I.I, Umax simax [n']

t Q] - -
— no _ | Optimal | A%,
Aging i(t) N Capacity " Capacity Fade Charging .
Experiments n | Calculation X ) Modeling Parameter ! max
% Imax Selection
_T_J .~
Cycle and
capacity
information
from BFG

FIGURE 4.1.1: Block diagram of level-I optimization (battery life management)

This chapter is organized as follows. In section 4.2, we present a methodol-
ogy that combines fast charging and battery life management via optimal charging
parameter selection. Then, numerical illustrations for the optimal charging parameter

selection are presented in section 4.3. Finally, in section 4.4, we summarize the chapter.

4.2 Fast Charging with Battery Life Management
via Optimal Charging Parameter Selection

In this section, we present a battery life management policy, by formulating the
problem as one of optimally selecting the control variables, i.e., Vyayx and iy.. The
goal is to find the optimal terminal voltage and maximum current so that we preserve

the ”Least Permissible Normalized Capacity” LPNC (typically 80%) at the end of the
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”Nominal Cycle Life” NCL (typically 500) cycles of battery usage, while minimizing

the time to charge. In this paper, for illustrative purposes, we use LPNC = 80% and

NCL = 500 as the constraints for the optimal charging parameter selection.
Suppose we have K different candidate values for wv,., and L different

candidate values for 7,,,x as follows:

Umax € {V1, V2, ..., 0k} (4.2.1)

Tmax € {il, 1o, ... ,iL} (422)

This results in K x L different curves as follows:

Qnorm,kl [n] = f(g7 ﬁa s Uy, n) (423)

Figure 4.2.1 shows a graph of normalized capacity (Qnorm) versus cycle

number (n).
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FIGURE 4.2.1: An example of normalized capacity as a function of cycle number

T
uyy = {Uk iz} ke{l,2,...K} le{l,2..,L} (4.2.4)

Corresponding to curve Qporm x1[1], we define the ” Useful Cycle Life” of UCLy,

as the cycle number at which the normalized capacity hits the ”Least Permissible

81



Normalized Capacity” LPNC (say, 80%). Thus,

Qnormk1[n] = f(a, 8,7, u,n) > LPNC for n < UCLy (4.2.5)

Quormx[n] = f(a, 8,7, uy,n) < LPNC for n > UCLy (4.2.6)

Figure 4.2.2 illustrates the definition of UCLy;.

1 T T
Qm}rm:n] = f(g -(_3 l: Uy n)

o
La]
T

cJI]-GI'I'IH [ji]

LPNCOs8

0 200 400 UCL - 600

n

FIGURE 4.2.2: Tllustration of Useful Cycle Life (UCL)

Assume that we have estimates of the number of cycles the battery has

been exposed to and the normalized capacity of the battery at any time (for example
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through BFG). Let PC denote the "Present Cycle” of the battery and let Qpc be
the estimated normalized capacity at cycle PC. If this battery is going to be charged
using the control setting uy;, its normalized capacity should correspond to the curve
Qnorm i[1]. Corresponding to the control setting u;, and the normalized capacity
of the battery at present cycle (Qpc), we define the ”Virtual Present Cycle” of the

battery VPCy,; as follows:

QPC = f(ga é; 17 U VPCkl) (427)

Figure 4.2.3 illustrates the definition of VPCy,.

1 T T
anrm:n] = f{g [_j’ s Ukis n)
QPC = = =

| Qrc = f(e, 8,7, g, VPCr)
|
|

0.9 ‘
. |
: |
|
I
, |
LPN(Cos8 |
|

0 VPG, 200 400 UCL, %0

n

FIGURE 4.2.3: Illustration of Virtual Present Cycle (VPC)
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Then, for a charge profile with control setting wuy;, the ”Remaining Useful
Cycle Life” RUCLy; is defined as the difference between useful cycle life and the virtual

present cycle; that is

RUCLy = UCLy — VPCyy (4.2.8)

Figure 4.2.4 illustrates the definition of RUCLy,.

1 T T
Cgm}rmin] = f(g 1[_3: 1: YUy ?‘1)
QPC | = =
I (QPC = f(grﬁrlﬁy’khvpckij
I
| RUCLy; =UCLy — VPCy
0.9} &
- |
I
I
T |
LPNCo8 I
|
0 VPCH 200 400 J;-CLH 600

n

FIGURE 4.2.4: Illustration of Remaining Useful Cycle Life (RUCL)
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Since the battery has already experienced PC cycles of usage, the ” Expected

Useful Cycle Life” of the battery EUCLy; corresponding to the control setting uy; is:

EUCLy; = PC + RUCLy (4.2.9)

Inserting (4.2.8) into (4.2.9), we have

EUCLy; = (PC — VPCy) + UCLy, (4.2.10)

The control setting wuy,; is feasible if its corresponding expected useful cycle

life is greater than or equal to ”Nominal Cycle Life” NCL (say, 500 cycles); that is

EUCLy, > NCL (4.2.11)

Thus, the ”Set of Feasible Control Settings” (SFCS) is

SFCS = {uylk € {1,2,...,K},1 € {1,2,...,L},EUCLy > NCL}  (4.2.12)

Among all feasible control settings, we select the one that minimizes the time
to charge. This can be done as follows by using TTC,,;. For this purpose, the model-I
[?] of the battery is simulated for different values of feasible control parameters, and
among them the policy that results in the lowest TTC is selected. In the simulations,
the CC-CV charging is used with the current in CC stage is selected as 7; and the
terminal voltage in CV stage as vi. This is equivalent to running the optimal charging
algorithm with the objective of weighted sum of time-to-charge (TTC) and energy

loss (EL) (referred to as OtE algorithm in section 2.2) with weight on TTC, i.e. py,
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being equal to Ryi?, where Ry is the series resistance of the equivalent electrical circuit
model. Note that for running model-I we need to know an estimate of the resistance
of the battery, i.e. Ry, which can obtained through BFG. In the numerical results of

this paper, however, we assume that R, is known.

Remark 4.2.1. Note that we can set a threshold SOC, sy, for which we want to
have the fastest TTC among all feasible strategies. The sy, threshold may be different
from the desired final SOC after charging, i.e., si,. For example, if we want to find
the best policy, which maintains the life cycle constraints and results in the lowest

time to charge for reaching an SOC of 50%, then we set sy, = 0.50.

Remark 4.2.2. Note that any capacity model can be used in place of the CVD model,
as long as the model incorporates the control variables (the maximum terminal voltage

and the maximum charge current).

The optimal strategy is then, selecting the control setting (among the SFCS)

that provides the lowest time-to-charge:

) = in_ (TT 421
(K%, 1%) arg (uklrgs}gcs( cm) (4.2.13)

Remark 4.2.3. Another way to select the optimal strategy could be selecting the

control setting (among the SFCS) that provides the lowest useful cycle life (UCL):

(17,17) = arg <§IF%% (UCLkl)) (4.2.14)
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The optimal control setting is

T T
v [v;ax @'i‘nax} - [W il*] (4.2.15)

Figure 4.2.5 shows the detailed block diagram of battery life management
(the level-I optimization problem). The setpoints of the diagram are LPNC and NCL,
and s, the inputs to the optimization algorithm are PC, Qp¢, and Ry. These inputs

may be estimated by BFG. In the numerical results of this thesis, we assume these

inputs as known. The outputs of the diagram are ¢}, and v} ., which are used in
the level-II algorithms.
Qnm‘m,g[”] = f(gsﬁaja u, n)
- @ q q L
Capacity Fade Modeling Optimal Charging Parameter Selection
SR i Quorm,uy, [1] = Fla, 8,7, ug, )
Umax * '
VUmax Find LAR-ofy 3 'R | LENG
. i model and max Fit CVD — Calculate the — Set by user
Ag,mg max by generate 1| model with L8 : A Sn-nuldt«? data i—pl Set of Feasible | [NCL [ ¥
Experiments . for various . -
mn capacity data approach values of Control PC
¥ for 500 cyeles i U Settings Orc L
\_ p, e (SFCS)
L E
t]i(t) n Qrmrm[n] Qm,,,,[n] = af™n” SFC l from

s - = Q[n] )

Simulate CC- [— BFG
TTCu| ¢V charging ¢ fig

Trapezoidal ¥ Capacity S,E]CFI Comfrol | C
Integration of 1 Normalization betr_m_g \fv'hlch w}th current at

Current Q[ ] minimizes b and max Sth

Profile Quormln) = Sl TTC tTrmmal

voltage at vk
— —— \_ )
* 3
?"mzlx‘_ < Ymax

FI1GURE 4.2.5: Battery life management block diagram

4.3 Numerical Illustration of Optimal Charging Pa-
rameter Selection

In this section, we illustrate the proposed optimal charging parameter selection method

by numerical examples. Resolution of candidate values for control variables v, and
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Tmax are selected as 0.01 and 0.1, respectively. Note that these control variables are in
normalized form with the nominal value of 4.35 V and 2.6 A for voltage and current,
respectively. In other words, the resolution of control variables are 0.0435 volts and
0.26 amperes. Eight different scenarios, each specified by four parameters (PC, Qpc,
Ry, and sy, ), are illustrated. In all scenarios, we assume LPNC = 0.80 and NCL = 500.
For a fair comparison of the effect of changing battery resistance Ry and threshold
SOC sy, we have used the same PC (that is PC = 50) for all scenarios. The table of
expected useful cycle life (EUCL) is shown for each scenario, in which the EUCL’s of
SFCS are shown in boldface, and the optimal control settings and the corresponding
EUCL values are underlined. Note that the values for i; and v, are in “normalized
(actual)” format and the actual values for currents and voltages (the values inside the

parentheses) are in amperes and volts, respectively.

4.3.1 Scenario 1

PC =50, Qpc = 0.96, Ry = 150m<2, and sy, = 0.50. Table 4.3.1 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.1, the optimal

control setpoints for this scenario are

ut = [v* it r = {0.97 1.3}T (4.3.1)
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TABLE 4.3.1: Expected Useful Cycle Life (EUCL), for Scenario 1: PC = 50, Qpc = 0.96,

Ry = 150mf2, and s, = 0.50

0.7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)
Uk
0.97 (4.22) 590 568 550 536 523 512 502
0.98 (4.26) 567 547 531 517 505 494 485
0.99 (4.31) 546 527 512 498 488 478 469
1.00 (4.35) 526 508 495 482 472 462 454
1.01 (4.39) 507 491 477 466 456 448 440
1.02 (4.44) 489 474 461 450 442 433 426

Figure 4.3.1 shows the expected useful cycle life (EUCL) for “Scenario 1”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.

102 o7 max

FIGURE 4.3.1: Expected Useful Cycle Life (EUCL) for Scenario 1

infeasible strategies are in red; optimal strategy is in green
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4.3.2 Scenario 2

In this scenario, we consider a battery that has been used more mildly than in “Scenario
17.

PC =50, Qpc = 0.99, Ry = 150m<2, and s, = 0.50. Table 4.3.2 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.2, the optimal

control setpoints for this scenario are

u = {v* - r = {1.00 1.3]T (4.3.2)

As “Scenario 2”7 describes a battery that has been used very mildly, we see from Table
4.3.2 that the SFCS includes more members. Also note that for any setting, the EUCL
corresponding to “Scenario 2” is higher than that of “Scenario 1”. Note that compared
to “Scenario 17, the optimal control setting in “Scenario 2” has a higher v} .. This is

because the battery has been used mildly before and hence it has more room to be

exposed to higher terminal voltage without violating the constraint on useful life.

TABLE 4.3.2: Expected Useful Cycle Life (EUCL), for Scenario 2: PC = 50, Qpc = 0.99,
Ry = 150mf2, and s, = 0.50

0.7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)

Uk

0.97 (4.22) 681 656 635 618 603 590 578
0.98 (4.26) 652 629 610 593 579 566 556
0.99 (4.31) 624 603 585 569 556 545 534
1.00 (4.35) 599 578 561 547 534 523 513
1.01 (4.39) 573 555 538 525 513 503 493
1.02 (4.44) 549 532 517 504 493 483 474
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Figure 4.3.2 shows the expected useful cycle life (EUCL) for “Scenario 2”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.

FIGURE 4.3.2: Expected Useful Cycle Life (EUCL) for Scenario 2
infeasible strategies are in red; optimal strategy is in green

In both “Scenario 17 and “Scenario 2”, among all members of SFCS, the
ones with higher current were selected. This may not always be the case if we increase
s¢n or if the resistance of the battery increases. Note that for low values of sy, the
charging time is inversely proportional to the injected current as all the strategies
are in the CC stage, but for higher si;, some of the strategies may experience the CV

stage as well; hence the best policy may not be the one with the highest current.
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4.3.3 Scenario 3

In this scenario, we change s, form 0.50 to 0.80 and all other conditions remain the
same as in “Scenario 17.

PC =50, Qpc = 0.96, Ry = 150m<2, and s, = 0.80. Table 4.3.3 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.3, the optimal

control setpoints for this scenario are

u = {v* i r = {0.98 1.1]T (4.3.3)

TABLE 4.3.3: Expected Useful Cycle Life (EUCL), for Scenario 3: PC = 50, Qpc = 0.96,
Ry = 150mf2, and s, = 0.80

0.7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)

Uk

97 (4.22) 590 568 550 536 523 512 502
0.98 (4.26) 567 547 531 517 505 494 485
0.99 (4.31) 546 527 512 498 488 478 469
1.00 (4.35) 526 508 495 482 472 462 454
1.01 (4.39) 507 491 477 466 456 448 440
1.02 (4.44) 489 474 461 450 442 433 426

Figure 4.3.3 shows the expected useful cycle life (EUCL) for “Scenario 3.

The infeasible strategies are shown in red and the optimal strategy is shown in green.
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FIGURE 4.3.3: Expected Useful Cycle Life (EUCL) for Scenario 3

infeasible strategies are in red; optimal strategy is in green

4.3.4 Scenario 4

In this scenario, we assume that the resistance of the battery is 200mf2 instead of
150mS2 as used in “Scenario 17 and we assume that all the other conditions remain
the same as in “Scenario 17.

PC =50, Qpc = 0.96, Ry = 200mS2, and s, = 0.50. Table 4.3.4 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.4, the optimal

control setpoints for this scenario are the same as in “Scenario 3”:

ut = [v* it r = [0.98 1.1r (4.3.4)
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TABLE 4.3.4: Expected Useful Cycle Life (EUCL), for Scenario 4: PC = 50, Qpc = 0.96,
Ry = 200mf2, and s, = 0.50

o7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3 (3.38)

Vg

0.97 (4.22) 590 568 550 536 523 512 502
0.98 (4.26) 567 547 531 517 505 494 485
0.99 (4.31) 546 527 512 498 488 478 469
1.00 (4.35) 526 508 495 482 472 462 454
1.01 (4.39) 507 491 477 466 456 448 440
1.02 (4.44) 489 474 461 450 442 433 426

Figure 4.3.4 shows the expected useful cycle life (EUCL) for “Scenario 4”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.

FIGURE 4.3.4: Expected Useful Cycle Life (EUCL) for Scenario 4
infeasible strategies are in red; optimal strategy is in green
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4.3.5 Scenario 5

In this, we assume that the resistance is higher (250mf2) than that of Scenario 4
(200mS2). Comparing Table 4.3.5 with Table 4.3.4, we can see that the level of optimal
current decreases further, and the optimal strategy moves down along the boundary
between the feasible and infeasible control settings.

PC =50, Qpc = 0.96, Ry = 250m¢2, and sy, = 0.50. Table 4.3.5 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.5, the optimal

control setpoints for this scenario are

ut = [v* it r = {0.99 0.9]T (4.3.5)

TABLE 4.3.5: Expected Useful Cycle Life (EUCL), for Scenario 5: PC = 50, Qpc = 0.96,
Ry = 250m¢2, and si, = 0.50

W] 0.7(1.82) 0.8(208) 0.9 (234) 10(26) 1.1(286) 12(3.12) 13 (3.38)

U,

0.97 (4.22) 590 568 550 536 523 512 502
0.98 (4.26) 567 547 531 517 505 494 485
0.99 (4.31) 546 527 512 498 488 478 469
1.00 (4.35) 526 508 495 482 472 462 454
1.01 (4.39) 507 491 A77 466 456 448 440
1.02 (4.44) 489 474 461 450 442 433 426

Figure 4.3.5 shows the expected useful cycle life (EUCL) for “Scenario 5.

The infeasible strategies are shown in red and the optimal strategy is shown in green.
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FIGURE 4.3.5: Expected Useful Cycle Life (EUCL) for Scenario 5

infeasible strategies are in red; optimal strategy is in green

4.3.6 Scenario 6

In this scenario, we assume that the resistance is even higher (300mS2) than that of
Scenario 5 (250m§2). Comparing Table 4.3.6 with Table 4.3.5, we can see that the
level of optimal current decreases further, and the optimal strategy moves down along
the boundary between the feasible and infeasible control settings.

PC =50, Qpc = 0.96, Ry = 300mS2, and s, = 0.50. Table 4.3.5 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.5, the optimal

control setpoints for this scenario are

u = [v* i ]T = [1.00 0.8]T (4.3.6)
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TABLE 4.3.6: Expected Useful Cycle Life (EUCL), for Scenario 6: PC = 50, Qpc = 0.96,

Ry = 300mf2, and s, = 0.50

0.7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)
Uk
0.97 (4.22) 590 568 550 536 523 512 502
0.98 (4.26) 567 547 531 517 505 494 485
0.99 (4.31) 546 527 512 498 488 478 469
1.00 (4.35) 526 508 495 482 472 462 454
1.01 (4.39) 507 491 477 466 456 448 440
1.02 (4.44) 489 474 461 450 442 433 426

Figure 4.3.6 shows the expected useful cycle life (EUCL) for “Scenario 6”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.

FIGURE 4.3.6: Expected Useful Cycle Life (EUCL) for Scenario 6

infeasible strategies are in red; optimal strategy is in green
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4.3.7 Scenario 7

PC =50, Qpc = 0.97, Ry = 150m¢2, and sy, = 0.50. Table 4.3.7 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.7, the optimal

control setpoints for this scenario are

u = [v* it ]T = [0.98 1.3]T (4.3.7)

TABLE 4.3.7: Expected Useful Cycle Life (EUCL), for Scenario 7: PC = 50, Qpc = 0.97,
Ry = 150mf2, and s, = 0.50

w07 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)
Uk
0.97 (4.22) 620 598 579 563 550 538 527
0.98 (4.26) 596 575 558 543 530 519 510
0.99 (4.31) 573 554 538 523 512 502 492
1.00 (4.35) 552 533 518 505 494 484 475
1.01 (4.39) 531 514 499 488 477 468 460
1.02 (4.44) 512 496 482 471 462 452 445

Figure 4.3.7 shows the expected useful cycle life (EUCL) for “Scenario 7”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.
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FIGURE 4.3.7: Expected Useful Cycle Life (EUCL) for Scenario 7

infeasible strategies are in red; optimal strategy is in green

4.3.8 Scenario 8

PC =50, Qpc = 0.98, Ry = 150m¢2, and sy, = 0.50. Table 4.3.8 shows the expected
useful cycle life (EUCL) for this scenario. As seen from Table 4.3.8, the optimal

control setpoints for this scenario are

u = [v* it r = [0.99 1.3r (4.3.8)
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TABLE 4.3.8: Expected Useful Cycle Life (EUCL), for Scenario 8: PC = 50, Qpc = 0.98,

Ry = 150mf2, and s, = 0.50

0.7 (1.82) 0.8 (2.08) 0.9 (2.34) 1.0(2.6) 1.1(2.86) 1.2(3.12) 1.3(3.38)

Uk

0.97 (4.22) 651 627 607 591 577 564 553
0.98 (4.26) 624 603 584 568 555 543 533
0.99 (4.31) 599 579 562 547 535 524 514
1.00 (4.35) 576 557 541 527 515 505 496
1.01 (4.39) 553 536 520 508 497 487 479
1.02 (4.44) 532 516 501 489 479 470 462

Figure 4.3.8 shows the expected useful cycle life (EUCL) for “Scenario 8”.

The infeasible strategies are shown in red and the optimal strategy is shown in green.

FIGURE 4.3.8: Expected Useful Cycle Life (EUCL) for Scenario 8

infeasible strategies are in red; optimal strategy is in green
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Remark 4.3.1. That in Scenarios 4-6, increasing the resistance resulted in an optimal

policy with lower current. This suggests that i,,.., rather than v,,.,, has a salient

effect on power fade. Figure 4.3.9 shows the effect of power fade (increase in the series

resistance) on the expected useful cycle life (EUCL) of battery.

FIGURE 4.3.9:

FGD=150mQ F|0=20(] m{}

R, =250 mQ}

Effect of power fade (increase in the series resistance) on the expected useful
cycle life (EUCL) of battery

The animation of the effect of power fade on EUCL can be downloaded from [1].

Remark 4.3.2. That in Scenarios 1-2 and 7-8, increasing the present capacity (Qpc)

resulted in an optimal policy with higher voltage. This suggests that vy,ay, rather than

Imax, has a salient effect on capacity fade. This is consistent with the results from

section 3.8. Figure 4.3.10 shows the effect of capacity fade on the expected useful

cycle life of battery.
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FIGURE 4.3.10: Effect of capacity fade on the expected useful cycle life (EUCL) of battery

The animation of the effect of capacity fade on EUCL can be downloaded
from [1].

Figure 4.3.11 summarizes the above remarks visually. The width of the

causal arrows represents their strength.

Capacity
Fade

FIGURE 4.3.11: Effect of vpax and imax on power fade and capacity fade
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Since the main cause of increasing the resistance is solid-electrolyte interphase
(SEI) formation and the main cause of decreasing capacity is Li plating, we can say
that higher currents are significant causal factors for SEI formation, while higher

terminal voltages are major causes of Li plating.

4.3.9 Summary of Scenarios and Some Insights

Table 4.3.9 shows the parameters and the optimal policy for each scenario.

TABLE 4.3.9: Scenarios: parameters and optimal policy

Scenario Parameters Optimal Policy (normalized) Optimal Policy (actual)
PC Qpc Ro(m®) s Unax Imax Unax(V)  ihax(A)
1 50  0.96 150 0.50 0.97 1.3 4.22 3.38
2 50  0.99 150 0.50 1.00 1.3 4.35 3.38
3 50 0.96 150 0.80 0.98 1.1 4.26 2.86
4 50  0.96 200 0.50 0.98 1.1 4.26 2.86
S 50  0.96 250 0.50 0.99 0.9 4.31 2.34
6 50  0.96 300 0.50 1.00 0.8 4.35 2.08
7 50 097 150 0.50 0.98 1.3 4.26 3.38
8 50 0.98 150 0.50 0.99 1.3 4.31 3.38

The following insights can be drawn form Tables 4.3.1 through 4.3.9:

1. For scenarios with mild usage of battery and low values of sg, (as in “Scenario 1”
and “Scenario 2”), the optimal strategy is the one among the feasible candidates

(members of SFCS) that has the highest current.

*
max

2. If the battery is treated mildly, the optimal strategy yields higher values of v

and ¢*

max*

For example, the battery in “Scenario 2”7 is treated more mildly than

103



the battery in “Scenario 17, and consequently, the v¥ . (1.00 normalized or 4.35

max

volts) in “Scenario 2”7 is higher than that (0.97 normalized or 4.22 volts) of

“Scenario 17.

3. For scenarios with higher values of sy, (as in “Scenario 3”), the optimal strategy

*
max

*
max*

yields lower values of ¥ . and higher values of v

4. The increase in battery resistance (compare Scenarios 4, 5, and 6) results in

*
max*

lower values of ;. and higher values of v
5. Tmax, rather than v,.,, has a salient effect on power fade.

6. Umax, rather than 7,,.,, has a salient effect on capacity fade. This is consistent

with the results from section 3.8.

4.4 Summary

In this chapter, we presented a battery life management policy by developing a
procedure for optimal charging parameter selection. The proposed approach finds
the best Upax and iyay to achieve a desired cycle life (for example, 500 cycles), while
maintaining the normalized capacity above a desired threshold (for example, 80%) and
attaining the fastest possible time-to-charge. The method was illustrated via numerical
results. The optimal setpoint depends on the desired state of charge (denoted by
syn) for which we aim to attain the fastest charging time. It also depends on the
resistance of the battery, i.e., Ry. Simulation results show that a low threshold on
state of charge (si,) and a low battery resistance result in an optimal setpoint with

the highest i,,,, among the set of feasible control settings, while increasing s, and the
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battery resistance result in moving the optimal setpoint to lower values of i,., and
higher values of v,.c. From the discussion of the different scenarios, we concluded
that 7.y, rather than v,,,,, has a salient effect on power fade, and v,.y, rather than
Imax, has a salient effect on capacity fade. The latter is consistent with the results

from section 3.8.
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Chapter 5

Fault Detection, Diagnosis and
Prognosis

5.1 Introduction

With increasing number of subsystems and components in complex engineered systems,
the need for system monitoring, anomaly (fault) detection and root cause analysis is
paramount for improved system availability. However, the process of detecting and

isolating faults in complex systems is challenging. This is because:

e The numbers of faults and monitoring signals (“processed sensor measurements”,
“tests”, “symptoms”, “visual observations”) in these systems are large (running

into tens of thousands).

e Each test outcome may be caused by faults in multiple components of possibly

multiple subsystems (“many-to-many” fault-test relationships).
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e Faults propagate from one subsystem to another (“cross-subsystem fault propa-

gation”) with delays.

e Test outcomes, which are uncertain, are observed with delays caused by fault

propagation, computation and communication.
e Simultaneous occurrence of multiple faults is frequent.

This makes traditional single-fault diagnosis approaches untenable. Uncertain
test outcomes pose particularly difficult challenges to fault diagnosis: while, in a perfect
binary test outcome situation, a passed test indicates the normal status of its associated
components and a failed test implies the existence of at least one faulty component
associated with the test, neither can be inferred when the tests are imperfect. In the
binary test outcome case, an imperfect test outcome may be reported as passed, even
when there are faulty component(s) associated with the test, a situation referred to as
imperfect (missed) detection. On the other hand, an imperfect test outcome may be
reported as failed, even though there is no faulty component associated with the test,
a condition referred to as a false alarm.

In broad terms, fault diagnosis problems can be categorized into two groups:
passive monitoring and active monitoring (“probing”). In passive monitoring, the fault
diagnosis subsystem (“diagnoser”) relies on synchronous or asynchronous availability
of test outcomes to detect abnormal conditions in the system and to isolate the faulty
component or components in the system. This is also termed abductive reasoning.
One application of passive monitoring is in disease diagnosis, such as Quick Medical
Reference Decision-Theoretic (QMR-DT) problem, wherein bi-partite belief networks
are used to model the probabilistic cause-effect relations of a set of diseases and a set

of findings [169], [200]. On the other hand, in active probing, the aim is to adaptively
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sequence the application of tests based on the outcomes of previously applied tests
in order to minimize the expected troubleshooting time or the expected testing cost.
Evidently, hybrid passive and active monitoring (e.g., passive monitoring followed by
active probing to troubleshoot problems) is a common practice in complex system

diagnosis.

Components
(Failure Sources) o

Cause-Effect Relations

Test Outcomes @ @ @ e @
Observations @ @ @

FIGURE 5.1.1: Tripartite digraph of fault diagnosis system

Graphical models combine graph theory and probability theory into an
elegant formalism for visualizing models, gaining insights into conditional independence
properties, inference and learning. Since fault diagnosis is inherently an inference
problem, it is natural to employ graphical models for fault diagnosis. In this vein, a
fault diagnosis system can be conceptualized as a tripartite directed graph (digraph)
as shown in Fig. 5.1.1. The first (top) layer contains the components (failure modes or
failure sources) and the second (middle) layer is comprised of test outcomes. The cause-
effect relations between the component health states (herein termed failure source

states) and the test outcomes may be perfect or imperfect (probabilistic). The third
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(bottom) layer encompasses the observations of test outcomes, which may be perfect
or imperfect, observed synchronously or asynchronously and, in the synchronous case,
not all observations of test outcomes may be available at each epoch. Note that the
observations may be different from the test outcomes, for example, due to uncertainty
and communication errors. When the observations are perfect, we have o;(k) = t;(k)
and the tri-partite digraph is reduced to a bipartite one. In the following, we assume
that observations are perfect and represent the system as a bipartite digraph. Also in
the case of static fault diagnosis, the dependence on time is omitted in the bipartite
digraph.

The problem has three basic elements, namely, failure sources (associated
with components), tests, and dependency relations between failure sources and tests.
Each of these elements can be abstracted in various ways to capture the nature of fault
diagnosis problem in a complex system. For example, failure sources associated with
a component can be permanent (static) or intermittent (dynamic). They may have
binary states (normal, abnormal) or multi-valued states (nominal and various degraded
modes of operation). The failure sources may be independent or coupled (see Fig.
5.1.2). In the same vein, a test can be categorized as having binary or multi-valued
outcomes, and the relationship between the failure sources and test outcomes can be
perfect or imperfect, as alluded to earlier.

For ease of exposition and simplicity of notation, we consider failure sources
and test outcomes with binary states. Fig. 5.1.3(a) shows a component having
binary (0-1) states and a test outcome also with binary (0-1) states having a perfect
dependency relationship. Evidently, in this case, with probability one, z; = 1 is
mapped to t; = 1, and z; = 0 to ¢; = 0.

Fig. 5.1.3(b) shows the dependency relationship of a failure source and a test
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Failure Sources

Binary or Multi-valued
Independent or Coupled

Perfect Detection Missed Detection
f Perfect Imperfect

No False Alarm Relation Relation False Alarm

[ Binary or Multi-valued Outcomes]

Tests

FIGURE 5.1.2: Modeling abstractions in fault diagnosis subsystems

outcome in an imperfect test setting. An imperfect binary relation can be represented
by probability of detection and probability of false alarm as follows.

Probability of Detection: If z; = 1, then there is a probability Pd;;
that test ¢; fails. Here, Pd;; denotes the probability of detection. Formally, Pd;; =
Pr(t; = 1|z; = 1).

Probability of False Alarm: If z; = 0, then there is a probability Pf;;
that test ¢; fails. Here, Pf;; denotes the probability of false alarm. Formally, Pf;; =
Pr(t; = 1|z; = 0).

In the sequel, we discuss the static and dynamic form of multiple fault
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Pfij sz'j
1—Pfij
A ) 1 - Pd,,
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(a) Perfect Relation (b) Imperfect Relation

FIGURE 5.1.3: Perfect and imperfect relations of a failure source and a test outcome

diagnosis and also passive and active monitoring using this simplified model. Extensions
of the method to coupled and delayed failure source state propagation, and delayed

observations can be found in [170], [103], [180], [104], and [204].

5.2 Static Multiple Fault Diagnosis

In this section, we consider the multiple fault diagnosis problem in a static context,
and we refer to it as static multiple fault diagnosis (SMFD). The SMFED problem is

comprised of the following:

e The system consists of m components ¢, ¢y, -+, ¢,,. Without loss of generality,
a single failure mode is associated with each component. The failure modes are
assumed to be conditionally independent. We let S = {s1, s2,..., s} be the set

of independent potential failure modes (failure sources), respectively, associated
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with the system components ¢y, co, -+, ¢pp.

e To each component (potential failure source), ¢; (s;) is assigned a binary state
variable x;, where x; = 1 represents the fault state of the component and x; = 0

represents the normal state of the component.

e Fach potential failure source is assumed to have a prior probability p;, of being

faulty; in other words, Pr(z; = 1) = p;,.
e The system is assumed to have n tests, t = {t, to, -+, t,}.
e Tests are assumed to be independent.
e When test ¢; has a pass outcome, it is represented by ¢; = 0, otherwise by ¢; = 1.

e The cause-effect relation between the potential failure sources and the tests
are assumed to be probabilistic with detection probabilities and false alarm

probabilities, as discussed in the previous section.

e In a real-world system, if component ¢; is associated with test ¢; , the detection
probability Pd;; is a number close to 1, for example, in the range [0.75, 1] and
the false alarm probability P f;; is a number close to 0, for example, in the range
[0,0.20]. The situation that the component ¢; is not associated with test ¢; is

represented by Pd;; = Pf;; = 0.
e We represent the states of failures sources as x. In other words x = {x1, 2, ..., Ty}

Based on the above assumptions, the problem of SMFD is defined as follows:
Static Multiple Fault Diagnosis (SMFD) Problem: Given T, a subset

of all test outcomes t, i.e., T' C t, what are the most likely states of failure sources, x?
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Formally, we can represent the problem as follows:

X = arg max Pr (x|7T). (5.2.1)

Using Bayes' rule, we can write Pr (x|T") as

Pr (T'|x) Pr (x) ‘

Pr (x|T) = Py (T)

(5.2.2)

Since maximization of Pr (x|7") is equivalent to maximization of Pr (7|x) Pr (x), we
can simplify the problem further by maximizing the logarithm of Pr (T'|x) Pr (x). Thus,

the problem is:
% = arg max In (Pr (7'x) Pr (x)). (5.2.3)

In tackling the problem, we first classify the given tests T into two subsets of passed
tests and failed tests, respectively, represented by 7}, and T. Since the test outcomes
are assumed to be conditionally independent, we have Pr (T'|x) = Pr (7}|x) Pr (T%|x).
Therefore, by converting the logarithm of the product to the sum of logarithms, we

can write (5.2.3) as follows:
X = arg max {In (Pr (T¥|x)) + In (Pr (T,|x)) + In (Pr (x))}. (5.2.4)
Since the potential failure sources are assumed to be independent, we have
Pr(x) = ﬁPr (x;). (5.2.5)
i=1
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Based on problem assumptions, we have Pr(z; =1) = p,,; therefore Pr(z;) =

(ps,)"* (1 — ps,)" ™™, which by defining p; = % can be simplified as:

S

Pr(z;) = (p1)™ (1 —ps,) - (5.2.6)

Taking the logarithm of (5.2.5) and using (5.2.6), we have

m m

In (Pr(x)) = > In(p;)z; + Z In (1 — p,,). (5.2.7)

1=1

Note that > In (1 — py,) is a known constant. The next term to calculate is In (Pr (7}, |x)).
i=1

Since the test outcomes are assumed to be conditionally independent, we can write:

Pr(T,|x) = [] Pr(t; = pass|x) = [ Pr(tx). (5.2.8)

t; €T t; €Ty

In order that test ¢; has pass outcome conditioned on x, it should pass conditioned on

each component state. In other words,
Pr (t; = pass|x) = [ [ Pr(t; = pass|a;). (5.2.9)
i=1
From Fig. 5.1.3(b), we have

Pr (t; = pass|z;) = . (5.2.10)
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Equation (5.2.10), can compactly be written as follows

Pr(t; = pass|z;) = (1 — Pdy)" (1 — Pfy;)' ™" (5.2.11)

By defining Pd;; = 1 — Pd;; and Pf;; =1 — Pf;;, we can write (5.2.11) as follows

Pr (t; = pass|z;) = Pfy; (Pdy;/Pfy)" (5.2.12)
Inserting (5.2.12) into (5.2.9) and taking the logarithm, we have
In (Pr (¢t; = pass|x)) =In(y;) = h; + Z@jxi, (5.2.13)

where 3;; = In <§§f”> hj = Z In (P f”) and the continuous variable y; is defined as

y; = Pr(t; = pass|x) . (5.2.14)

Note that 3;; and h; are known constants. By taking the logarithm of both sides of

(5.2.8) and then using relation (5.2.13), we can write:

In (Pr (7,|x)) Z In (y;) Z h; + Z i@ﬂz (5.2.15)

tJET tjETp tjGTp =1

Note that the summation ) h; is simply a constant. The last term to be charac-
t; €Ty

terized from (5.2.4) is In (Pr (T¥|x)).

we have Pr(Ty|x) = [] Pr(¢; = failjx) =

t; el

Similarly to the passed tests, for failed tests

[I Pr(¢j]x) and as Pr(t; = failjx) =

t; €Ty
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1 — Pr(t; = pass|x) = 1 — y;, we have the following relation:

Pr(Tylx) = [ (1 -y, (5.2.16)

t; €Ty

where based on (5.2.13) and the definition of y;, we have

i=1

By taking the logarithm of (5.2.16), we have:

In (Pr (Ty|x)) = > In(1—y). (5.2.18)

t; €Ty

Now inserting (5.2.7), (5.2.15), and (5.2.18) into (5.2.4), and discarding the constant

terms of ) In(1 —p,,) and > h;, the SMFD problem simplifies to:

=1 t; GTp

X = arg max J(X,y),
X?y

subject to : (5.2.19)

ln(yj) = hj + Z ﬂ”xl th < Tf.
i=1
where J(x,y), the primal objective function, is as follows:

=Y Wml-y)+ Y, Zﬁwxl + Zln i) (5.2.20)

tGTf t; €Ty i=1

Before we proceed to solve this problem, let us consider the case where the
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tests are perfect, i.e., Pd;; =1 and Pf;; = 0, for components associated with tests.
Property 1: If tests are perfect, for any passed test ¢;, i.e., t; € T}, the set

of all components that are associated with test ¢; should be healthy.

Proof. Using the definition of perfect test, if a component ¢; is faulty, i.e., x; = 1, and
if it is associated with test ¢;, i.e., Pd;; = 1, then test ¢; should fail. In other words,
z; =1 = t; = fail, whose contrapositive is: ¢; = pass = x; = 0. Therefore,
x; =0 Vt; € T, & Pd;; > 0; in other words, for any test t; where t; € T,,, the set of

all components that are associated with test ¢;, i.e., Pd;; > 0, should be healthy. [

Property 1 substantially reduces the cardinality of failure sources, S, by
discarding the failure sources covered by passed tests. Let the reduced set of failure
sources be denoted by S™.

Property 2: If tests are perfect, for any failed test ¢;, i.e., t; € Ty, among
all components associated with the failed test, i.e. Pd;; > 0, at least one should be

faulty.

Proof. Since, for perfect tests, we have Pf;; =0 Vi, j, hj =Y In(Pf;) = > In(1) =
i=1 i=1

0, the constraints in (5.2.17) are reduced to In(y;) = iﬁi]’mi Vt; € Ty. Suppose
all components that are associated with the failed testZ:t; are healthy, that is x; =
0 Vx;, Pd;; > 0, then, In(y;) = 0. Equivalently, In (1 — y;) in the objective function
(5.2.20) will be unbounded. Therefore, for any ¢; € T}, for all Pd;; > 0 at least one of

the z;'s should be 1. O

This condition can be compactly expressed as Y. Pd;z; > 1 Vt; € Ty.
;€S

Note that for any ¢; € Ty, and for any Pd,; > 0, we have §;; = In (%) =In(1=5) =
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—00. Since at least one of the corresponding z;'s is 1, In(y;) = —oo Vt; € Ty or
y; =0 Vt; € Ty, hence Y In(l—y;)= > In(1) =0.

t; ETf t; ETf
Therefore, the SMFD problem reduces to the following set covering problem:

max Y In(p;)z,
€S

such that (5.2.21)
Z {L‘ZPdU >1, \V/tj S Tf.

€S~

Since the set covering problem is NP-hard, the general problem in (5.2.19) is
NP-hard as well. We solve the problem in (5.2.19) using Lagrangian relaxation. Note
that in (5.2.19) and in the following discussion, the tests are in general imperfect.
By relaxing the constraints in (5.2.19), performing some simple manipulations, and
defining o; = In(p;) + > Bij, ci(A) = a; — > A;Bi;, the relaxed objective function

tjGTp tjETf
will be as follows:

L(x,y,A) = > {In(1—y) + AIn(y;) — hiA} + Zci()\):ci. (5.2.22)

The advantage of (5.2.22) is that the maximization with respect to x and y can be
done separately. As A\; > 0, by taking derivative with respect to y; and equating to

zero, we obtain y; = where y7 denotes the optimal value of y;. By inserting y;

Aj
1+

into (5.2.22) and simplifying, we obtain:

LX) = > {Am(A) — (14 A) In(1+ A) — Ay} + i Nz (5.2.23)

t; €Ty
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In [167], the above problem is solved iteratively by initializing A;'s to unity, obtaining
the optimal solution x* of (5.2.23) via a set covering algorithm and then updating
A;'s via a subgradient approach until a stopping condition is met. For details, the
reader is referred to [167]. Here, we discuss a purely dual approach to the problem in
(5.2.23). For any given value of A, the first summation in (5.2.23) is just a constant and
therefore can be discarded, and the maximization of the second summation completely
depends on the sign of ¢;(\) terms. For any component ¢;, if ¢;(\) is positive, then

x; =1, and if it is negative, 27 = 0. Therefore:

i) =ulc\N)=ula— > NBj|. (5.2.24)

t; €Ty

where u(.) is the unit step function. Hence, the SMEFD problem in the dual form is as

follows:

119



Q(A) = L(A,z) = Q1(A) + Q2(N),
QN = 2 ¢(N), a(N) = AIn() = (T+A) In(1+ X)) = hiAj (5.2.25)

Qs(\) = é G (V) = é max (0, c;(\)).

Note that ¢;(\) is negative with a high magnitude, if
e Failure source s; has a low a priori probability, i.e., p,, is close to zero.

e Passed tests have high detection probabilities as long as false alarm probabilities

are reasonable (less than 0.25).

e Failed tests have low detection probabilities as long as false alarm probabilities

are reasonable (less than 0.25).

Next we characterize some properties of the SMFD problem using the dual
cost function.
Property 3: In a real-world system, any failure source which is not associated

with any of the failed tests, is healthy based on maximum likelihood estimation.

Proof. Since in a real-world system the probability of a failure source being faulty,
i.e. ps,, is small (for example around 0.01 to 0.2), In(p;) < 0 and since §;; < 0 Vi, j,
a; = In(p;) + > B < 0. If a failure source x; is not related to any of the failed
tests (¢; € TfieiTg is equivalent to saying that it gives neither a false alarm nor a
detection to test t; € Ty, that is, Pf;; = Pd;; = 0, therefore §8;; = In (m/f)—f”) =
In(1/1) =0 Vt; € Ty. Evidently, ¢;(A\) = «;, which is always negative. As a result,

xf =u(c; (X)) = ul(ay) = 0. O
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Property 3 can be used to substantially reduce the size of the fault diagnosis
problem. Let N = {1,2,--- ;m} and remove any failure source which is not related
to any of the failed tests. Let us call the remaining indices as S’ C N. Consequently,

()2(A) can be simplified as Y ¢;(A)u (¢;(N)). Since o; < 0 Vi and f5;; < 0 Vi, j, for a
i€s’
failure source to be inferred faulty, the norm ||[\*|| should be sufficiently large. As a

result for a given A*, the more negative «; is, the more likely component ¢; is healthy.

Since o; = In(p;) + >_ B if a component ¢; is associated with some failed tests (that
tr€T)

is, 7 € §') and if it is not associated with any passed tests (that is Y Si = 0) then
tr€Ty
a; = In(p;) < 0. However, if the failure source is associated with some of the passed

tests (that is > fi) then a; < In(p;) < 0; hence, in this case the probability of
tr€Ty

xf = 1 reduces even further. In other words, the more passed tests a failure source

s; 1s associated with, the more negative a; becomes and consequently, the less likely

failure source s; is in state 1.

Property 4: In a real-world system, for any ¢; € Ty, we have A} < A,

h

where \'aX = €2
J 1—eJ

Proof. Note that Q1(\) is composed of |T| separate elements, each equal to ¢;(};),
As Qg()\)

may help in

el
17€h]. .

el
1—e"J

and each ¢;(};) is a convex function whose minimum value occurs at

does not contribute a decrease in Q(\), increasing A; at most up to

decreasing Q(\); thus, A = i -

l—e™

h .
Bije'
1—eli

Property 5: In a real-world system, for any ¢ € S" if we have a; < >
t; €Ty

?

then z7 = 0.

Proof. Since A} < A7 based on property 4, therefore if a; < t; BigAf™ or oy <
i€Ts

Z fﬁ€:j7 then Cz<>\*) < Ci(/\max) < 0. Thus, T, =u (cl()\*)) = 0. u
tjeTf €
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h.
Bije I

Based on Property 5, we can exclude from S’ any i such that a; < > -

t;€Ty
call the remaining indices S” and search for failure sources among S”. Therefore,

Y

@2(A) can be simplified as 'ZH ci(Nu (¢;(N)).

In the remainder olfetshis section, we consider a simple example to gain insights
into the SMFD problem. Consider a system with three components and two tests,
where test t; is affected by components ¢; and c¢y; test t, is affected by components
¢y and c3. The prior probabilities are ps = [0.15, 0.10, 0.05]T, and the non-zero
detection and false alarm probabilities are Pd; = 0.85, Pdy; = 0.90, Pdyy = 0.80,
Pdsy = 0.95, Pfi; = 0.06, Pfy; = 0.03, Pfoy = 0.07, Pf3y = 0.08.

In the sequel, we consider the individual terms in the dual function to gain
insights into the nature of the dual function. First, consider the function f; = A; In(};),
A; > 0. At A\; =1, fi = 0. For the extreme value of A\; — 0%, we have f; — 0~ and for
the other extreme value of \; — 400, we have f; — +o0o. Therefore, for A\; € (0,1),
the convex function f; is negative (see Fig. 5.2.1(a)) with the minimum value of
ff = —e ! occurring at A} = e !, and for \; € [1,00), the function monotonically
increases from zero to infinity (see Fig. 5.2.1(a)).

Next, we consider fo = —(A; + 1)In(A; + 1), which is the negative and time-
shifted version of f;. Note that f; can be sketched by shifting graph of f; by one unit
to the left and then flipping it around the z-axis; thus it is evident that for positive
A;, the function f, is always negative (see Fig. 5.2.1(a) and 5.2.1(b)). Therefore, for
A; € (0,1) as both f; and f, are negative, the summation of these two functions, i.e.
fs = fi + fa2, is also negative (see Fig. 5.2.1). For \; € [1,00), the magnitude of f;
is always bigger than the magnitude of f; and as f, is always negative, therefore f,

dominates f;. Thus, f3 is negative for all positive values of \; and it goes unboundedly
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to —oo as \; = 4o00. In fact, it can be shown that as A\; — 400, the function f3
asymptotically approaches fz¥™P* = —1 —In()\; +1) (see Fig. 5.2.1(b)). Note that
in the case of multiple faults, there exist multiple Lagrangian multipliers. First, we look
into the @1(\) part of the dual function. For now, we consider > {\;In(};)}, which

t; €Ty

is actually > fi(A;) and > {A\In(\;) — (14 A;)In(1 + A;)}, which is actually

tjETf tjETf

> f3(A;). From the equations, it is clear that both of these functions are symmetric
t; €Ty
with respect to the Lagrange multipliers. Figures 5.2.1(c) and 5.2.1(d) show the plots

of these functions in a two dimensional space (which corresponds to a two-failed-tests
scenario). The plot of > fi1();) has a cup-shape surface which first heads down and
t; €Ty

reaches the minimum value of —2¢~! at A* = [e~!, e!]", and thereafter, it heads up

and monotonically goes to infinity (see Fig. 5.2.1(c)).

-0
—1,0)
1)

FI1GURE 5.2.1: Some plots regarding the dual function
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As we saw, f3()\) is a monotonically decreasing function (Fig. 5.2.1(b)). Thus
>~ f3()\;) is also a monotonically decreasing function. The function for the case of
fcjlrfeTftwo—fzauiled—tests scenario is shown in Fig. 5.2.1(d). For clarity of presentation,
the direction of A\; and A; in Fig. 5.2.1(d) is chosen to be opposite of those in Fig.
5.2.1(c).
Next, we consider the effects of —h;A; in the Q1 () part of the dual function.
Note that h; = i In (Pf;;) is always negative, and in the above example |hs| > |hy],
because false al;:rin probabilities form components to test ¢, are greater than those
to t; (hy = —0.092, hy = —0.156). The line —h;\; has always a positive slope,
and it finally dominates f3, because f3 is asymptotic to the logarithmic function
—1—In(A;+1); thus (f3 — hjA;) = +00 as \; — +o0. Figure 5.2.2(a) shows the plots
of f3(A), —hi A, —hoA, fs(A) — hi A, and f35(\) — heA. Figure 5.2.2(b) shows the Q1 ()
part of the dual cost function, which is asymmetric in the Lagrangian dimensions
due to unequal h;'s, with a sharper slope in the direction of Ay, because |ha| > |h4].
Intuitively, if the probabilities of the false alarms from different failure sources to
the failed tests are high, the magnitudes of h;'s are high, which in turn results in
an increase in the slope of —h;\; line and this results in A}'s to have low values. As
the parameters o; and f3;; are always negative, the low values of A}'s result in more
arguments of ¢;(A*) to become negative; hence more components will likely be healthy.
Next, we consider the Q3(\), which is > (¢;(A))u(c;(N\)). Note that for
each failure source of this summation, ¢;(A) =0 zésa hyperplane in || dimensions;
the failure source makes no contribution to the dual cost function if ¢;(A) < 0 (because
u (¢;(A)) = 0), while it makes a positive linear contribution if ¢;(\) > 0; thus sharp
corners are created in the dual cost function and make the dual cost function non-

differentiable. In our example, as we have three components (failure sources), there
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exist three hyperplanes (here they are just lines because |Tf| = 2), one for each
component. Figure 5.2.2(c) shows these three lines and also the place where the
minimum dual cost occurs. Figure 5.2.2(d) shows the dual cost function, which is
obtained by adding the contributions of the non-differentiable function Q2(\) to the

differentiable function @ () shown in Fig. 5.2.2(b).
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FIGURE 5.2.2: Dual cost function analysis

Note that, at the optimal point \*, if ¢;(\*) is negative, then xf = 0 and if
it is positive, then 27 = 1. However, for some components, we may have ¢;(A*) = 0,
and we cannot decisively assign a value to x} because the contribution of (¢;(A*)) x}
to Q()) is zero irrespective of z} being one or zero. For these cases, we should either

check the primal cost function or use the set-covering ideas. Note that for the following

reasons, there are not many cases of this kind:
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. In practice, the number of failed tests |T%| is not large. As a result, the probability

that ¢;(A\*) = 0 tends to be low.

. In practice, the cause-effect relation of failure sources and tests is sparse (not all

failure sources affect all tests). Therefore, not all hyperplanes have full dimension

(ITy = 1))

. As we saw in the illustrative example, the optimal point may occur on one
hyperplane or few hyperplanes whose intersection is not a point but lower

dimensioned hyperplanes.

. The possibility of the optimal point being on a low-dimension hyperlane dramat-
ically restricts the number of hyperplanes that include the optimal point. For
example, given that the optimal point is on a hyperplane with dimension one (a
line), then there exist only two generic possibilities: a) the only hyperplane that
includes the optimal point, is that line, b) a line generally can intersect only a

full-dimension (with dimension |Tf| — 1) hyperplane.

In our example, the optimal Lagrange multipliers (to three digits of accuracy)

are A} = 0.476, A\ = 0.726. The evaluation of ¢;(A\*) for the three components are,

respectively, -0.86, 7.2 x 107, and -0.83. Evidently, z; = 0 and 23 = 0. Since for

To, the argument is very close to zero, we should either evaluate the primal cost for

both candidates of x5 = 1 and x5 = 0, or use the set-covering idea for deciding on the

assignment for x3. Thus, we need to evaluate the primal cost for x;x,x3 = 000 and

r12223 = 010 and choose the one with the maximum value. The primal cost function

for these two candidates are, respectively, -4.36 and -2.50, therefore zyxox3 = 010 is

the most likely candidate. Also, since component ¢y covers both failed tests, it should
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be faulty; thus we reach the same conclusion either way.

The non-differentiability of dual cost function demands the use of numerical
optimization tools, such as subgradient algorithm, to find its optimal point. Recently,
surrogate Lagrangian relaxation (SLR) method [37], which provides a general purpose
rapidly converging algorithm for mixed-integer programming problems, has been
proposed. The method, fundamentally, is based on two key ideas: a) decreasing
the distance between Lagrange multipliers in consecutive iterations, by selecting
appropriate step sizes, and b) preventing the algorithm from premature termination,
by keeping step sizes sufficiently large. This algorithm has been used for solving the
dual problem in (5.2.25).

5.3 Dynamic Multiple Fault Diagnosis

In this section, we discuss the dynamic multiple fault diagnosis (DMFD) problem.
The difference between the DMFD and SMFD is that the states of the potential failure
sources and the tests and their observations are functions of time. The additional

assumptions for DMFD are the following:
e Time epochs of the system evolve in a discrete manner, from k£ =0 to k = K.

e At any time epoch k, the state variable of component ¢; (or failure source s;) is

x;(k) and the test outcomes are t,(k).
e Prior probability p;, is defined as ps;, = Pr(z;(0) = 1).

e The dynamics of states of components are assumed to be Markovian; in other

words, there is a probability of fault appearance and probability of fault vanishing
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(disappearance) as follows:
Probability of Fault Appearance: Pa;(k) = Pr (z;(k) = 1|x;(k — 1) = 0).
Probability of Fault Vanishing: Puv;(k) = Pr (z;(k) = 0|z;(k — 1) = 1).
Based on the above assumptions, the DMFD problem is defined as follows:
Dynamic Multiple Fault Diagnosis (DMFD) Problem : Given a set
of test observations in K + 1 epochs (namely, T%) where T5 C tX, and given the
initial states of components (namely, x(0)),what is the most likely evolution of state
sequence xX of each potential failure source?

Note that the observed test outcome sequence T may not include all of the

test outcomes. Formally, we can represent the problem as follows:

£ = arg max Pr (x"|T",x(0)). (5.3.1)
As before, using Bayes' rule, the problem is equivalent to
£ = arg max Pr (T [x"™, x(0)) Pr (x"[x(0)) . (5.3.2)

Using the assumptions that (i) passed and failed tests at a given epoch and the tests
at different epochs are conditionally independent, (ii) invoking the Markovian nature
of failure source state evolution, and (iii) using the fact that maximizing the posterior

is equivalent to maximizing the log-posterior, we can simplify (5.3.2) as follows:
K
£ = arg max Z fr (x(k), x(k —1)), (5.3.3)
k=1
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where

Jr (x(k), x(k = 1)) = In (Pr (T,,(k)| x(k))) 4+ In (Pr (T} (k)| x(k)))
+1n (Pr (x(k)|x(k — 1))).

(5.3.4)

Now, let us find each of the three elements in the right hand side of (5.3.4). The first

two terms are similar to the SMFD case. Therefore,

In (Pr (T, (k) [x(k))) = n(y; (k) =v(k) + > Y Bywilk), (5.3.5)

t;(k)ETp (k) 1=

where

vk = > b (5.3.6)
t;(k)ETp (k)

In (Pr(Ty(k)|x(k))) = D> In(1—y,(k). (5.3.7)
t;(k)E€Ty (k)

The third term in (5.3.4), using the Markov property, can be computed as follows:
In (Pr (x(k)[x(k — 1)) = > In (Pr (@;(k)|i(k — 1))). (5.3.8)
i=1

As each of z;(k — 1) and z;(k) has two possible values, there exist four combinations

for Pr (z;(k)|z;(k — 1)). Therefore, Pr (z;(k)|z;(k — 1)) can be compactly represented
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as follows:

Pr (a:z(k)\:cl(k; o 1)) _ (1 _ Pa/i<k))(1_$i(k_1))(1_$i(k))(Pai(k)>(1_$i(k_1))$i(k)

5.3.9
(1— Pvi(kj))xi(kfl)(lfxi(k))(Pvi(k:))wi(kfl)fvi(k). ( )

Inserting (5.3.9) into (5.3.8), and after some simplifications, we get the following

formula:
In (Pr (x(k)[x(k — 1)) = ;ui(k‘)wz(k‘) + ; oi(k)xi(k —1)
+ > hi(k)xi(k)xi(k — 1) + g(k),
i=1 (5.3.10)
Pa;(k Pv;(k
pi(k) = In (hpafi()k)) : oi(k) = In (1*1)6‘(1'()’“)) ’
halk) = In ((E=5eslBA—putn ) | g(x) = > In (1= Pay(k)).

Thus, the DMFD problem is as follows:

XK = arg max éfk (x(k), x(k —1),y(k)),

fex(k) x(k=1) = ¥ S fgmk)+9k) + X In(l—y(k)
t; (k)ETp (k) i=1 t; (k)ETy (k) (5.3.11)

+ fjl i (k) (k) + f‘jl os (k)i (k — 1)

+ i pilk)ai(k)zi(k — 1) + g(k).
subject to
In (y;(k)) = hj + Z In(B;;)z;(k). (5.3.12)

The next step, as we did in SMFD, is to use Lagrangian relaxation. For this purpose,

the constraint (5.3.12) is relaxed using Lagrange multipliers A;(k). The resulting
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Lagrangian function is:

L(x,y,A) = > fu (x(k), x(k — 1), y(k))
h=1 m (5.3.13)
+ 3 Nk (m (g;(k)) = hj — > ln(ﬁij)xi(lﬂ)) :
t; (k)ET (k) i=1

where A = {\;(k) > 0,k € {1, ..., K},t;(k) € T¢(k)} is the set of Lagrange multipliers.

The dual of primal DMFD problem can be written as

min Q(\),
A 2 (5.3.14)
subject to: A = {\;(k) >0,k e {1,..., K}, t;(k) € Ty(k)},
where the dual function is
Q(N\) = max L(x,y, \). (5.3.15)
X,y

Taking derivative of L(x,y, \) with respect to y;(k) and equating it to zero yields the

optimal y7 (k) as 113)\2%) Inserting y*(k) into (5.3.15), we get Q(x,\) = L(x,y*, \),

which, after some manipulation, yields:

Q) = max }_ Qifwi, \). (5.3.16)
where,
Qi(zi, N) = Z {& (xi(k), xi(k —1),X;(k)) + %wk()\)}, (5.3.17)
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éi ($z(k)> xz(k’ - 1)7 )‘j<k)) = <t_(k2 Bij + Nz(k) + Z 513‘)\]'(]{7)) xz<k)

JETp(K) tj(k)eTs(k) (5.3.18)

wi(A) = 7(k) +g(k) + t’(k); " Aj(R) In (A (k) = Aj(k)h;

t;(k)ET (k)

(5.3.19)

Note that the original problem has been converted to a separable problem in (5.3.16),
where the problem is one of solving m (one problem per component) much simpler
problems. The dual problem can be solved in an iterative two-level strategy where
separable problems of maximization Q;(z;, A) with respect to x; is performed using
the Viterbi algorithm (dynamic programming) and then the Lagrange multipliers are
updated using surrogate subgradient methods. For more details about the implemen-
tation of the algorithm, extensions of this method to coupled, delayed failure source
state propagation, and delayed observations, the reader is referred to [170], [103], [180],
[104], and [204].

5.4 Fault Diagnosis in Active Probing (Sequential
Fault Diagnosis) and Fault Diagnosis Applica-
tions

Passive monitoring, discussed as SMFD and DMFD in the previous sections, may
still result in residual ambiguity as to sources of failure. The diagnosis from passive

monitoring is followed by active probing to troubleshoot the source of failures. In this
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section, we consider the active probing problem used for sequential fault diagnosis and
point to the applications of fault diagnosis in a number of industrial contexts, including
automotive, aerospace, and power systems. In the context of a static single fault
diagnosis problem with perfect binary tests and failure sources with binary outcomes,
the test sequencing problem can be conceptualized as a four-tuple (S, p, T, c), where
S is the finite set of system states composed of the fault-free state sqg and m failure
sources denoted by 1, Sa, ..., S;,. Associated with each failure source s; and fault-free
state sg is the a priori probability denoted by p = [po, p1, - .- ,pm]T. The vector p
is therefore the a priori probability vector. The test set T is composed of n tests,
e, T = {t1,ts,...,t,} and the cost vector ¢ = [y, ca, . .. ,cn]T associates a cost to
each test. The diagnostic dictionary (code book) matrix D has the dimension of
(m + 1) x n whose ij-th element is one if test ¢; is able to detect the fault state of s;
(ie., s; is associated with ¢;) and zero otherwise. The problem is to design a sequential
testing algorithm that unambiguously identifies the fault states using the set of tests,

while minimizing the expected test cost given by

J = pTAC = i zn: ;5 P;Cy, (541)

i=0 j=1

where A is an (m + 1) X n matrix whose 7j-th element is one if test ¢; is used in
the path leading to the identification of failure source s; and zero otherwise. The
problem is a perfectly observed Markov decision problem (MDP), whose solution is a
deterministic AND/OR binary decision tree. In this tree, each OR node is labeled by
a subset of S, which is called the ambiguity subset (state in an MDP), and each AND
node denotes a test at an OR node (control or action in an MDP), and divides its

input ambiguity subset into two disjoint ambiguity subsets at the output. As shown in

133



[87], however, the construction of the optimal decision tree is NP-complete. Therefore,
a way of tackling the problem is to use heuristic search strategies with tight bounds
on the cost-to-go [55], [62], [138].

In [138], the test sequencing problem (TSP) is solved using an ordered, best-
fit search on an AND/OR graph using different heuristic evaluation functions (HEF)
based on Huffman coding and entropy. It is shown that among the HEF's used [138],
a HEF based on Hufmann code length is the best choice for medium-sized problems
(m < 100) and that a HEF based on entropy plus one is suitable for larger problems.
Rollout strategies have been employed to extend the range of applicability to even
larger problems [179]. Reference [139] generalizes the test sequencing problem (TSP)
[138] to modular diagnosis, wherein testing stops when a faulty module is isolated.
The dynamic programming recursion for this generalized TSP is derived in [139] and
lower bounds on the optimal cost-to-go are derived based on information theory. The
problem is generalized to include test setups, precedence constraints on tests, multiple
test outcomes, multiple system modes, and hierarchical test sequencing in [154], [161],

[36]. In [155], the TSP was extended to consider the following cases:
e Minimize the maximum test cost.
e TSP with an upper bound on expected test time.

e TSP that achieves the lowest average ambiguity group size subject to a constraint

on the number of tests.
e TSP that achieves the lowest expected test storage cost.

Reference [156] extends the test sequencing problem to the case where the

tests are imperfect. Optimal and near-optimal test sequence construction methods for
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multiple fault diagnosis are discussed in [168]. The test sequencing problem becomes
even more difficult in hybrid systems with multiple modes of operation. This is
because, in a multimode system, the availability of tests depends on the mode of the
system and even the same test may have different diagnostic capabilities in different
modes. The multimode test sequencing problem is discussed in detail in [161]. TEAMS
(Testability Engineering And Maintenance System) [137], [57] is a package designed
for automatic test sequencing and testability analysis of complex modular systems
for multi-mode systems with multi-valued failure source states and multi-valued test
outcomes [3].

Before we close this section, we mention some of the real world applications
of fault diagnosis. Two of the applications of passive monitoring appear in tools
such as QMR-DT [169], [200] and ARES-I [3]. Some of the Aerospace applications of
active probing include UH-60, SH-60B, and Sikorsky S92 helicopters (transmission
system, engine subsystem, landing gear control unit) and a receiver synthesizer (e.g.
JTIDS-RS). A few of these applications can be found in [179], [180]. Fault diagnosis in
automotive systems (engine control systems, antilock breaking systems, electric power
generation and storage systems) is discussed in [120], [46], [119], [105]. Model-based
diagnosis of an automotive engine is discussed in [133]. In [18], the fault diagnosis
technique is used for identifying and evaluating power quality problems. Ref. [45]
discusses fault diagnosis in Heating, Ventilation and Air Conditioning (HVAC) systems.
Application of hierarchical test sequencing in a lithographic machine can be found
in [36]. TSP has been effectively used to troubleshoot problems in semiconductor

fabrication facilities as well.
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5.5 Relevant Work

In this section, we place passive monitoring and active probing discussed in the previous
sections in the context of literature on fault detection and diagnosis (FDD). FDD
methods have mainly evolved upon three major paradigms, viz., model-based, data-
driven and knowledge-based approaches. The FDD model-based approaches require
mathematical representation of the system, hence, they are effectively applicable
when satisfactory physics-based models of the system and an adequate number of
sensors for state observation are available. Most applications of model-based diagnosis
are restricted to systems with a relatively small number of inputs, outputs, and
states. The main advantage of a model-based approach is incorporating a physical
understanding into the process monitoring scheme. However, it is difficult to apply the
model-based approach to large-scale systems because it requires detailed analytical
models of failures in order to be effective.

The FDD data-driven approaches are preferred when system models are
not available, but instead system monitoring data is available. This situation arises
frequently when subsystem vendors seek to protect their intellectual property by not
providing internal system details to the system integrators. In these cases, experimental
data from an operating system or simulated data from a black-box simulator will
be the major source of system knowledge for FDD. Neural network and statistical
classification methods are illustrative of data-driven techniques. Significant amount
of data is needed from monitored variables under nominal and faulty scenarios for
data-driven analysis.

The FDD knowledge-based approaches require qualitative models for process

monitoring and troubleshooting. These approaches are especially well-suited for sys-
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tems for which detailed mathematical models are not available. Most knowledge-based
techniques are based on casual analysis, expert systems, and/or ad hoc rules. Because
of the qualitative nature of these models, knowledge-based approaches have been
applied to many complex systems. Graphical models such as Petri nets, multi-signal
flow graphs and Bayesian networks are applied for diagnostic knowledge representation
and inference in automotive systems. Bayesian Networks subsume the deterministic
fault diagnosis models embodied in the Petri net and multi-signal models. Model
based, data-driven and knowledge-based approaches provide the sand box that test
designers can use to experiment with, and systematically select relevant models or
combinations thereof to satisfy the requirements on diagnostic accuracy, computa-
tional speed, memory, on-line versus off-line diagnosis, and so on. Ironically, no single
technique alone can serve as the diagnostic approach for complex systems. Thus, an
integrated diagnostic process that naturally employs data-driven techniques, graph-
based dependency models and mathematical/physical models is necessary for fault
diagnosis, thereby enabling efficient maintenance of these systems.

The graphical methods we discussed in previous sections belong to knowledge-
based methods using cause-effect relations between the failure sources and test out-
comes using false-alarm and detection probabilities. When the false alarm probabilities
of all tests are zero, the problem simplifies to the parsimonious covering theory [56],
[158], [144], [145]. In [144], based on probabilistic causal methods, a competition-
based connectionist method is proposed to overcome the combinatorial explosion of
computing the posterior probability of all possible combinations of failure sources.
This method, however, does not guarantee a global optimum and is computationally
expensive, even for small problems (e.g., m = 26). Genetic algorithm-based methods

for MFD are used in [127], [31]. These algorithms, however, converge extremely slowly
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and have been applied to small-size problems (e.g., m = 20,n = 20). In [197], a
symptom clustering method is used which exploits the weak causal intersections in
partially decomposable diagnosis structures. This approach, however, does not scale to
systems with large numbers of non-decomposable causes and symptoms. In [167], the
MEFED problem is formulated as one of maximizing the log of the posterior probability
of the hypothesized faults and the resulting constrained optimization problem is solved
using Lagrangian relaxation [27], [64] and a subgradient method [29], [30]. It is shown
that when tests are perfect (no false alarms and no missed detections), the MFD is
reduced to a set covering problem [167]. However, it is well-known that set covering
problem (SCP) is NP-hard [72], and different algorithms have been proposed for
SCP, including tree-search procedures [182], [26] , genetic algorithm [28] , and greedy
heuristics [48].

The dynamic fault diagnosis problem is discussed in [172], [173], using linear
difference equations relating HMM and neural network based pattern recognition. The
drawback of this approach is that building a neural network for a large number of
classes (here, faults) is difficult [131], [189]. Graph theory has been widely used in fault
diagnosis and safety-critical systems can be modeled at an abstract level as directed
graphs [157], [106], [99], [44]. In [52], [63], the multiple fault diagnosis algorithms are
proposed, assuming that at most & components in the system are faulty (the system is
k-diagnosable). In [53], [33], [19], probabilistic models are proposed for fault diagnosis
in these contexts.

The fault diagnosis problem has also been extensively studied in the control
and estimation literature. A classic survey on the traditional model-based fault

detection techniques is by Willsky [194]. Here, a system is represented by two sets of
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equations: system dynamics and sensor equations.

x(k + 1) = ®(k)x(k) + B(k)u(k) + w(k), (5.5.1)

2(k) = H(k)x(k) + J(k)u(k) + v (k), (5.5.2)

where x, u, and z are, respectively, the state vector, input vector, and
measurement vector, ®, B, H, and J are matrices, w and v are zero-mean, independent,

white Gaussian noise processes, defined by the following covariances [194]:

E{w(kyw"()} = Qd(k.j),  E{v(bW'()}=Ro(kj),  (553)

where §(k, j) is the Kronecker delta function, which is “one” if £ = j and “zero”
otherwise. Equations (5.5.1)-(5.5.2) represent the “normal operation” or “no failure”
model of the system [194]. A failure is defined as an abrupt change in the behavior of
the system which could be caused, for example, by a malfunction in actuators, plant,
or sensors. The failure diagnosis problem here is comprised of three tasks: alarm,
isolation, and estimation [194]. The alarm task is a binary decision of existence or
nonexistence of failure in the system. The isolation task is determining the source of
failure, and the estimation task is to evaluate the extent of failure; for example is it a
complete failure such as a sensor burn-out or is it a partial failure such as a sensor bias?
[194]. In recent terminology, however, “alarm” is often referred to as “detection”, and
“isolation with or without estimation” as “diagnosis”. Among elementary algorithms
for failure detection are the Shewhart control chart, geometric moving average (GMA),

finite moving average (FMA), filtered derivative algorithm, and some more advanced
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approaches such as cumulative sum (CUSUM)-type algorithms, Bayes-type algorithms,
and generalized likelihood ratio (GLR) test [24]. The traditional approaches discussed
in [194] include “failure-sensitive” filters [61], [176], [94], [95], [101], [25], [98], voting
systems (for systems with high degree of redundancy in parallel hardware), multiple
hypothesis filter-detectors [111], [16], [50], jump process techniques [35], [34], and
innovation-based detection systems [123], [125], [166], [80], [149], [193].

The failure-sensitive filters are categorized into two groups: indirect and
direct approaches. Indirect failure detection approaches, such as exponentially age-
weighted filter [61], [176], limited memory filter [94], noise covariance increase [95],
respond faster than a normal filter and one can make failure detection decision by
abrupt changes in state estimates. Direct failure detection approaches, however, assign
“failure states” to failure modes (e.g., bias onset in a sensor), and failure is detected once
a failure state deviates notably from its nominal value [101]. This method provides
failure alarm, isolation, and estimation, all at once, at the cost of dimensionality
enlargement and also performance degradation during normal conditions [194]. A
systematic direct approach, which is applicable to a wide variety of abrupt changes
in linear time-invariant (LTI) systems, is discussed in [25], [98], where a filter, with
the dynamical form of (5.5.4), is assigned to the LTI system of x(¢) = Ax(t) + Bu(t)

with the measurement equation of z(t) = Cx(t).

>
Yy
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|

AX(t) + D (z(t) — C%(t)) + Bu(t). (5.5.4)

Here, the gain matrix D is designed in a manner to highlight the effects of
certain failures in the residuals of z(t) — CX(¢). In other words, D is chosen so that

specific failure modes have distinct directions (“signatures”) in the space of residuals
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[194].

A geometrical formulation of the filter is presented in [121]. The method
in [25], [98] was reformulated as an eigensystem assignment problem in [190], which
greatly simplifies the design process. Multiple hypothesis filter-detectors are based
on using a bank of filters based on different hypotheses for the system behavior;
innovations from these hypothesized models are used to find the most likely model
[194]. A simple innovation-based detection approach is the chi-squared test [123],
[195]. The chi-squared test is an alarm method with a binary decision output and it
is useful in detecting failure modes that have noticeable effects on innovations, but
is not sensitive in detecting subtle failure modes [194]. The drawbacks of the simple
chi-squared test was partly the motivation for developing the generalized likelihood
ratio (GLR) test [193], [195]; a modified version of GLR test was proposed in [23]
to overcome the two drawback of GLR, namely, the coupling effect between the
window size and hypothesis testing threshold and the possibly high sensitivity to the
hypothesis testing threshold [22]. Since both faults and model uncertainties affect the
residuals, the task of a “robust” FDI system is to be sensitive to faults and insensitive
to uncertainties [142]. The various aspects of robustness in fault diagnosis systems
are discussed in [47], [142], [67].

Another line of attack for fault diagnosis is the knowledge-based approaches
using artificial intelligence techniques, such as qualitative reasoning, fuzzy systems
and neural networks [69], [129]. The QSIM algorithm is a purely qualitative algorithm
that is used in the medical context [108], [109], [110]. An example of the use of
qualitative reasoning in the automotive industry is [174]. Fault diagnosis using fuzzy
and neuro-fuzzy methods are discussed in [58], [17], [112], [91], [141]. Both shallow

knowledge and deep knowledge fuzzy models are used for fault diagnosis [58]. The
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neural network is another fault diagnosis method, which acts as a mapping from
observations of sensor outputs and the alarms (which themselves are the outputs of
some fault detection systems) to the faults or the hypothesized failure modes. However,
the use of neural networks as a fault diagnosis tool is viable only in the absence of an
accurate system model and abundance of process history data [181].

Another work related to the diagnosis problem is discriminability, diagnosabil-
ity and optimal sensor placement [178], [107]. Discriminability level of a system is the
number of faults that can be discriminated given a set of sensors [178]. Diagnosabilty
degree is how the discriminability level is related to the total anticipated faults in
the system [178], and sensor placement deals with optimal placement of sensors to
increase the diagnosability of the system.

Another direction in the literature is diagnosis approaches for discrete-even
system (DES) [171], [163], [164], [96], which are based on the hypothesis that any
executed faulty event in a DES is diagnosed within a bounded number of state-
transitions/events [96].

For more information on fault diagnosis methods, the interested reader is
referred to the following papers and books: [194], [47], [90], [126], [129], [22], [73],
[65], [140], [66], [67], [93], [142], [70], [184], [185], [183], [13], [92], [203], [86], [54], [71],
[163], [24], [74], [143], [95], [40].

5.6 Summary

In this chapter, we discussed the problem of fault diagnosis in complex systems using

knowledge-based probabilistic graphical models in two different contexts: static and
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dynamic. The fault diagnosis problem is represented using a tri-partite probabilistic
graphical model. The first layer of this tri-partite graph is composed of components of
the system, which are the potential sources of failures. The healthy or faulty condition
of each component is represented by a binary state variable which is zero if the
component is healthy and one otherwise. The second layer is composed of tests with
binary outcomes (pass or fail) and the third layer is the noisy observations associated
with the test outcomes. The cause-effect relations between the states of the components
and the test outcomes can be compactly modeled in terms of detection and false alarm
probabilities. When the probability of fault detection is one and the probability of
false alarm is zero, the test is termed perfect; otherwise it is deemed imperfect. In the
case of perfect tests, the static multiple fault diagnosis (SMFD) problem reduces to a
set-covering problem, which itself is an NP-hard problem. We discussed the SMFD
problem in its general form by maximizing the posterior probability of component
states given the fail or pass outcomes of tests. Since the solution to this problem
is known to be NP-hard, we used a Lagrangian (dual) relaxation technique to find
near-optimal diagnostic solutions, which has the desirable property of providing a
measure of sub-optimality in terms of the approximate duality gap. Indeed, the
solution would be optimal if the approximate duality gap is zero. The static problem
is discussed in detail and a pure dual cost function is derived. By presenting some
graphical illustrations, we provided insights into the properties of the non-differentiable
dual function.

We also discussed the multiple fault diagnosis in a dynamic context (DMFD),
where it is assumed that the states of components evolve as independent Markov
chains and that, at each time epoch, we have access to some of the test outcomes.

Finally, we discussed the fault diagnosis problem in the context of active probing
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(also termed sequential testing or troubleshooting), where information is sequentially
acquired to isolate the faults in minimum time, cost or other economic factors, and

we briefly mentioned some of the applications of fault diagnosis.
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Chapter 6

Unification of Leaky Noisy OR and
Logistic Regression Test Models

6.1 Introduction

In this chapter, we discuss two widely-used graphical test models for fault diagnosis,
namely, Detection-False Alarm (DFA) and leaky noisy OR (LNOR) test models, and
we prove that they are equivalent. Two realizations of logistic regression (LR) are
also discussed and their similarities with DFA and LNOR test models are discussed.
Then, we propose a unified test model that includes LNOR and LR test models, and
define the resulting fault diagnosis problem as one of MAP inference in a bi-partite
digraph. The MAP problem is solved using the Lagrangian relaxation method and
a dual cost function is derived. Comparisons of the LNOR and LR test models are
presented using a simple example.

This chapter is organized as follows. In section 6.2, we discuss two test
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models based on probabilistic graphical models, viz., Detection-False Alarm (DFA)
and leaky noisy OR (LNOR), that are used for fault diagnosis, and we prove that for
each DFA test model, there exists a unique LNOR test model. Then, in section 6.3,
we discuss logistic representation of test models for fault diagnosis and present the
logistic combinatorial, restricted logistic, and logistic regression (LR) test models. We
show that restricted and regression versions of logistic test models are equivalent in a
way that is reminiscent of DFA and LNOR test models. In section 6.4, we present a
unified test model that includes the LNOR and the LR test models as special cases.
In section 6.5, we present the mazimum a posteriori (MAP) inference problem for the
unified test model, and derive its solution using the Lagrangian relaxation method,
and then we derive the dual cost function for the MAP problem. In section 6.6, we
present the simulation results, where we compare the performance of the LNOR and
LR test models and also discuss the dual cost function of the MAP inference problem

for the unified test model. Finally, in section 6.7, we summarize the chapter.

6.2 Equivalence of Detection-False Alarm (DFA)
and Leaky Noisy OR (LNOR) Test Models

In this section, we show the equivalence of two widely-used graphical models in fault
diagnosis. In the binary case, the probabilistic relation between a failure source and a
test outcome can be represented in terms of detection and false alarm probabilities
[167], [11]. The detection probability (Pd;;) is the probability that test ¢; has a fail

outcome, given that the failure source z; is in a failure state; mathematically,
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False alarm probability (Pf;;) is the probability that test ¢; has a fail outcome, given

that the failure source x; is in a non-failure state; mathematically,

Pf;; = Pr{t; = 1]z; = 0}. (6.2.2)

—

FIGURE 6.2.1: Detection-False Alarm (DFA) test model

Noisy Relation Noisy Relation
S
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FIGURE 6.2.2: Leaky Noisy OR (LNOR) test model

Figure 6.2.1 shows the Detection-False Alarm (DFA) test model for a system
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with m failure sources and one test ¢;. In this model, in order for the test ¢; to pass,
all failure sources should be in no-failure state. Based on conditional independence

assumption of test outcomes given the states of failure sources, we can write:

Pr{t; = 0]x} = ﬁ (1= Pfy;) " (1 — Pd;;)™. (6.2.3)

Figure 6.2.2 shows the LNOR test model. In this model, for failure sources

x1 to x,, a value of zero leads to test outcome ¢; of pass; that is,
Pr{t; =0|z; =0} = 1. (6.2.4)
However, when z; = 1, the test outcome would be zero with probability 6;; so that
Pr{t; = 0lz; = 1} = 0,;. (6.2.5)

Thus far, it is called noisy OR. In fact, if 0;; = 0 for i = 1,2,...,m, then it is a logical
OR for which the output (¢;) is 1, if at least one of the inputs (z;) is 1. However,
when 6;; # 0, the output (¢;) could be 0 even when one or more inputs (z;) are 1.
Hence, it is called a noisy OR model. For this model, however, if all inputs are equal
to 0, the output would be 0. To inject the possibility of the output being 1 even when
all the inputs are 0, a leaky node is added (shown as x), whose value is always 1.
The noisy OR test model with a leaky node is called a leaky noisy OR (LNOR) test

model and the leaky node in fact represents the unmodeled dynamics in the system
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[130]. For a LNOR test model

m

Pr{t; = 0[x} = 60; | [ 0. (6.2.6)

=1

Proposition 6.2.1. For a DFA test model with m failure sources and n tests, and
with detection probabilities Pd;; and false alarm probabilities P f;;, there exist a unique

LNOR test model with the following parameters:

bo; =[] (1 = Pfy). (6.2.7)
i=1
1— Pd;;
= ——"9 ;=12 . .m 2.
J 1— sz]7 ? ) < , M (6 8)

Proof. The following relation proves the existence of a unique LNOR test model for

each DFA test model.

Pr{t- =0[x} = ﬁ (1= Pfy) " (1 = Pdy;)™

i=1

I [1(1—Pfy) (1_113?{; ) (6.2.9)

i o (1-Pdy; \ " LA

[]

Remark 6.2.2. The mapping from the LNOR parameters to the DFA parameters is

not unique.

Note that false alarms occur for two reasons: errors in sensor measurements

and processing, or unmodeled parameters. The DFA test model views the occurrence
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of false alarms from a sensor measurement and processing error perspective, while the
LNOR test model views them from an unmodeled dynamics perspective. However,
in both models, once the parameters are learned from the fault injection-test output
observations, both sensor measurement processing error and unmodeled parameter

effects are reflected in the parameters of the respective models.

6.3 Logistic Representation of Test Models

The problem of fault diagnosis in the binary case can be formulated in the following

form using the logistic function.

br(t, — o) — P Usx)

= Tr e (500)° (031)

Since the sum of probabilities of all possible outcomes must add up to 1, it is required

that:

B 1
 L+exp (fi(x))

Pr(t; = 1|x) (6.3.2)

By dividing equations (6.3.1) and (6.3.2), and taking the logarithm, we obtain:

Pr(t; = 0|x)
fi(x) =In (m) (6.3.3)
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6.3.1 Logistic Combinatorial Test Models

The simplest way of modeling f;(x) is to assign a weight w; for each configuration of

failure states as':

Pr(t; =0|x) = exp (w;(Lm, - -, T1))

14 exp (Wi(Tm, ...y 71))] (6.3.4)

That is

fix) = wj(@m, ... 21) (6.3.5)

Another way of constructing a logistic combinatorial model is to use a

polynomial of degree m for f;(x), as follows:

1

L= D0 D ek 2! (6.3.6)

km=0 k1=0

6.3.2 Restricted Logistic Test Model

A method to reduce the number of parameters is to assign a weighting to each failure

source and restricting its dependency on the state of that failure source; that is,

o
1+ exp (Zil Wij (1’1)>

Pr(t; =0|x) = (6.3.7)

As an example, consider two failure sources x1, 2 and one test ¢;. The state

I Indexing in reverse order is intentional for decimal representation of the configuration states
later.
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configuration and the corresponding f;(x) are shown in Table 6.3.1.

TABLE 6.3.1: Input and f;(x) for two failure sources and a single output

To T1 fj $2,ZU1)

0 0 Waj

Note that the logistic test model of (6.3.7) is analogous to the DFA test
model in the sense that in both models a zero state of any of the failure sources affects
the probability of ¢;, via Pf;; in the DFA test model and via w;;(0) in the logistic test

model.

6.3.3 Logistic Regression Test Model

Similar to the derivation of LNOR test model from a DFA test model, we can derive
the LR test model from (6.3.7). We showed that the LNOR test model can aggregate
the effect of the zero-states of the failure sources by introducing a leaky node and
that the LNOR test model is equivalent to the DFA test model. This suggests us to
consider the effect of w;;(0) for all i = 1,2, ..., m into one parameter. To illustrate
this point, we consider a system with two failure sources z; and z, and one test ¢;,
all binary. For the new logistic test model we neglect the effect of each failure source
when its state is zero. Therefore, corresponding to wy;(0) and w,;(0), we do not have
any parameter in the new test model, but we assign a parameter {y; that is applied

in any combination of the failure states. Therefore, we have the following relations
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between the w parameters of model (6.3.7) and the ¢ parameters of the new logistic

model.

)
) =80 T8y (6.3.8)
)
)

I
oy
&
+
Iy
[NV
<.
+
I
&

Solving the above equations for the £ parameters, yields:

€oj = w2;j(0) + wq;(0)
§1j = w1j<1) - wlj(O) (639)

§oj = wa;j(1) — wy;(0)

Remark 6.3.1. In general, for m failure sources xi, s, ..., 2, and one test ¢;, all

binary, we can write:

Soj = zmlwij(O)

(6.3.10)
£ij = wij(l) — wij(()), 1= 1, oo,
The general formulation for pass outcome would be:
exp (50]‘ +> Qj%‘)
Pr(t; = 0x) = =1 (6.3.11)

1 +exp (50;‘ + > fijfz')
=1

Remark 6.3.2. Note that &y, is the sum of all w;;(0)’s, analogous to 6p; being the

multiplication of all (1 — Pf;;)’s. This is because w;;(0) is related to the logarithm of
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the probability (see (6.3.3)). Also, note the similarity to a logistic neuron [177].

Remark 6.3.3. Note that ¢; is the difference between w;;(1) and w;;(0), analogous
to 6;; being the ratio of (1 — Pd,;) and (1 — Pf;;).

6.4 Unified Representation of Leaky Noisy OR and
Logistic Regression Test Models

In this section, we present a unified representation for the LNOR and LR test models.

Both models can be represented as follows:

z(x) = 60; [ [ 05 (6.4.1)

=1

with
500 = Pr(t; = 0po) (1 - Pr(t; = 0x) ) (6.4.2)

where,

0 Leaky noisy OR
d= (6.4.3)

1 Logistic regression

Note that in the LNOR test model, z;(x) is the probability of test ¢; being zero given
x, that is, z;(x) = Pr (¢; = 0|x), and in the LR test model, z;(x) is the odds of test

t; being zero given x, that is z;(x) = Pr(t; =0k) 7. The parameters ;5,4 =0,1...,m

l—Pr(tj:0|x

for the LNOR test model are as they were defined in section 2, and for the LR test
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model, they are as follows:

(90]‘ = eXp (50]') (644)

sz = exXp (&J) s 1= ]_, Lo, (645)

The unified representation can be written as follows, as well:

In (2;(x)) = Bo; + Zﬁzﬂz (6.4.6)

where for the LNOR, f;; = In(6,;), and for the LR test model, fy; = &o;, and 3;; = &;;

fori=1,...,m.

Remark 6.4.1. Note that (6.4.6) states that for the LNOR test model, the logarithm
of probability of test ¢; being zero is an affine linear function of the failure source
states (linearity in probability) while, for the LR the logarithm of the odds of ¢; being

zero is an affine linear function of the failure source states (linearity in odds).

Remark 6.4.2. For the same observed data, the parameters of §;;, ¢ = 0,1...,m

for the LNOR test model are different from those of the LR test model.

Remark 6.4.3. For the LNOR test model, the parameters 3;; for i =0,1,...,m are
non-positive, because ¢;; for i = 0,1, ..., m, being probabilities, are restricted to be in

the interval [0, 1].
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6.5 Maximum A Posteriori (MAP) Inference for
the Unified Test Model

In this section, we present the fault diagnosis problem as the mazimum a posterior
(MAP) inference problem for the unified test model, and derive its solution using the
Lagrangian relaxation method. Then, we derive the dual cost function for this MAP
inference problem.

Let x denote the vector of all failure sources, and T" be the test outcomes.

Given T, the inference problem can be expressed as follows:
X = arg max Pr (x|T). (6.5.1)

The MAP estimation for the above inference problem can be written as

follows:
% = arg max In (Pr (7']x) Pr (x)). (6.5.2)

By categorizing the observed test outcomes 7" into two disjoint sets of passed test
outcomes 7}, and failed test outcomes Ty, we can write the MAP problem (6.5.2),

after taking logarithm, as follows:
% = arg max {In (Pr (7¢|x)) + In (Pr (7,|x)) + In (Pr (x)) } (6.5.3)

Assuming each failure source x; has the prior probability p,, of being in the fail state,
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we can write:

Pr@m)::ﬂ——p&)(—lklf)% (6.5.4)

Validity of (6.5.4) can be verified by checking Pr (z;) for the two possible values x; = 0

and x; = 1. Using the conditional independence of failure sources, we can write:
Pr(x) = [ [ Pr(z;) (6.5.5)

1=1

Taking logarithm of (6.5.5), and using (6.5.4), we can write:

In (Pr (x)) =7 + Z Vili (6.5.6)
i=1
where,
Yo = Zln (1—ps,) (6.5.7)
i=1

%—m(%i) (6.5.8)

To calculate In (Pr (7,|x)), we start by equation (6.4.6) and (6.4.2), rewritten

below for ready reference:

In (z;(x)) = Bo; + Zﬁzﬂ?z (6.5.9)
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—d
2(x) = Pr(t; = 0|x) (1 —Pr(t; = 0|x)>
Inserting (6.5.10) into (6.5.9) yields:

In (Pr(t; = 0]x)) = (ﬁ()j + éﬁuxz>

+d1In (1 —Pr(t; = O|x)>

Since test outcomes are independent, we can write

r(7T,|x) = HPrt_O|x

t; €Ty

Taking logarithm of (6.5.12), and using (6.5.11), we have:

In (Pr (T)]x)) 60+Zﬁm+dz In (1 —y;)

t; €Ty

where,

:Zﬁi]’, i:O,l,...,m

t; €Ty

y; = Pr(t; = Olx)

(6.5.10)

(6.5.11)

(6.5.12)

(6.5.13)

(6.5.14)

(6.5.15)

To calculate In (Pr (T|x)), based on independence of test outcomes, we first note that:

Pr (Ty|x) = HPr (t; = 1]x)

tJETf
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Taking logarithm of (6.5.16), and noting that probability of a fail outcome is the

complement of probability of the pass outcome, we can write:

In (Pr (T%|x)) Z In(1—y;) (6.5.17)

t; €Ty

Using equations (6.5.6), (6.5.13), and (6.5.17), and by discarding constants

Yo and By, we can write the MAP inference problem (6.5.3) as follows:

X = arg max Z In(1—y,)+ Za x; (6.5.18)
t €T,
subject to:
In (y;) = dIn (1 —y;) = Bo; + Zﬁijxia vt e T, (6.5.19)
i=1
where,

Ty Leaky noisy OR
T, = (6.5.20)

T  Logistic regression

a=7%+p0, i=1,....,m (6.5.21)

Note that, for the LR test model, we have used the relation T, UTy =T
The problem in (6.5.18), in the ideal case (6p; = 1,60;; = 0,5 = 1,...,m)

for the LNOR test model, reduces to a set covering problem. Since the set covering
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problem is NP-hard [128], the general problem in (6.5.18) is NP-hard as well.

Note that, while in the second summation in (6.5.18), the effect of the failure
sources are decoupled, the first summation through y; couples all the failure source
states nonlinearly. To relax this coupling, we use Lagrange relaxation method. The

relaxed version of optimization problem becomes:

i€t " (6.5.22)
S OpY (m (i) = din (1 = ) = iy = 3 5)
t;€T> 1=

By taking the derivative of (6.5.22) with respect to y; and equating it to zero, we get:

i
J Vt; € T, (6.5.23)

T a—an

Inserting (6.5.23) into (6.5.22) and rearranging it, we have:

m

t; €T, i=1
where

tjETz
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Lyi;(Aj) = A In(A)) + (1 —dX;j) In(1 — d);)
—(14+ A =d)A) In(1+ (1 =d)A;) — BojAs

(6.5.26)

Note that given A, the first summation in (6.5.24) is a constant and can be
discarded, and the optimization in the second summation can be performed for each

failure source separately. Therefore,

i (A =u(GN) =u | ai— Y NBy (6.5.27)

tjETz

where, u(.) is the unit step function. The pure dual cost function then is as follows:

L) = Y L) + ) Lai(N) (6.5.28)
where,
Lai(A) = ¢;(XN)u (c;(A)) = max (0, ¢;(N)) (6.5.29)

and Lq;(A;) is as in (6.5.26), which can also be written as in (6.5.30) and (6.5.31),

respectively, for the LNOR and the LR test models.

Lij(A;) = AjIn(Ay) — (14 X)) In(1 + X)) — Boj A
th - Tf

(6.5.30)

Lii(Aj) = A In(y) + (1= A5) In(1 — A;) — BojA;
= —H(X\;) — BojAj, Yt; €T

(6.5.31)
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where, H(J,) is the binary entropy. Thus, one needs Lagrange multipliers for failed
tests only in the case of LNOR, while the Lagrange multipliers are need for all tests

in the case of LR.

6.6 Simulation Results

6.6.1 Comparison of the Leaky Noisy OR and Logistic Re-
gression Test Models

In this section, using an example we compare the LNOR and LR test models. Consider
a system with three failure sources xq, x9, and x3 and two tests ¢; and t5. Assume
that test t; is affected by failures source x; and x5, and test ¢ is affected by failure
sources r7 and r3. From a DFA test modeling perspective, the non-zero detection
and false alarm probabilities are Pdy; = 0.85, Pds; = 0.90, Pdys = 0.80, Pds, = 0.95,
Pfi11 = 0.06, Pfy; = 0.03, Pfoy = 0.07, Pf3s = 0.08. Using (6.2.7) and (6.2.8), we
can calculate the parameters of its equivalent LNOR test model. Then, we can find
the least squares estimate of LR test model. Let Pr(¢; = O|x)for these models be,
respectively, denoted as Porgrnor(X) and Poygrr(x), where the subscripts “OrgLNOR”
and “OrgLR” represent the best estimates for the original DFA test model, respectively
for the LNOR and the LR test models. A wighted sum of the test probabilities of
these two models is used as the training data.

PI‘ObS(t]’ = OlX) = (6 6 1)

wLNORPZ)rgLNOR<X> +(1- wLNOR)PjOrgLR(X)
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where 0 < winor < 1 and j = 1,2. When wynor = 1, the observations have a linear
structure in the logarithm of probability of test pass, and when wynor = 0 they have
a linear structure in the logarithm of the odds of test pass, and when 0 < wynor < 1
the observations have neither linear structure in the logarithm of probability of test
pass, nor in the logarithm of the odds of test pass.

We use Props(t; = 0[x),j = 1,2 to train the LNOR and the LR test models.
The results for probability of test pass given for two models and the training data
are shown in Fig. 6.6.1 and Fig. 6.6.2, respectively for ¢; and t;. Note that as
Pr(t; = 0|x = lagxy) = Pr(t; = 0|x = Oxexy) and Pr(ty = 0|x = x3221) = Pr(ty =
0|x = x3290), for each test only the combinations of the two contributing failure
sources are shown. It is seen that for the extreme values of winor = 0 and wrnor = 1,
as we expect, respectively, the LR and the LNOR test models have perfect performance.
As wrnor becomes less than 1 the performance of the LNOR test model degrades
and, especially, for Pr(t; = 0|zez; = 00) and Pr(ty = Olzzzs = 00), the LNOR
test model has poor performance for low values of wrnor. The LR test model,
however, provides robust performance as the structure of observed data varies from a

log-probability-linearity to log-odds-linearity.
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blue: training data, red: leaky noisy OR, magenta: logistic regression
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FIGURE 6.6.1: Comparison of probability of ¢; is passed given x for the LNOR and the LR
test models
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FIGURE 6.6.2: Comparison of probability of t5 is passed given x for the LNOR and the LR
test models

Figures 6.6.3 and 6.6.4 show Pr(tst; = 11|x) Pr(x) for all eight combinations
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of failure sources, for p,, = 0.15, p,, = 0.10, and p,, = 0.05. It is seen that while
the LR test model provides robust results, the LNOR test model results are off for
low values of winor and for three combinations xsxox; = 000, x32927 = 001, and
x3xox; = 100. The reason is that, for xzzxox; = 100, both inputs of test ¢; are zero,
while for zsxoz; = 001, both inputs of test t, are zero, and for x3xoxr; = 000, inputs
of both tests t; and ¢y, are zero, and we saw in Figures 6.6.1 and 6.6.2 that, the
LNOR test model poorly estimates Pr(¢;|/00) when winor is low. In reality, as the
number of failure sources become large and since tests are connected to some of them
only, in many combinations of the failure sources, one or more tests are subjected
to all-zero inputs, and hence in those combinations, the error would be large when
wiNor 1s low. Figure 6.6.4 also shows that when both tests fail for any value of wynog,
Pr(tot; = 11|x Pr(x)) has its highest value at x = 010 and both test models provide

the same inference.

blue: training data, red: leaky noisy OR, magenta: logistic regression
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FIGURE 6.6.3: Comparison of Pr(T = 11|x) Pr(x) for the LNOR and the LR test models
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6.6.2 Dual Cost Function and the MAP Estimate

Figures 6.6.5 and 6.6.6, respectively, show the dual cost function, i.e., equation (6.5.28),
for the LNOR and the LR test models. For the training of these models, we used
wrnor = 0.5. Due to nonlinearities in (6.5.29), that is, Lo;(A) = ¢;(A)u (¢;(N)), both
dual cost functions have sharp corners making them non-differentiable. Note that for
the LR test model, based on (6.5.23), we have \; = y;, and since y;, as defined in

(6.5.15), is a probability, the dual cost function for A; > 1 is undefined. However, for

the LNOR test model based on (6.5.23), we have \; = -2 which is an odds function,

1—y;?’

and thus can take any nonnegative value.
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LA, A)

FIGURE 6.6.5: Dual cost function for the LNOR test model

FIGURE 6.6.6: Dual cost function for the LR test model

The minimum value of the dual cost function for the LNOR test model occurs
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at (A}, A3) = (0.444,0.716), and that for the LR occurs at (A}, \5) = (0.343,0.418).
These result in ¢;(A*) and c3(A*) to be negative for both models, which means, based
on (6.5.27), that 27 = 0 and 25 = 0. The value of c3(A*) for both models is close
to zero. When ¢;(A*) = 0, as the contribution of ¢;(A*)u (¢;(A*)) to the dual cost
function is zero, irrespective of assigning 1 or 0 to u (¢;(A*)), decision based on (6.5.27)
will be ambiguous. Therefore, for ¢;(A*) close to zero, we should either check the
primal cost function or use the set-covering ideas. As discussed in [11] for the DFA test
model, in practice, there are not many such cases. In the above example, comparing
the primal cost function at xsxox; = 000 and x3z9x1; = 010 gives the optimal solution

* ok kL
as ryryr) = 010.

6.7 Summary

In this chapter, we discussed two test models, viz., DFA (Detection False Alarm) and
leaky noisy OR (LNOR); we proved the equivalence of these models in a proposition
and showed that the parameters of the LNOR test model can be uniquely determined
via the parameters of the DFA test model. The reverse mapping, however, is not
unique. The false alarms are viewed as errors in sensor measurements and processing in
the DFA test model, and as unmodeled parameters in the LNOR test model. However,
in both models, once the parameters are obtained via the fault injection-test output
observations, both sensor measurement errors and unmodeled parameter effects are
reflected in the respective parameters of the models. In logistic test modeling, we
presented two realization of the combinatorial case, one by assigning a weight to each

failure combination and the other using a polynomial of degree m. Then, we showed a
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more tractable model by restricting the weights on the possible states of each failure
source, rather than the combination of all failure states. This resulted in a logistic test
model similar to the DFA test model in structure, in the sense that a zero state of any
of the failure sources affects the probability of test outcomes in both models. Using the
same approach that we used for showing the equivalence of the DFA and the LNOR
test models, we showed the equivalence of the restrictive test model and the logistic
regression (LR) test model. Then, we devised a unified test model that encompasses
both the LNOR and the LR test models. We presented the fault diagnosis problem as
the maximum a posterior (MAP) inference problem for the unified test model, and
derived its solution using a Lagrangian relaxation method. Finally, we derived the
dual cost function for this unified MAP inference problem. Using an example, we
discussed the dual cost function. Simulation results show that the LR test model is
more robust with respect to the structure of the training data than the LNOR test

model.
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Chapter 7

Conclusion and Future Work

In this thesis, we discussed two problem, namely, (a) optimal battery charging and
battery life management; (b) fault diagnosis using probabilistic graphical models. We
applied optimization techniques to the first problem and Bayesian inference to the
second one.

In optimal battery charging and battery life management, we tackled the
problem in a two-time-scale algorithm which performs fast-charging at the lower-level
(fast time-scale), while managing the battery life cycle at the higher-level (low time-
scale). In the lower-level, we derived optimal charging algorithms for Li-ion batteries
using equivalent electrical circuit models and quadratic optimization approaches.
The objective function is considered as linear combination of time-to-charge (TTC),
energy-loss (EL), temperature rise index (TRI), and any other arbitrary function of
state-of-charge.

In the lower-level problem, with a simple battery model composed of an

Open-Circuit Voltage (OCV) and a resistance, the optimal solution with objective
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function being a weighted sum of TTC and EL, the solution (referred to as OtE
(Optimal-time-Energy)) was proved to be the well-known CC-CV strategy with the
value of current in the CC stage being a function of the ratio of weighting on TTC
and EL and also the resistance of battery. To the best of our knowledge, this is the
first time that it is proved that the well-known CC-CV charging profile is the optimal
solution of a particular optimization problem, namely, the problem of minimizing the
weighted sum of time-to-charge and energy loss.

In addition, we developed an analytical solution for the optimal TTC, EL
and TRI, referred to as OtET, was developed. Due to similarity of the structure of
the OtE and OtET solutions, a near-optimal version of OtET (referred to as NOtET).
The NOtET is a CC-CV strategy with the value of current in the CC stage being a
function of the ratio of weighting on TTC and EL, the resistance of the battery and
the effective thermal resistance. Then, we presented a linear quadratic optimization
approach and its solution to optimally charging a Li-ion battery in a general form.
The optimal profile was derived based on a cost function, which is a weighted sum
of time-to-charge (TTC), energy loss (EL), sum of the squares of the differences of
the state-of-charge (SOC) from the final desired SOC, and temperature rise index
(TRI). The presented solution strategy is generic and it is applicable to any equivalent
electrical circuit model of a battery. A number of simulations were conducted to
evaluate the effect of weighting parameters. Finally, extensive results on industrial
batteries from LG, Nokia and Samsung were presented.

At the higher-level, we proposed a battery life management algorithm to
determine the optimal values for the control parameters of charging process, namely,
maximum allowable current and maximum allowable terminal voltage. As a precursor

to the battery life management algorithm, we proposed two new battery capacity fade
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models that are shown to be statistically superior to the bi-exponential capacity fade
model.

The two models for estimating the normalized battery capacity are called
the LAR-a+ and the CVD. The former is a function of the number of cycles and
the latter is a function of the number of cycles and two charge control parameters,
viz., maximum terminal voltage of the battery (vmax) and maximum charge current
(imax)- The accuracies of these models were explored by experimental data gathered
from aging experiments performed on Samsung GS4 battery, and their dominance
over the bi-exponential capacity model was demonstrated using the experimental
data. The statistical dominance of LAR-af8v over LS-BE was performed using Akaike
Information Criterion (AIC). Using the CVD model, we also analyzed the effect of
voltage and current on the capacity curves and we showed that v,,.., rather than i,y
has a salient effect on capacity fade.

The proposed battery life management algorithm finds the best vy, and
imax to achieve a desired cycle life (for example, 500 cycles), while maintaining the
normalized capacity above a desired threshold (for example, 80%) and attaining the
fastest possible time-to-charge. The method was illustrated via numerical results. The
optimal setpoint depends on the desired state of charge (denoted by sy,) for which
we aim to attain the fastest charging time. It also depends on the resistance of the
battery, i.e., Ry. Simulation results show that low fast-charging threshold on state of
charge (si,) and low battery resistance result in an optimal setpoint with the highest
Imax among the set of feasible control settings, while increasing sy, and the battery
resistance result in moving the optimal setpoint to lower values of 7,,,, and higher
values of va. From the discussion of the different scenarios, we concluded that iy,

rather than v,.,, has a salient effect on power fade, and v,,.,, rather than ..., has a

172



salient effect on capacity fade.

In the second part of the thesis, for fault diagnosis, we considered the fault
diagnosis problem using probabilistic graphical models. We discussed the Detection-
False Alarm (DFA), the Leaky Noisy OR (LNOR), and the logistic regression (LR)-
based test models. First, we proved the equivalence of DFA and LNOR test models.
Then, we proposed a unified test model that includes both the LNOR and the LR
test models as specific cases, and derived a Maximum a posterior: solution for the
multiple fault diagnosis problem using the unified test model with the Lagrangian
relaxation method, by deriving a dual cost function for the problem.

We discussed the problem of fault diagnosis in complex systems using
knowledge-based probabilistic graphical models in two different contexts: static and
dynamic. The fault diagnosis problem is represented using a tri-partite probabilistic
graphical model. The first layer of this tri-partite graph is composed of components of
the system, which are the potential sources of failures. The healthy or faulty condition
of each component is represented by a binary state variable which is zero if the compo-
nent is healthy and one otherwise. The second layer is composed of tests with binary
outcomes (pass or fail) and the third layer is the noisy observations associated with
the test outcomes. The cause-effect relations between the states of the components
and the test outcomes can be compactly modeled in terms of detection and false alarm
probabilities. When the probability of fault detection is one and the probability of
false alarm is zero, the test is termed perfect; otherwise it is deemed imperfect. In the
case of perfect tests, the static multiple fault diagnosis (SMFD) problem reduces to a
set-covering problem, which itself is an NP-hard problem. We discussed the SMFD
problem in its general form by maximizing the posterior probability of component

states given the fail or pass outcomes of tests. Since the solution to this problem
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is known to be NP-hard, we used a Lagrangian (dual) relaxation technique to find
near-optimal diagnostic solutions, which has the desirable property of providing a
measure of sub-optimality in terms of the approximate duality gap. Indeed, the
solution would be optimal if the approximate duality gap is zero. The static problem
is discussed in detail and a dual cost function is derived. By presenting some graphical
illustrations, we provided insights into the properties of the non-differentiable dual
function.

We also discussed the multiple fault diagnosis in a dynamic context (DMFD),
where it is assumed that the states of components evolve as independent Markov
chains and that, at each time epoch, we have access to some of the test outcomes.
Finally, we discussed the fault diagnosis problem in the context of active probing
(also termed sequential testing or troubleshooting), where information is sequentially
acquired to isolate the faults in minimum time, cost or other economic factors, and
we briefly mentioned some of the applications of fault diagnosis.

We discussed two widely-used graphical models, viz., DFA (Detection False
Alarm) and leaky noisy OR (LNOR) test models; we proved the equivalence of these
models in a proposition and showed that the parameters of the LNOR test model
can be uniquely determined via the parameters of the DFA test model. The reverse
mapping, however, is not unique. The false alarms are viewed as errors in sensor
measurements and processing in the DFA test model, and as unmodeled parameters
in the LNOR test model. However, in both models, once the parameters are obtained
via the fault injection-test output observations, both sensor measurement errors and
unmodeled parameter effects are reflected in the respective parameters of the models.
In logistic test modeling, we presented two realization of the combinatorial case, one

by assigning a weight to each failure combination and the other using a polynomial of
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degree m. Then, we showed a more tractable model by restricting the weights on the
possible states of each failure source, rather than the combination of all failure states.
This resulted in a logistic test model similar to the DFA test model in structure, in
the sense that a zero state of any of the failure sources affects the probability of test
outcomes in both models. Using the same approach that we used for showing the
equivalence of the DFA and the LNOR test models, we showed the equivalence of
the restrictive model and the logistic regression (LR) test model. Then, we devised a
unified test model that includes both the LNOR and the LR test models as special
cases. We presented the fault diagnosis problem as the mazimum a posterior (MAP)
inference problem for the unified test model, and derived its solution using a Lagrangian
relaxation method. Finally, we derived the dual cost function for this unified MAP
inference problem. Using an example, we discussed the dual cost function. Simulation
results show that the LR model is more robust with respect to the structure of the
training data than the LNOR test model.

The primary contributions of this thesis are:

1. Derived a closed form solution for optimal battery charging profile to minimize

a weighted sum of time-to-charge and energy loss;

2. Proved that for an OCV-Resistance battery model, CC-CV is the optimal
solution with respect to an objective function, composed of linear combination

of time-to-charge and energy-loss.

3. Derived a semi-closed form solution for optimal battery charging profile by

adding the temperature rise index to the cost function;

4. Showed that the effect of temperature rise can be approximated as an equivalent
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10.

11.

12.

heating resistance;

Derived the optimal battery charging profile for general equivalent electrical

circuit models as a linear quadratic - constant voltage (LQ-CV) strategy;

Derived two new battery capacity fade models that are shown to be statistically

superior to the bi-exponential capacity fade model.

Developed an optimal charging parameter selection method for selecting the
best settings for the control variables to achieve a desired “useful cycle life”,

while attaining the fastest possible time-to-charge;

Proved the equivalence of the Detection-False Alarm (DFA) and the Leaky Noisy
OR (LNOR) test models;

Proposed a unified test model to include both the LNOR and the logistic

regression (LR) test models;

Solved the maximum a posteriori (MAP) inference problem associated with the

unified test model;

Derived a dual cost function for fault diagnosis problem both with the DFA test

model and with the unified test model

Developed an algorithm for fault prognosis in systems using the unified test

model.

The broader impacts of this thesis are:

. Minimizing the life cycle cost of systems;
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2. Enhancing the safety and reliability of systems;
3. Improving customer satisfaction through enhanced system availability;

4. The proposed research has utility in different application areas. Representative
applications include automotive systems, aerospace systems, electrification of
transportation, medical equipment, smart buildings/smart grid, and communi-

cation networks, to name a few.

The future work on battery management system, can include SOC-dependent
and temperature-dependent parameters in the optimal battery charging. In the present
work, the electrical parameters (e.g. Ro, R1, C1 and so on) are considered constant;
while in reality they depend on SOC and temperature.

The above research can be done in two perspectives: (a) using look-up
tables for parameters (b) using analytic equations for parameters. In the former, a
general numerical method can be used. However, it has the benefit of being general
for any chemistry, because for each chemistry, one can find the corresponding look-
up tables using experiments, and then use the look-up-table-based devised method.
Another advantage is that look-up tables are more favorable in industry; therefore,
such a method would have more practical potential. The latter has the advantage of
using analytic methods, but for any new chemistry one has to find proper analytical
approximations for the parameters and different chemistries may result in different
analytical formulae for electrical parameters and this makes the developed method
limited. Also analytical formulae for parameters are less favorable than the look-up-
table-based method in industry.

For modeling battery capacity, a future work could include not only modeling

the cycle life of a battery but also modeling its calendar life, because battery capacity

177



not only fades with the way it is charged and discharged, but also it fades just by
passing time even when the battery is not used. The study of interaction of battery
cycle-life and battery calendar-life could be a challenging and interesting topic. For
example, how a stand-still calendar-life affects the cycle-life behavior of a battery.
This interaction, however, has practical importance in the initial calendar-life of a
battery, because once a battery is bought by a user, normally it is not exposed to a
long stand-still condition.

Another topic for future work could be analysis of efficiency degradation.
While the efficiency of a battery mostly considered as one, in reality we get less energy
from a battery during discharge process than what we put into the battery during a
charge process. How this charging efficiency changes over the cycle life and calendar
life of a battery could be interesting.

Another research track with practical outcomes is to use the typical usage of
users that have somehow predictable loads, for example electric buses that undergo a
typical load profile every week, and then using this data and the interaction of vy
and iy, With capacity fade and power fade, to determine a default charging profile
that considers capacity fade and power fade in the whole useful life of the battery.
This charging profile can be used as an initialization for a condition-based charging

process.
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Appendix A

OCYV and electrical parameters for
commercial batteries

The following tables show the parameters of the equivalent electrical circuit model 111
for different commercial batteries.

TABLE A.0.1: Electrical parameters of model III for commercial batteries

Make Model Cell# Ry (mQ) R;(mQ) C(F) a  Cpag (Ah)
Samsung EB575152 1 253 106 4581 0.997934 1.1875
Samsung EB575152 2 209 94 5203 0.997962 1.2187
Samsung EB575152 3 418 58 6222 0.99724 1.2001
Samsung EB575152 4 200 142 3046 0.997689 1.485
Samsung EB504465 1 259 106 4598 0.997941 1.5001
Samsung EB504465 2 268 168 2493 0.997615 1.5293
Samsung EB504465 3 272 211 1680 0.997186 1.5261
Samsung EB504465 4 287 224 1589 0.997189 1.4831
Samsung AB463651 1 451 198 2100 0.997597 0.9791
Samsung AB463651 2 294 214 1950 0.997602 0.9614

Nokia BP-4L 1 263 100 5031 0.998012 1.5514

Nokia BP-4L 2 264 64 8141  0.99808 1.5691

Nokia, BP-4L 3 258 95 5306 0.998028 1.5612

Nokia BP-4L 4 228 50 10502 0.998106 1.613

LG LGIP 1 264 101 4747 0.997919 1.1141
LG LGIP 2 297 76 6654 0.998021 1.1121
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TABLE A.0.2: OCV parameters for commercial batteries

OCV Parameters

Make Model Cell # I I e , e e e e
Samsung EB575152 1 -1.1288 65.0931 -10.5332 1.0640 -0.0457 -52.2654 94.1916 -0.7417
Samsung EB575152 2 -1.6976 68.3306 -11.1189 1.1290 -0.0487 -54.5366 98.4237 -0.7882
Samsung EB575152 3 -1.0802 68.3600 -11.0617 1.1178 -0.0480 -55.3010 99.0817 -0.8059
Samsung EB575152 4 -4.3113 229007 -4.2921 0.4926 -0.0239 -10.3460 27.2251  0.0226
Samsung EB504465 1 0.0218 54.9000 -9.1299 0.9668 -0.0442 -44.6447 78.9622 -0.7934
Samsung EB504465 2 1.8254 61.0951 -10.0031 1.0470 -0.0474 -52.6013 89.7801 -1.0640
Samsung EB504465 3 0.2510 55.0370 -9.1256 0.9634 -0.0439 -45.0942 79.3945 -0.8297
Samsung EB504465 4 29648 59.8808 -9.7283 1.0127 -0.0457 -52.9562 88.9546 -1.1311
Samsung AB463651 1 -1.6972 41.8528 -7.0700 0.7522 -0.0343 -30.6508 58.1983 -0.4098
Samsung AB463651 2 -1.2526 40.3216 -6.7711 0.7166 -0.0326 -29.7536 56.3932 -0.3814

Nokia BP-4L 1 -3.2203 51.9246  -8.8187 0.9344 -0.0421 -38.1050 71.7162 -0.5991

Nokia BP-4L 2 -2.7537 529707  -8.9327 0.9407 -0.0422 -39.6357 73.7620 -0.6418

Nokia BP-4L 3 -3.2084 51.85564  -8.7993 0.9314 -0.0419 -38.0572 71.6483 -0.5996

Nokia BP-4L 4 -2.7140 60.3626 -10.0810 1.0533 -0.0469 -46.2542 85.0092 -0.7139

LG LGIP 1 0.5267 61.5448 -10.1553 1.0682 -0.0485 -51.2165 89.3849 -0.9091
LG LGIP 2 04788 59.0975 -9.7677 1.0290 -0.0468 -48.9737 85.6643 -0.8748
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Appendix B

Temperature Modeling for
OCV-Resistance Model

References [146] and [198] describe the temperature model as a linear system with
two states. By discretizing the formulation in [146] and performing mathematical
simplifications, we obtain a linear temperature model for a battery. The power

generated at time ¢ can be written as

Qy(t) = Roi*(t) (B.0.1)

whose discrete form is

Qulk] = Rod[K] (B.0.2)
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The relation of core temperature and air temperature is as follows

(B.0.3)

or in discrete form :

T[k] - Tair [k]

Qp[k] = Refy

(B.0.4)

where R.ss is the effective thermal resistance and is assumed constant [146]

but varying in [198]. Also, from [146], we have

0.5Q,(%)
Toir(t) = Tom P B.0.5
( ) b mazrcazr ( )
or in discrete form:
0.5Q,[k]
Tair k| = Tam —— = B.0.
[ ] ’ * maircair ( 0 6)
Based on [146], the formula for T'(¢) is
Qq(t) — Qp(t)
B.0.7
/ mbatcbat ( )
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We can write it in the discrete form as:

Qglk] — @plA] |

Tk+1 B.0.8
kA =TH+ = = (B.0.8)
We rewrite the required four formulas again:
Qglk] — Qplk] |
Tk+1 _ B.0.9
k1 =T+ = = (B.0.9)
0.5, (K]
Torlk + 1] =T, £ B.0.1
azr[ + ] amb T+ mmromr ( 0 0)
Q,lk] = Roi*[k] (B.0.11)
Tk| — Toik
Qplk] = T = TowlH] ]R i (B.0.12)
eff
Now we can write:
Qylk] — Qplk] |
Tk+1) =T _
[ ] [ ] mbatObat
A T[k] — Tair[k]>
=TI[k] + Ryi* k| — ————— B.0.13
] mbatcbat ( ‘ [ ] Reff ( )
A RoA
= Tkl + —————T. k| + 17|k
< Mpat Cbat Reff ) [ ] Mpat Cbat Reff [ ] Mpat C1bat [ ]
or
Tk +1] = (1 — a)T[k] + aTy, [k] + bi®[K] (B.0.14)
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A

a=—"-7 " B.0.15
Mpat Cbat Reff ( )
RoA
b= B.0.16
mbatcbat ( )
0.5Q,[K]
Toirlk + 1) =T, ——xpl]
[ * ] ’ * mairoair
_ 0.5 T[k] - Tair[k]
— Lamb + maircair ( Reff (B()l?)
0.5 0.5
= ————F Tkl - —Tair k Tam
maircairReff [ ] mairCaiereff ( )+ ’
or
Tair[k + 1] = CTUC] - CTair[k] + Tamb <B018)
0.5
=5 B.0.19
‘ mair Oair Reff ( )

Putting (B.0.14) to (B.0.19) together, we can write the temperature equation

in state variable form:

Tk +1] l—a a Tk] bl 0
Toirlk + 1] c —c| | Tuirlk] 0 1
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a =

C =

A

RyA

b= ——
mbatcbat

0.5

Mpat Cair Reff

mair Caz'r Reff

(B.0.21)

(B.0.22)

(B.0.23)

The block diagram of the temperature model is shown in Fig. B.0.1

Tamb

Tair

FiGUrE B.0.1: Block diagram of temperature modeling

Note that T,;.[k] deviates from the ambient temperature by a negligible

amount and therefore we can assume Ty, [k] ~ Tp,p. Hence, we can write (B.0.14) as
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Tk +1] = T[k] — a(T[k] — Tums) + bi*[k] (B.0.24)

Actually, as we will see in the following, equation (B.0.24) is the linear part
of heat transfer equation.

Now let us discuss temperature modeling based on heat transfer equation.
References [134] and [147] discuss nonlinear temperature model based on the heat

transfer equation. The heat transfer equation is as follows:

dTba
dt

q — hyAps(Tys — Ty) — oeFyy (Ty, — T}) = MyC (B.0.25)

Assuming Tys = Thy = Teore; Tt = Tump, ¢ = Roi* and discretizing (B.0.25)

yields

Tcore[k + 1] = Tcare [k] - a(Tcore [k] - Tamb) - 6<T4 [k] - T4

core amb

) + bi*[k] (B.0.26)

hy Aps A
= B.0.2
a NG (B.0.27)
RyA
b= B.0.28
e ( )
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U8beA
_ B.0.29
°T MG, ( )

Note that based on [146], R.fr = ﬁ. Therefore, the a coefficient in (B.0.27)
is exactly the same as the a coefficient in (B.0.21) in the previous section. Actually, if

we neglect the (T, [k] — T4

core amb

) part of (B.0.26), then (B.0.26) reduces to (B.0.24) in
the previous section. Also, note that in equation (B.0.26) the temperature should be
in Kelvin. Let for notational simplicity from now on call T,,,. as T. Therefore, we

write (B.0.26) as:

Tk +1] = T[k] — a(T[k] — Tums) — e(T*[k] — T2 ) + di*[k] (B.0.30)

Neglecting the nonlinear part of states, i.e., (T*[k] — T ), we have

Tk +1] = T[k] — a(T[k] — Tyms) + bi*[K] (B.0.31)
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Appendix C

Derivation of the LQ-CV algorithm

C.1 Concise Version

In this appendix, we derive the LQ-CV algorithm stated in section 2.4. This is a
concise version of “Appendix C.2”. We assumed that at time kp, the SOC reaches the
value v.. Therefore, we can relax the constraint s[k;] = s; with Lagrangian multiplier
v. Also, the dynamics of the system are relaxed by co-state vector A\. Hence, the LQ

problem is to minimize the following Lagrangian:

x>
—_

L{k] = Jigsr + v(s[k1] — s1) + 3 (A" [k + 1] (®2[k] + Ti[k] — z[k +1])) (C.1.1)

By inserting (2.4.33) into (C.1.1), and using Hamiltonian function H[k| and
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noting that |:y ()} z[k1] = v(s[ki] — si;), we can write L[k] as in (C.1.2)

k1—1

LIE] = v(sk, —s1) + <[V o} —AT[k1]> z[ki] + H[0] + k; (H[k] — AT[K]z[K]) (C.1.2)

Applying the necessary conditions for optimality results in:

Z[k] = —mé[/ﬁ + 1] (C13)
MK = %Ij[g] — 2Q(Mz[k] + STk + 1] (C.1.4)

From (2.4.24), (C.1.3) and (C.1.4), we can write the dynamics of z[k] and

Alk] in the following forward /backward form:

zlk + 1] o —Ulk z[k]
= (C.1.5)
AlK] 2Q @7 | |Alk+1]
where
rr’
Vk|=——— C.1.6
k] = 5% Foudll (C.1.6)
In order to obtain the optimal current profile, we first consider the following
evolutions:

Alk] = Plk]z[k] + g[k]v (C.1.7)
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sy = u' [k]z[k] + w[k]v + d[k] (C.1.8)

In order that the above equations hold at time k;, we need to have: Plk;] =
T
022, glk1] = ulki] = [1 0] , w[ki] = 0, and d[k,] = s;,. Using (C.1.5) and (C.1.7),

we can write:

Alk] = 2Q[k]z[k] + " (P[k + 1)z[k + 1] + g[k + 1]v) (C.1.9)

Using (C.1.5) and (C.1.7), we can derive z[k + 1] in terms of z[k] and v,
which once inserted into (C.1.9) yields A[k] as a function of z[k] and v. Comparison
of the so-obtained function for A[k] to (C.1.7) and using Woodbury matrix identity

[83] results in the following relations for the evolution of P[k] and g[k]:

Plk] = 2Q[k] + ®TP[k + 1] (Is + V[k]P[k + 1)) ' @ (C.1.10)

glk] = ®" (I + Pk + 1)U [k]) ™" g[k + 1] (C.1.11)

Next, from (C.1.8) for times k and k41, we can write two equivalent relations.
Inserting in z[k + 1], the function we obtained earlier in terms of z[k] and v, and then

equating the corresponding coefficients on both sides of the equations, we derive:

ulk] = 7 (I + Plk 4+ 1JU[k]) " ulk + 1] (C.1.12)

wlk] = wlk + 1] — g"[k + 1] (I3 + VK| P[k + 1))~ U[k]g[k + 1] (C.1.13)

191



ulk] = g[k] (C.1.14)

dlk] = sy, VK (C.1.15)

From (C.1.8), (C.1.14), and (C.1.15) we can write

y= T Skfw_[k% [+]z[K] (C.1.16)

Knowing k;, we can solve the dynamical equations for P[k], g[k], and wl[k]
in a backward fashion to calculate g[0] and w[0]. Inserting these values into (C.1.16)

yields:

V= = (C.1.17)

Finally, we can write the optimal current as follows:

ilk] = —ﬁ (Plk +1] (I + WE| Pk + 1)) (D2[k] — U[K|gk + 1]v)) + glk + 1]v) | (C.1.18)

Note that this is a state feedback (closed-loop) policy.

C.2 Detailed Version

In this appendix, we derive the LQ-CV algorithm stated in section 2.4. For a concise

version of derivation, the reader may see “Appendix C.17. We assumed that at time
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ki1, the SOC reaches the value v.. Therefore, we can relax the constraint s[k;] = s;
with Lagrangian multiplier v. Also, the dynamics of the system are relaxed by co-state

vector A. Hence, the LQ problem is to minimize the following Lagrangian:

k1—1

LIk] = Jiper + v(slk) —s1) + > (AT[k + 1] (®2[k] + Tilk] — z[k +1])) (C.2.1)

k=0

Inserting (2.4.33) into (C.2.1), we have

k1—1

LI = piki 2 + 37 (ARoeq K2 [K] + 2" MIQIRI2IK ) + v(sk] = 1)

k1—1

+ > (AT[k + 1] (®z[k] + Ti[k] — 2[k + 1]))

k=0

= v(slki] — 1) + kkzol (ptA + A Rooq K] [K] + 2" [K]Q[k)z[k] + AT [k + 1] (2[k] + Fz‘[k]))
fei—1

= > (ATMK) — ATlk)z[k]
- (C.2.2)
By defining Hamiltonian H[k] as follows and noting that |:y 0] z[k] =

v(slk1] — sk, ), we can write L[k] as in (C.2.4)

H[K] = piA + ARoeq[k)i*[k] + 2" [K]Q[K2[k] + AT [k + 1] (®z[k] + Ti[k]) (C.2.3)

LIk = v(sk, —s1) + ([1/ 0} - AT[k:l]) zlk1] + H[0] + klf (H[k] — AT [k]z[k]) (C.2.4)

k=1
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The differential of L[k| for small changes in current profile is

[>

ot = (|v o] ~ a7t} sl + Sl + " (ot + (4 - atk) " o:lu1) (C.25)

Equating the coefficients of §i[k] and dz[k] to zero, we obtain the necessary conditions

for optimality as follows:

OH[k] _
Gl =0 F=0Lek—1 (C.2.6)
K] = %ZZ“]] k=1, k1 (C.2.7)
Alk] = {u 0] (C.2.8)

From (C.2.3) and (C.2.6), we can write:

T

ikl = - 22 Roeq K]

Ak + 1] (C.2.9)
From (C.2.3) and (C.2.7), we can write:

OH[K] _ -

Alk] = ok 2Q[K]2[k] + ®" Ak + 1] (C.2.10)

From (2.4.24), (C.2.9) and (C.2.10), we can write the dynamics of z[k] and
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Alk] in the following forward /backward form:

zlk +1] d —U[k] z[K]
= (C.2.11)
AlK] 2Q @7 | |Alk+1]
where
rre
Vk|=—-— C.2.12
k] = 5% Foudll ( )
In order to obtain the optimal current profile, we first consider the following
evolutions:

Alk] = Plk]z[k] + g[k]v (C.2.13)

s1 = u' [k|z[k] + w[k]v + d[K] (C.2.14)

In order that the above equations hold at time k;, we need to have:

0 0

Plk] = (C.2.15)
00

glki] = ulk:] = ll o} (C.2.16)

wlki] =0 (C.2.17)

dlk] = s, (C.2.18)
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From (C.2.11), we have
A[k] = 2Q[K]z[k] + ®TA[k + 1] (C.2.19)
Inserting A[k] from (C.2.13) into (C.2.19), we have
A[k] = 2Q[k]z[k] + ®T (Pk + 1]z[k + 1] + g[k + 1]v) (C.2.20)
From (C.2.11) we have
2k 4+ 1] = ®z[k] — U[E]A[k + 1] (C.2.21)
Inserting A[k + 1] from (C.2.13) into (C.2.21) we have
2k +1] = ®z[k] — U[k] (P[k + 1]z[k + 1] + g[k + 1]v) (C.2.22)
Rearranging (C.2.22), we can find z[k + 1] in terms of z[k] and v as follows
[k + 1] = (I + U[E|P[k + 1))~ (D2[k] — V[k]g[k + 1]v) (C.2.23)
Inserting z[k + 1] from (C.2.23) into (C.2.20), we have

AK] = 2Q[k]2[K] + ®T (Pk + 1] (I + WK P[k +1]) " (®2[k] — U[k|glk + 1]v)) + glk + 1]v) (C.2.24)

Comparing (C.2.24) with (C.2.13), we can write the following relations for the evolution
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of P[k] and g[k]:

Plk] = 2Q[k] + ®"P[k + 1] (Is + V[k]P[k + 1)) ' @ (C.2.25)

glk] =T (I; — Plk + 1) (I; + V[E|P[k + 1]) ' W[k]) g[k +1]  (C.2.26)

Using Woodbury matrix identity, shown below, we can write (C.2.26) as

(C.2.28)

(A+BCD) '=A"—A'B(C™'+ DAT'B) DA™ (C.2.27)

glk] = ®" (I; + Pk + 1] U[k]) " g[k + 1] (C.2.28)

Next, from (C.2.14) for times k and k + 1, we can write

ul [k)z[k] + wlk]v + d[k] = u" [k + 1)z[k + 1]+ w[k + v +d[k+1] (C.2.29)
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Inserting z[k + 1] from (C.2.23) into (C.2.29), we have

u"[k)z[k] + wlk]v + dk] = w" [k + 1] (I3 + C[k]P[k + 1]) " (®2[k] — U[k]g[k + 1]v))
+ wlk 4+ 1)v + d[k + 1]
= ul [k + 1] (I + U[k]P[k + 1))~ ®z[#]
+ (wlk + 1) — u"[k + 1] (Is + U[k] Pk + 1)) " U[k]g[k + 1]) v

+ d[k +1]
(C.2.30)

By equating the coefficients of z[k] at both sides of (C.2.30), we have
ulk] = &7 (I + Plk 4+ 1JU[k]) " ulk + 1] (C.2.31)
Comparing (C.2.31) with (C.2.28) and noting that u[k;] = g[ki], we can see that
ulk] = g[k] (C.2.32)
By equating the coefficients of v on both sides of (C.2.30), we have
wlk] = wlk + 1) — g7k + 1) (I + [k Pk + 1)) " U[kg[k + 1] (C.2.33)
Finally, it is easy to conclude

dlk] = sy, VK (C.2.34)
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From (C.2.14), (C.2.32), and (C.2.34) we can write

L S1 — Skfw_[k% [k]2[K] (C.2.35)

For ready reference, the required equations are gathered together in the

following;:

P[k] = 2Q[k] + ®" Pk + 1] (Is + U[E]P[k +1]) ' @

Plki] =

00
glk] = " (I + Pk + 1]U[k]) ™" g[k + 1] (C.2.36)
glki] = [1 01

wlk] = wlk + 1] — g7k + 1) (I + V[k] Pk + 1)) " W[k]g[k + 1]

wlki] =0

Knowing k;, we can easily solve equations in (C.2.36) in a backward fashion
to obtain the evolution of P[k], g[k], and w([k] for k = k; — 1,k —2,...,1,0. Once
we calculate g[0] and w[0], since we already know z[0], by inserting these values into

(C.2.35), we can find the value of v as follows:

y= 2 Skfw_[o]gT[O]g[O] (C.2.37)

Inserting (C.2.13) into (C.2.9), we have:
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FT
 2ARoeq[#]
PT

= SRR (Plk + 1)z[k + 1] + glk + 1]v)

ilk] = Ak + 1]

(C.2.38)

Inserting (C.2.23) into (C.2.38), we can write the optimal current as follows:

ilk] = =gz (Plk+ 1] ((Is + WK P[k + 1)) (z[K] — W[klglk + 1])) + glk + 1]v) | (C.2.39)

Note that this is a state feedback policy.
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