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NAUMAN KHURSHID HAIDER
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Abstract

In the last two decades automotive sector has been working towards electri cation
in a bid to replace fossil fuel vehicles and reduce green house gases emissions. Most
of the companies until recently have focused the e orts towards small passenger ve-
hicles as heavy vehicles have greater power demands and far more complex control
requirements as trucks spend on average 14 hours per day on the road compared to
passenger vehicles that are parked 95of the time [1]. However the advancements

in battery manufacturing techniques and control methods has brought forward solu-
tions that have made it possible to bring electri cation in heavy vehicles and marine
applications. Due to high power demands, the vehicle vehicles require more than
one than one battery pack in its energy storage system (ESS). These batteries are
connected in series and/or parallel con guration in order to ful Il the load require-
ments. This makes the control problem unique and more challenging compared to
passenger vehicles using single battery pack.

Balancing load among all the battery packs in the ESS is of utmost importance
to achieve optimal performance and increase through put of the system. In this
thesis, optimal control of recon gurable battery system (RBS) is investigated for
application in battery-powered electri ed vehicles (XEVs). The RBS through opti-
mal switching enables distribution of load among various packs in an optimal way to
increase systems power capabilities. The optimal control problem is formulated for
load sharing with the main objective of maximizing state-of-power (SoP), charge and
thermal balancing observing given physical constraints (dynamics, safety, health,
power limits etc.) of each unit. The control problem is then solved in a receding
horizon fashion using a model predictive control framework. A comparison between
the proposed control framework with that of conventional ( xed) multi-battery sys-
tem using di erent load cycles and operating conditions. The results illustrate that
power capacity of ESS can be increased with an RBS system compared to a conven-
tional battery system.

Keywords: Recon gurable Battery System, Charge Balance, Thermal Balance, Op-
timal control, Battery Management System, Model Predictive Control, Battery Load
Sharing, State of Change (SoC)
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1

Introduction

A brief introduction to the report is presented in this chapter that is divided into four
sections. First section 1.1 discuses the background of the thesis work and presents
literature review on the topic. Section 1.2 presents a conventional battery system
while a recon gurable battery system is de ned in section 1.3. In the nal section 1.4
problem is de ned along with thesis objectives, methods used and circumscription
associated with this thesis work.

1.1 Motivation

Demand for sustainable power alternative is on the rise driven by the depleting nat-
ural resources (fossil fuels), negative impact of increasing carbon footprint, and need
to address the pressing issue of global warming. Automotive sector is playing lead
role in o ering substitute for vehicles with low fuel e ciency in the form of fully or
hybrid electric vehicles. This change has also been necessitated by United Nations
through sustainability goals set for year 2030 in the Sustainable Development Sum-
mit 2015 [8] as well as the 2015 Climate Change Paris Agreement [9]. EU under
its wider climate and energy framework 2030 has set target to reduce emissions by
55% by year 2030 from the levels 0990[10]. Many automotive companies are
researching for the alternates and replacing fossil fuel powered internal combustion
engines (ICEs) with hydrogen powered ICEs, bio-gas solutions or fully electri ed
vehicles powered by batteries.

Electri ed vehicles hold major share among these alternatives and signi cant re-
search is ongoing to nd reliable and e cient energy storage system (ESS) that is
cost e ective as well. Lithium ion batteries (LiBs) are preferred choice for ESS due
to their superior cyclic performance and comparatively high power capacity opposed
to other available systems [11]. ESS in an electric vehicle comprise of several battery
packs/ cells connected in series and/or parallel con guration to obtain desired power
output. Also LiBs are highly sensitive to operating conditions and require special
handling to maximize battery life and power capabilities. Due to these factors there
iIs a need for a battery management system that can couple all these power units
to deliver desired output in a most e cient manner. Managing several cells/ packs
operating together becomes specially challenging given the parametric variations of
one unit from the other. These parametric variations (internal cell parameters like
resistance and charge capacity) are due to inevitable manufacturing tolerances even
in cells from a same batch [12]. These parametric variations increase further with
usage as the battery ages with various factors such as State of Charge (SoC), c-rate,

1



1. Introduction

Figure 1.1: Conventional Battery System with bi-directional current source as load

operating temperature, and depth of discharge (DoD) greatly a ecting it. Typically
a cell will age rapidly under high temperature, SoC and DoD compared to the one
exposed to lower magnitudes [13, 14, 15, 16].

1.2 Conventional Battery System

Figure 1.1 shows a conventional battery system (CBS) where cells are assembled in
a X con guration in series, parallel or combination. With this con guration the
system power capabilities are limited by the weakest cell in the system as we cannot
control ow of power through each individual cell so a cell with lowest current
carrying ability will create a hard constraint (i.e., so-called weakest link in the
chain) for the whole pack. During the charging phase, charging will stop as soon
as the weakest cell reaches full capacity, similarly the discharge will come to halt
once the weakest cell has drained to lowest energy level. Another drawback of this
con guration is if any cell fails or malfunctions the whole pack becomes incapable
to provide power thus rendering all the healthy cells useless despite only a single
faulty cell. In order to get maximum power capabilities all the cells in a conventional
battery pack must be identical to each other. Also building a pack from all cells with
identical power capabilities is practically hard due to inevitable parametric variations
even at beginning of life. Usually, during the assembly process, the cells are sorted
according to their capacity (and possibly resistance) values. Some strategies prefer
placing similar cells in modules. Some other strategies prefer placing cells in modules
in such a way that the performance across the modules is equalized. Despite this
characteristics of cells will vary almost inevitably over operational life due to non-
uniform aging in conventional battery systems.

2



1. Introduction

Figure 1.2: Recon gurable Battery System with bi-directional current source as
load

1.3 Recon gurable Battery System

Figure 1.2 depicts a recon gurable battery system (RBS) where connection topology
can be manipulated at a cell, module and/or pack level as desired. Some brief
bene ts of RBS are listed as below:

Enhanced Fault Tolerance:  Any faults in the cell be it internal or external
(such as short circuit) may a ect/ damage the cell while also a ecting the
neighbouring cells. This might a ect the whole system to the point where it
becomes incapable of delivering power at all thus escalating a small fault at
cell level to the entire pack. It can also lead to greater safety risks such as
re and explosion, a catastrophic outcome putting both user and the device at
risk. Such risk can be avoided with the help of RBS where faulty cell can be
immediately isolated from the system while keeping remaining cells connected
without disrupting the operation [17, 18, 19, 20]. An example of fault isolation
can be seen in gure 1.3(a) where malfunctioning cellC;) has been isolated
while keeping the remaining healthy cells connected and in operation.

Charge and Thermal Balancing: No two cells are identical in a pack due
to manufacturing tolerance within same batch, assembly variance arising from
cells of di erent batches used together, impurities, aging and environment they
are exposed to results in heterogeneities. Imbalance in charge will reduce the
system power capabilities thus some of the cells will be underutilized while
others overutilized. This also leads to premature degradation of the system
[21] and other safety issues [22]. Thermal imbalance result in each cell aging at
a di erent rate whilst also reducing the battery life and has signi cant impact

3



1. Introduction

on power ability of battery system. System might also experience issues of
overheating which is a major safety concern and re hazard. The CBS' use
additional balancing circuits and cooling devices to address these issues with
a BMS [23, 24, 25]. However, in a RBS this can be achieved with intelligent
recon guration of the system. Figure 1.3(b) illustrates how through system
recon guration cell balancing is achieved in roughly half the time compared
to conventional system [2]. Similarly thermal balancing can be achieved by
intelligently handling cell current [26, 25, 27, 28, 29, 30, 31, 32].

Extended Power ability: Faster and increased power conversion during
both discharge and charge cycles can be achieved with smart scheduling of
battery operation. For example, if during a charging phase if a cell reaches a
set higher threshold it can be disconnected and rested while remaining cells
continue to charge. By this way all the cells can be charged to same threshold
without compromising the system's chargeable power ability. Same principle
applies in case of discharge cycle where once a cell is drained to a lower set
point it can be removed from cell string. lllustration of this can be seen in
gure 1.3(c) here lines ¢ and d represent the charging and discharging current
lines. It was shown in [33, 34] that total energy output of a system can be
increased substantially by such scheduling of battery operation.

Synchronizing Di erent Batteries: Manufacturing variance among bat-
tery cells coupled with operational conditions means that battery cells are
continuously aging resulting in increase of internal ohmic resistance and de-
crease in charge capacity. This makes battery management problem for bat-
teries with di erent ages even more complicated. In general practice, battery
cells with capacity less than 8% of the initial are deemed unsuitable for EV
applications and are replaced [35]. These batteries however still can be used
as stationary energy storage such as power grids with less demand in terms of
energy density and less intense operating condition [36]. RBS in this case plays
an important role for second-life applications besides extending the rst-life
usage. Figure 1.3(d) depicts this cycle pertaining to second-life usage of EV
batteries.

Similarly batteries of di erent chemistry can be synchronized using similar
technology software de ned batteries(SDBs) proposed in [37] as depicted in
1.3(e). The objective here is to combine strengths of batteries of di erent
chemistry via dynamic recon guration as di erent commercial batteries per-
form di erently in various applications with some better suited than others.
Customized Output Range:  Compared to CBS with xed terminal output,

the output of a RBS can be customized to the requirement. EVs require several
converters to supply power to all the components with di erent power require-
ments. This requirement of added equipment can be circumvented through
RBS which is fully capable of delivering power to various loads with wide
range of operating voltages. Figure 1.3(f) displays power requirements of var-
jous components in a medium passenger size EV.
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1.4 Thesis Objective, Scope and Outline

This thesis is summarised as under:

Chapter 1:

It introduces the thesis topic along with the objectives set for the thesis and contri-
butions in terms of scope.

Chapter 2:

In Chapter 2, a brief overview of Li-ion batteries is presented for readers that are
less familiar with the cell chemistry and operations of it. It also discusses the
terminologies used throughout the thesis.

Chapter 3:

Here battery management system is presented for readers that are less familiar with
the topic along with its features, topologies, some balancing techniques and their
comparison.

Chapter 4 and 5:

System Architecture is presented in chapter 4 while state space model is de ned in
chapter 5 for the model used during the investigation of this thesis work.

Chapter 6:

Control scheme for the MPC framework together with the objective function and
necessary constraints are de ned in this chapter.

Chapter 7:

Results for the de ned control scheme using various operating scenarios are pre-
sented in this chapter.

Chapter 8:

The results are discussed here and main ndings are summarized. Contributions
made by this work are also presented here along with possible future work directions.

1.4.1 Objectives

The objective of this thesis work is to investigate following:
1 Modelling the RBS state-space:

a. How can the RBS be modelled such that the model is both computa-
tionally e cient and simple to parameterize?

b. Can the obtained model be made generic so that it is scalable and
con gurable for any number and types of batteries?

2 Load sharing problem formulation as optimal control problem:

a. Formulate the optimal control problem for load sharing with the main
objective of maximizing state-of-power (SoP) based on the model developed
in Step 1 while respecting given physical constraints (dynamics, safety, health,
power limits etc.) of each unit.

b. Solve the optimal control problem in the receding horizon fashion using
a model predictive control framework.

3 Analysis and veri cation of the proposed control framework:

a. Compare the proposed control framework with the one used for conven-
tional ( xed) multi-battery system using di erent load cycles and operating
conditions.
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1.

Figure 1.3: (a) Fault isolation, (b) Accelerated charge equalization, (c) Scheduling network, (d) Second-life usage, (e) Di erent
battery chemistry, (f) Voltage requirement of di erent EV components in medium passenger size EVs [2]
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1. Introduction

b. Evaluate the potential bene ts associated with operation of recon g-
urable energy storage systems (RESS) using advanced controls found using
MPC framework.

1.4.2 Method

The approach for solving research questions in section 1.4.1 is as follows:

1 Modelling the RBS state-space: The control-oriented model is a scal-
able state-space representation of RBS for any con guration (i.e., connection
topology) and type of cells. It is developed based on equivalent-circuit model
(ECM) approach where the fast switching behavior is modeled using circuit
averaging techniques [2, 25, 38, 39].

2 Load sharing problem formulation as optimal control problem: Use
MPC RHC techniques to nd the optimal control strategy for the proposed
control-oriented system model with objective of maximizing power ability
(SoP) of the system while respecting the constraints related to system dy-
namics, safety, health, power limits etc. of each battery unit. [25, 26]

3 Analysis and veri cation of optimal control scheme: Verify the perfor-
mance of the proposed control framework using various test scenarios covering
experimentation using battery packs with varying level of heterogeneity among
the cells within the pack under di erent system constraints.

4 Experimentation with constraints: Initially, for the development of the
control strategy hard constraints on power required will be imposed. This
however, will be changed afterwards by introducing some slackness in order to
evaluate control feasibility when 108 power cannot be delivered for longer
period of time. This part involving optimal solution when requested power
can't be fully delivered presents additional research objective.

1.4.3 Main Limitations and Assumptions

The limits considered for this thesis work are stated as follows:
1 Control Freedom:

A limit on control freedom for this thesis consists in active control not being
allowed for all battery packs. Active control is implemented for one battery
module in the pack at a time, while the control for the remaining battery pack
Is simulated via average switching. u = 0 leads to infeasible solution as the
control scheme is aimed towards faster balancing while continuous switching
between +ve and -ve currents in load cycle and varying magnitude makes it
harder to get a feasible solution with delta u = O for rest of the cells.

2 Data:
Data subjected toGeneral Data Protection Regulation (GDPR)is provided by
Volvo Group. Research carried out is based only on this data.

3 Model Fidelity:

As mentioned in section 1.4.1, two models are being investigated in this thesis.
However, their level of delity is di erent.
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a. Plant model : High-Fidelity with focus on simulating system perfor-
mance close to reality.

b. Control model : Low-Fidelity setup within which several parameters
are assumed constant if their impact on system performance is deemed insignif-
icant. This is done to reduce the computational complexity of the model.

4 Uni-polar switch model:
Uni-polar switch model con guration (using DC-DC converter) is considered
within the scope of this thesis [31]. This means that all modules are being
either charged or discharged at any time instant, which simply means that
any two or more cells/modules in a string are not allowed to have opposite
polarities i.e., we do not allow charging of some cells while discharging others
or vice versa.



2

Overview of Lithium-lon Batteries

In this chapter some basics related to battery are discussed for readers who are
less familiar with the subject, well versed readers can skip this chapter. In the rst
section 2.1 battery construction are discussed while the second section 2.2 deals with
di erent con gurations used in common battery applications. The nal section 2.3

Is dedicated to de nition of some common battery terminologies that is frequently
used in this work.

2.1 Construction and Chemistry

Lithium-lon batteries (LiBs) being a popular choice nowadays as portable and
rechargeable source of electrical power were rst commercially developed and in-
troduced by Sony Group Corporation and Asahi Kasei Corporation in 1991 [40].
Since its introduction LiBs have signi cantly replaced other battery types such as
Lead acid, Ni-Cd, Zn-MNG; due to its superior energy density, power density, and
cycle life. The LiB also consists of a positive electrode and a negative electrode
submerged in an electrolyte solution and separated with a Im (i.e., separator) that
only permits the ow of lithium ions through it. This separator is crucial for safe
operation of the battery as it precludes contact between anode and cathode [41].

In the charging phase, oxidation reactioh occurs on positive electrode where the
electrons move from positive electrode to negative electrode through the external
circuit while the Li-ions move from the positive electrode internally through the
separator to negative electrode, where reduction reactibmappens (i.e., internally
displaced lithium ions get neutralized by gaining externally displaced electrons).

During discharging lithium ions move in opposite direction i.e., from negative elec-
trode to positive electrode (oxidation happens on negative electrode and reduction
happens on positive electrode).

The de nition of anode is electrode where oxidation occurs and cathode where re-
duction happens. Thus during charging positive electrode acts as anode whereas
negative electrode acts as cathode. Similarly during discharging positive electrode
acts as cathode whereas negative electrode acts as anode. The charge and discharge

LOxidation: Loss of electron in an ion or atom
2Reduction: Gain of electron in an ion or atom



2. Overview of Lithium-lon Batteries

Figure 2.1. Structure of a Lithium-lon Battery showing electrodes and electrolyte.
In (a) negative electrode is formed with pure Li while (b) uses a Li-insertion com-
pound (graphite) [3]

Figure 2.2: Charge and discharge processes inside a LiB [4]

processes are shown in gure 2.2 [42, 4].
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2.2 Connectivity

The smallest unit in a battery is a cell which have two types depending on its
rechargability. Primary cells are the one time use cell and cannot be recharged
while secondary cells can be recharged multiple times over its life-cycle.

Two or more cells are connected in series and/or parallel to form a battery module
depending upon the application and power requirements. When cells are connected
in series the capacity of the pack is the same as the cells but output voltage increases
and thus energy and power ability increases. In case of parallel connected cells the
overall voltage is same but capacity increases [7] shown in gure 2.3. Several battery
modules are then connected together to form a battery pack. The di erence between
two is the individual adoption for a certain application. Table 2.1 enlists the various
applications as per the power requirements.

cell; cell, cell
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Figure 2.3: Series and Parallel con guration

Application Power Requirements (Wh) SystemRequirements
Smartphone 5 Energy Density
Laptop 50-100 Energy Density
HEV 1000 Power and lifetime
PHEV 5000-10000 Energy Density and Power
BEV 15000-50000 Energy Density
Power/ Grid station 5000-10000 Power and lifetime

Table 2.1: Battery Applications and power requirements [7]
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2.3 Terminologies

Some common battery terminologies pertinent to this thesis are brie y presented
here.

" Cell Capacity (Q) [Ah]: Cell capacity also known as total charge capacity
Is the amount of charge that a cell can store. It is represented in Ampere-hours
(Ah) or milliAmpere-hours (mAh) for smaller capacity cells used in less power
demanding applications.

C-rate: It is the rate at which a cell is discharged in light of its maximum
capacity. For example 1C-rate for a battery cell with maximum capacity of 1
Ah will be 1 A. Similarly 10C-rate will be 10 A.

Battery Current
C rate= y

= . 2.1
Nominal current (2.1)

State of Charge (SoC) [ %]: It is the ratio of battery's dis-chargeable ca-
pacity in its current state to its maximum dis-chargeable capacity at its fully
charged state. It is represented as a percentage and ranges from 094.00his
is represented as in this thesis work.

Current capacity

= 0,
Max dis-chargeable capacity 100% (2:2)

" State of Health (SoH): Itis the criterion to assess the current maximum of
battery in light of its rated capacity (newly manufactured cell). For example
SoH of a new battery will be 108 since it matches the speci cations and will
degrade over period of usage.

Qmax
Qrated

" Depth of Discharge (DoD): Itis the percentage of battery capacity that has
been discharged relative to its maximum capacity. Generally a deep discharge
means 806 DoD.

" Open Circuit Voltage (OCV): Open circuit voltage is the voltage across

cell terminals when no load is connected to it and no external current ows

between them. It is function of SoC and temperature.

Terminal Voltage ( Vg): This is the voltage of a cell/ pack when load is

connected to it. Relationship to nd terminal voltage is shown in eq. (5.6) in

Chapter 5.

" Polarization Voltage (PV) [V]: It is the measure of voltage loss in a battery

when current passes through it. It can be calculated from eq. (5.6) in Chapter

5 whereV, and V; represents polarization voltage. It is the di erence between

OCV and V; [43].

Internal Resistance ( Rg): All the batteries have internal resistance due

to elements such as electrolytes and electrodes not being ideal conductors.

Voltage drop occurs across these elements due to their resistivity. Internal

SOH = (2.3)
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resistance of battery cell is a function of SoC and temperature. It is also
a ected by state of health (SoH) of battery and increases with age. It is
combination of ohmic resistance and dynamic resistance (modelled by RC
elements).

Energy Density [WhI/L]: It is the ratio of nominal battery energy to unit
volume.

Max. Continuous Charge/ Discharge Rate: This is the rate of continu-
ous charge/ discharge speci ed by manufacturer in order extend useful life of
battery and preclude any damage to it from extreme operating conditions.
End of Life (EoL): Typically when the battery SoH has degraded to 8, the
battery is said to have reached its End of Life however it generally depends on
vehicle energy and power requirements. For EV applications this is the point
when the battery is taken out of service and replaced [44].

Cycle Life: Cycle life of a battery expresses how many times a battery can
be fully charged and discharge before EoL. One cycle is one complete charge
and discharge.

Coulomb E ciency ( ): It is the ratio of discharge to charge capacity and
Is a metric for evaluating battery e ciency [45].

Qdischarge
= == 2.4
Qcharge ( )
Energy E ciency: It is the ratio of energy out to energy in i.e., ratio of

total energy delivered (from battery terminals) during discharge from 10 to
0% SoC and energy received (from charger to battery terminals) during charge
process from @ to 100% SoC.

_ Energy out
E= Energy in (2.5)

This is also expressed as the multiplication of Coulomb e ciency and voltage
e ciency [45].
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Battery Management System

A brief introduction to battery management system (BMS) is presented in rst
section 3.1. Section 3.2 discusses some interesting features of a BMS while some
common topologies in literature are shown in section 3.3. Use of BMS to achieve
system balancing are discussed in the nal section 3.4.

3.1 Introduction

A BMS is used to ensure safe operating conditions of a battery, optimize its usage,
extend life, and estimate its states. It makes usage of battery reliable, cost e ec-
tive and safe in applications. In an EV application the safety is a major concern
for battery packs especially protecting the occupants from hazards such as re and
shock etc. Continuous monitoring of battery states speci cally during charging and
discharging is critically important. Also thermal management to ensure battery
always operates within safe operating temperatures to prevent any failures and in-
crease the power e ciency. Some applications of BMS involve electronic circuitry
geared towards protection against high and low voltages [46] while others are more
profound and provide accurate battery management by monitoring states such as
SoC, SoH, etc along with temperature, current and voltage through each cell [5].
They also use sophisticated algorithms to compute remaining useful life (RuL) of
battery and protect a battery from operating in hazardous and unsafe operating
conditions. Charge and thermal balancing is also achieved with the help of a BMS
which ultimately results in extended useful life and maximising the power capability
of whole system.

Figure 3.1 shows the overview of a BMS. It can be seen that it consists of sensors
that provide data of measurable states such as current, voltage and temperature
of each cell as inputs. A state estimator is then used to compute unmeasurable
states such as SoC, SoH, diusion voltages etc which are cardinal for optimizing
performance of battery. The control algorithm makes use of the states data along
with power requirement from user of present time to compute and deliver to deliver
required power using the electrical control unit. A safety protection unit monitors
the operating conditions and kicks in to isolate the battery if any safety is breached
to prevent catastrophic failures. Similarly thermal management unit ensures the
battery is always operating with recommended safe working temperatures to enhance
the output e ciency.
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3. Battery Management System

Figure 3.1: A generalized overview of BMS

3.2 Features

In order to ensure smooth operation within recommended safety margins while meet-
ing power demands in a manner that maximizes the power capability of the system
a BMS needs to have following features:

16

Cell Monitoring:  The objective of cell monitoring is the data acquisition.
Voltage, current and temperature measurements from sensors are obtained
here to be used for estimation of unmeasureable states and other applications.
Safety Protection: Safe working of the system is ensured via this feature.
The operating conditions of the battery are continuously monitored and any
hazardous conditions arising from battery chemistry or use beyond permissi-
ble limits are prevented. The safety protection covers scenarios such as over-
charge, over-discharge, over-current protection/ short circuit, thermal run-
away, etc.

SoC Estimation: SOC is a measure of charge capability of a battery, it
represents how much charge is available as compared to its maximum charge
capacity. It is paramount for the optimal energy management and also good
way of preventing overcharge and discharge scenarios. Since the SOC can-
not be directly measured, it has to be estimated using algorithms based on
experimentally gather data.

SoH Estimation:  SoH is a life-guage of battery i.e., it indicates level of
energy and/or power fading that has happened so far. Based on SoH and
usage historical data, remaining-useful-life (RUL) of battery can be predicted,
which is useful for predictive maintenance services (i.e., to predict in advance
when battery replacement will be needed). It is a good criterion of battery
functionality and control action be selected based on it to ensure optimal usage
that extends useful life and power capabilities of the pack. Just like SoC, SoH
too has to be estimated as it cannot be measured directly.

Cell Balancing: In EV and grid applications several cells are connected with
each other to form a battery pack. A battery pack is as strong as its weakest
cell. In a battery no two cells are ever identical, even cells of same batch vary
from each other slightly due to manufacturing tolerances. Even if the cells
were somehow identical in the beginning they will tend to diverge over the
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lifetime due to slight di erence in operating conditions. This variability in
operating conditions and environment is inevitable and cannot be prevented
completely. It directly a ects the internal resistance, charge capacity of the
cell. Through cell balancing techniques these variations can be minimized and
useful life of whole pack can be extended signi cantly [13, 14, 15, 16]. The
balancing techniques will be discussed in detail in this chapter later on.

Thermal Management:  Thermal management has two goals to achieve:
(i) Ensure operating temperature is within safe limits for optimal performance
e.g., typically operating range of LiBs is (2535°C), and (ii) To reduce thermal
imbalance between cells. Just like SOC imbalance, thermal imbalance occurs
in cells due to manufacturing tolerances, variations in internal resistance and
coolant temperature gradient. These variations are often not negligible in EV
and smart grid applications [13, 14, 15, 16] and must be taken in to enhance
power capabilities of the system since the whole pack can reach EoL earlier
because of premature failure of any one cell. The balancing techniques will be
discussed in detail in this chapter later on.

Charge/ Discharge control: The control algorithm is used to compute
input of switching for each cell in a manner to achieve SOC and thermal
balancing along-with maximal power capability of the whole system. Same
is responsible for protecting individual cell from exposure to overcharge/dis-
charge and isolate it from system in case of failure to keep rest of the system
operational.

Safety
Protection Cell

Monitoring

SoC
estimation

BMS features =obl
estimation

Charge
Control

Cell

Thermal Balancing
Management

Figure 3.2: Features of BMS. Modi cation of owchart in [5]
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3.3 Topologies

In terms of topology, BMS can be categorized into three classes:
Centralized: In the centralized BMS a single control is used and is connected
to all the cells within the system. This sort of arrangement although is simpler
to implement but is often messy because of several wires running increasing
chances of mistake. One more pitfall is that complete system depends on one
BMS module.

" Distributed: In a distributed BMS, each cell is controlled by individual BMS
and a single communication cable connects battery to the controller. This
setup although increases hardware cost but it is more robust since performance
of complete system doesn't hinge on a single BMS system. They are simpler
to install and o er clean assembly.

" Modular (Semi-distributed): Whole battery pack is divided into di erent
modules comprising few cells each controlled by a single controller. All the
controllers are connected with each other. This type of BMS is a compromise
between the centralized and distributed controllers.

3.4 Balancing

One of the important tasks of BMS is balancing of cells in terms of SOC and thermal
properties. Since no two cells are identical in a pack due to manufacturing toler-
ance within same batch, assembly variance arising from cells of di erent batches
used together, impurities, aging and environment they are exposed to results in
heterogeneities. Service life and capacity of a battery pack can be maximized via
cell balancing over SOC. Balancing is solely required when there are two or more
cells connected in series and not necessary for cells in parallel since cells in parallel
con guration will balance each other automatically.

3.4.1 Balancing Techniques

Cell balancing has two main topologies discussed below. A brief overview of them
Is shown in gure 3.3:

3.4.1.1 Passive (Dissipative)

Passive balancing is straightforward and easiest to implement. The setup consists
of a control switch and a xed or switching resistor connected with each cell. Cells
with higher energy are drained and excess energy is dissipated as heat to match the
energy of the lowest cell in the pack. The disadvantage of this technique is that
excess energy is just wasted away and dissipation as heat also intensify the thermal
balancing. Another issue is that in order to avoid overheating problem the balancing
current is limited thus it requires long balancing time [47]. This also limits the total
power capacity of whole pack to that of lowest energy cell[48].
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3.4.1.2 Active (Non-Dissipative)

Active balancing methods use capacitors, inductors or DC-DC converters to equalize
the energy of all cells in the battery pack. In this technique, energy is transferred
from higher cell to lower cell instead of being dissipated as heat. It can be employed
for all cell types regardless of chemistry. It has high e ciency and balancing speed
however the cost is higher compared to passive method. It is further classied to
three types based on the active element used for balancing:

Transformer/Inductor based: In this setup inductor or transformer is used to
move energy from one cell to another in the pack. Cell balancing can be achieved
quickly however high cost of transformer along-with requirement of Iter capacitor
makes it expensive of the methods. Several variations such as Single winding and
multiple winding transformers and inductors exist [49, 50].

Capacitor based: Capacitors are used here to shift energy from one cell to another
in the pack. This technique has a drawback of slow balancing charge and high losses
[51].

Converter based: Converter based balancing approaches are gaining traction in
recent years as it provide great control freedom over whole balancing process. Major
issue in this technique is high complexity of the system and expensive hardware setup
required to achieve objective. Technological innovations have given rise to several
variations for this technique as shown in graph 3.3. This thesis work makes use of
DC-DC converters to achieve balancing among the cells of the system.

Balancing Topologies I

.| Double-tiered H{ Buck-boost
Fixed Single wind- switched
—> ings trans- %{ Cuk
Switching former | Single
switched
Multi or/and FMTRES
multiple wind- :
7 mg trans- 4){ Siliernes —> FuII-Bridge
former
— Ramp
|| Single or/and
multi inductor Quasi-
| Resonant

Figure 3.3: Cell Balancing Topologies [6]
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3.4.2 Comparison:

As can be seen in gure 3.4 there are three cells in a pack A, B, and C with initial
SOC values85% 75% and 65% If no balancing is applied the maximum pack
capacity will be limited to the lowest value cell i.e.,65% Over the operation the
weakest cell C will experience accelerated aging and deterioration of the cell due to
to di erent SoC swings and due to over-charging or over-discharging of the cell C
thus further increasing the variance. With passive balancing the energy from cell
A and B will be dissipated in the form of heat and brought down to the level of
the weakest cell C. In this case the maximum capacity of the whole pack will still
be 65% but since all the cells are balanced thus no one cell will be stressed during
operation thus aging of cells will be uniform. In the active balancing the charge
from cell A will be transferred to cell C thus the capacity of entire pack will now be
equal to average of all the cells which in this case will b&% This clearly shows
that almost 10% of the pack capacity was either unused (in case of no balancing) or
wasted (in case of passive balancing). Thus by active balancing technique not only
the power capabilities of pack are increased but also operational life will increase as
well [52].

Figure 3.4: Comparison of balancing methods [6]
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System Architecture

This chapter presents the switching characteristic that will be part of system model

to be used. The rst section 4.1 presents switching function, the average switching
relation and modular pack architecture with multiple battery cells/modules con-
nected in series. Section 4.2 discusses the control operation using switches while sec-
tion 4.3 shows relation between cells terminal properties and the connected switch.

4.1 Single Pack Architecture

The recon gurable battery system comprises n-power units (PU) connected in series
to form one battery pack shown in gure (4.2). These PU:s may consist of either
individual cells or smaller battery modules/packs connected in series. Inside each
PU there is a power source (individual cell/ battery pack) connected in series with a
H-bridge/ Full bridge (FB) circuit shown in gure 4.1. The H-bridge is used to simu-
late average switching and it also isolates the cell from rest of the circuitry. Each PU
has terminal voltageV,; (t) supplied to a variable load with Igad currenti, (t). All
the PUs in series together provide the total load voltag®, = L, Vii 2 [0; Vimax ]
whereVy; 2f Vg,;0;+ Vg, g and Vg, being the terminal voltage of individual cell.
Each FB has switching functions;(t) 2 [ 1;0;1] that enables it to operate in all
four quadrants ofvy; ;i plane which helps in generating/;; 2f Vg,;0;+ Vg, 0.

In order to simplify the control application, experimentation is carried out by con-
trolling average behavior of switched pack during switching cycl&,. The duty
cycle of each PU thus can be expressed as [25]:

1 %t
ui(t) = — si( )d (4.1)

Tsw t Tsw

whereu;(t) 2 [ 1;1].

4.2 Control Mode

The capability of operation in all four quadrants makes it ideal t for balancing
operations using bi-direction power ow from each PU, however, for this thesis only
unipolar mode of switching is considered meaning at a given time either all the PUs
are in charging state or discharging state given the direction of (t). For unipolar

21



4. System Architecture

S; X S, X

cell — v @

Figure 4.1: Full H-Bridge Module comprising four switches

case duty cycle will be set tau;(t) 2 [0; 1].

4.3 Terminal properties

Average signal on the terminals of each PU is linearly dependent on the duty cycle
U; and is represented with following relation:

VL (D) = Ve, (DU (1) (4.2a)
i, (1) = s, (Ui (1) (4.2b)

where, V, is the terminal voltage andi_, is the terminal load current of indi-
vidual PU. Vg, is the terminal voltage of individual battery cell inside PU while
ig, represents current at the input of H-bridge. Similarly termipal power of the
whole pack is sum of power from each PU given & (t) = [, P, (t) with

P (t) = W, (b, (t). The average switching behavior is modelled based on the
setup used in [25, 29, 30, 53].
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Figure 4.2: Schematic of modular pack consisting of multi-cell/module/pack series
con guration
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System Model

This chapter consists of four subsections. Types of cell models commonly used in
literature are presented in 5.1. Electrical and thermal models for the system used
in this research work are presented in subsequent sections 5.2 and 5.3 respectively.
Last section 5.4 shows the complete system model that integrates both electrical
and thermal dynamics.

5.1 Cell Model

5.1.1 Electro-Chemical Model:

The electro-checmical models also know as Particle-Based Distributed are based on
thermodynamic and electro-chemical processes of the cell. They give the mathemat-
ical representation of the cell using partial di erential algebraic equations (PDAES)
which are often highly non-linear and complex. Compared to the other modelling
type they o er high accuracy of prediction but they are analytically and computa-
tionally ine cient to implement for real-time control problem applications. Some
research has been performed to reduce the computational complexity of these mod-
els, resulting in distributed-parameter models or lumped-parameter such as express-
ing the model in the form of di erential algebraic equations (DAEs) which can be
computationally more e cient as a DAE solver can be used. Although this model

Is simple and easy to implement however, it rigorous ne-tuning is vital to achieve
reliable results. [54]

5.1.2 Grey-Box Model:

Commonly referred to as Equivalent Circuit Model (ECM), this type of modelling
technigue uses parameterized model and ts input-output experimental data through
rigorous ne tuning. The parameterized model can be obtained either through sys-
tem identi cation or machine learning techniques such as Arti cal Neural Networks,
Random Forest Search, Regression etc. to learn parameters of the model that cap-
ture relationship between system inputs and outputs. These models are widely used
for control applications due to lower computational cost and simplicity despite being
less accuracy compared to electro-checmical models and their failure to accurately
capture long-term parametric variations due to aging. An odinary di erential equa-
tion (ODE) based representation makes ECM simple and less computational thus
making it a preferred choice for control applications. The ECMs use common elec-
trical elements such as resistors, capacitors along with voltage or current sources
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to capture the cell dynamics. Non-linear components can also be used to increase
system delity. [55, 56].

Since the knowledge of SOC, temperature and battery voltage is captured/ com-
puted through battery dynamics, thus ECM has been selected as the go-to model
for this thesis. A rst 1-RC ECM has been used in this thesis for control computa-
tion [57]. Figure (5.1) shows both Thevenin based 1-RC and 2-RC models.

R1
AT a—
Rs
—— MW —
C1
| |
cell — y Vs
+
Figure 5.1: 1RC Thevenin Model
R1 RZ
AVAVAY; NNN—
Rs
AVAVAY; C, c, —
| | | |
cell — Vs

Figure 5.2: 2RC Thevenin Model

The system model of each unit/ cell comprise of three states i.e., SOC),(polar-
ization voltage and temperature. The model has two system outputs namely load
voltage V. and temperature. The dynamics of each state are shown in the proceeding
sections.

5.2 Electrical Model

The electrical model deals with the system dynamics pertaining to SOC and
polarization voltage V; as states while load voltage/, as output. The electrical
model for control application is based on 1-RC Thevenin model shown in gure (5.1)
with the assumption that OCV during most of battery operation remains constant
[58].
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5.2.1 State of Charge

State of charge is represented by following relation:

Ht) = milgi(t); m; =1 (5.1)

~ 3600,

where Q; is the coulomb capacity ofCell; while is the coulomb e ciency. 1g; is
the battery cell current given by:

lgi (t) = TL(t)ui(t) (5.2)

Using (5.1) as bases the subsystem for an n-cell battery system can be represented
in the following form:

+Ht) = Ae (1) + Bel (u(t) (5.3)
where (t) = [ 1(t);:::; o(t)]" is the state vector representing SOC of each cell
while u(t) = [uy(t);:::;us(t)]" is control input of each cells output switch.

Matrices Ag and Bg are de ned in Appendix A.1.

5.2.2 Polarization Voltage

For the control design the system is considered with 1-RC ECM to represent low fre-
guency dynamics. The polarization resistanc®; and capacitanceC, are a function
of SOC, temperature and current.

From gure (5.1), using Kirchho's current (KCL) and voltage law (KVL), the
voltage drop across RC pair can be represented as:

Vii(t) | Teii (1)

Vi.i(t) = 5.4
’I( ) Rl;iCl;i C1;i ( )
The relation in (5.4) can be represented in state-space form as follows:

Va(t) = Ay, Va(t) + By I (t)u(t) (5.5)
whereVy(t) =[Vui;:::; Via]" is a state vector representing the polarization voltage

across each cell.
Matrices Ay, and By, are de ned in detail in Appendix A.1.
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5.2.3 Load Voltage (Output)

Similarly output terminal voltage of each cell i.e., load voltage can also be computed
using KCL and KVL as follows:

VB;i (t) = VOC;i (t) Vl;i (t) IB;i (t)Rs;i(t) (56)

The load voltage at respective cell will be:

VLi (1) = Vaii (Hui(t) (5.7)

The overall system load voltage for cells connected in series in single battery pack
can be represented as:

X
V() = Va:i (t)ui(t) (5.8)

i=1

voltage of each cell.
The relation in (5.6) can be represented in state-space form as follows:

VL(t) = Dy (t)u(t) (5.9)

5.3 Thermal Model

Including a battery's thermal model in the system design is necessary for thermal
management and better controllability in order to ensure safe working operation
within the design limits of the battery. The thermal model deals with changes in heat
of the cell during operation and the heat transfer between cell and its surrounding.
The heat transfer occurs due to ow of energy from higher Kinectic energy (the
cell) to a lower region (the environment) [59]. These temperature changes (heat
transfer) occur due to conduction, convection and power losses during operation,
brie y de ned below:

1. Conduction: This phenomenon represents transfer of heat via physical con-
tact. Conduction happens when particles with high (kinectic) energy collide
with those with lower energy. These colliding particles then di use heat in a
disorganized manner until a thermal equilibrium is reached. Conduction deals
with heat transfer within the body itself.

2. Convection: Convection pertains to heat di usion from a body to another
due to a moving uid. It not only involves heat di usion due to conduction but
also advection which is transfer by bulk uid motion. The convection process
can either be natural or forced with latter being advection.

3. Radiation: Radiation describes transfer of heat from a hotter body to it's
surrounding via emission of electromagnetic waves. Principally all matter hot-
ter than absolute zero radiates energy in its surrounding at a rate proportional
to temperature di erence.
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For in-depth knowledge an enthusiastic reader can refer to [59, 60].

An accurate thermal model for control and thermal balancing purposes also takes
into account the in uence of cooling methods and techniques as well [61]. The ther-
mal model for this thesis is based on lumped model presented in [62], however in
this case all the temperature nodes are kept independent for each other meaning
coolant only passes through only one cell in its path.

The thermal model considered during this thesis is based on following assumptions:
It is a lumped capacitance model for prismatic LiB cells using ow network
modelling approach technique [63, 59].

The coolant exhibits laminar ow with constant known inlet temperature.
Coulombs losses are ignored in this work as Columbic e ciency is considered
= 1. However, this can easily be incorporated into the system without any

major changes required.

The cell parameters are usually non-linear function of temperature however, for
simpli cation purposes they are assumed constant for control design [64]. This
is a fairly reasonable assumption due to very little variation in cell resistance
under normal operating range [2%C, 40°C].

Given these assumptions, mathematical representation is as follows:

Ts Ti(t)+ Tamb  Ti(1)

5.10
Rt;i Ru;i ( )

Cii Ti(t) = Qi +

whereT; is the constant known coolant inlet temperatureC;; is the lumped heat
capacity, Ry; is the convection (thermal) resistance of the cell whil&,; is the
convection (thermal) resistance of cell casing. The convection can be modelled in
di erent ways [65, 66] and is dependent on coolant type and ow rateQ; is the
heat generation in a battery cell that can be approximated as sum of irreversible
and reversible heat generation [63][67].

Qi = Qirreversible + Qreversible (5.11)

Irreversible heat generation:  This type of heating is based on power losses
within a battery cell when the current ows through it due to impedance. This
can simply be modelled with the help of following equation:

Qirreversible = (VB;i VOC;i )l B;i (t) (5-12)
=(Voci Vi lei(DRsi Vocii)ls;i (1) (5.13)
=( Vii lgi(t)Rsi)ls:i (1) (5.14)
= Viilgi(t) 15 (DRs; (5.15)

The rst term is (5.15) is the power losses across parallel RC in 1-RC model
while second term refers to ohmic losses due to cell's internal resistance. The
term 13, can be approximated by rms current under switching?u;(t) owing
through the respective cell.

29



5. System Model

Reversible heat generation:  Entropic losses occurring due to endothermic
and exothermic chemical reactions and represent the loss of energy in the form
of heat, often under a reversible process, in uencing temperature of the system.
In simple terms this losses arise due to movement of lithium ions in and out of
the electrodes. Ideally these heat changes are minuscule thus it is a common
practice to ignore these losses for XEV applications [68, 69, 63, 70], however, in
this work as a more practical approach entropic losses are incorporated into the
model using the experimental data obtained by measuring reversible voltage
curve (in relation to OCV) for di erent SOC values [71]. Reversible heat losses
can account anywhere from % - 20% heat losses during the operation[72].
Thus, the reversible heat generated in a cell can be computed using following
expressions [67, 73]:

Qreversible = @é@M—lC-Ti (t)l B;i (t) = Qev;i Ti (t)l B;i (t) (5'16)
Qreversible = Qrls:i (t) (5.17)

where Vo is a function of SOC and temperature.
For practical purposesQ; is taken from the look-up table provided as data. From
the above relations in eq. (5.10), (5.17) and (5.15) one can nd:

Vii ()i (1) ;i (1)°Rs;i(t) + Qrlg;i (1) LT Ti®) |, Tamp  Tit)

Ti(t)

Ci; Rii Cii Ru;i Cii
) (5.18)
= 1 1 Ti(t) + Vi (t)! B;i (t) | B;i (t)st;i (1) + Ql B;i (t)
RiCi RuiCi Ci;
1 1
+ —— Tomp+ ———T,
RuiCi ™™ RyiCy |
(5.19)
The relation in (5.19) can be represented in state-space form as follows:
T #
() = Ar(OT®+ Br®)l (u®) + Ex(t) ' (5.20)
am
= Ar(O)T(t) + Br ()L (tu(t) + Er(hw (5.21)
#
wherew = _I_Tf . Matrices At, B, and E1 are de ned in Appendix A.1.
amb

The temperature state is also observed as the output of the system along with load
voltage.

5.4 Complete System Model

The complete continuous-time electrothermal state-space model representation of
the system with n-cell series module battery unit is expressed using following state-
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space system:

x(t) = Ax(t) + Bl (t)u(t) + Ew (5.22a)
y(t) = Cx(t) + Du(t) (5.22b)
where x(t) = [ T(t);Va()";T()"]" 2 R® is the state vector while y(t) =

[T()T;VL(1)T]" 2 R? is the output vector. Refer to Appendix A.1 for de nition of
all the system matrices in (5.22)

5.4.1 Model Discretization

For control purpose continuous-time model in ((5.22)) has to be transformed to
discrete form using Euler approximation for a xed sampling intervalkh; (k + 1) h],
with h being the step size and assumptioh (k) being constant during the sampling
interval [74]. The discrete-time model is represented as:

x(k+1)= x(K)+ h [Aax(K) + Bau(k) + Eqw] (5.23a)
y(k) = Cx(k) + Du(k) (5.23b)
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Control Scheme

In this chapter control scheme has been presented. In the rst part section 6.1 a
de nition of objective function for less familiar readers is presented. In the second
part section 6.2 objective function used in this thesis is formulated in a convex
fashion. Section 6.3 de nes the global optimal control problem used in this thesis.
In section 6.4 di erent control strategies to be explored in this work are presented.

6.1 Objective Function

The primary objective of this thesis to maximize power availability to the system and
ensure optimal utilization of power availability of each individual cell and/or battery
pack for optimal performance and long life. The maximization of SoP has been
incorporated through minimization of SoC and thermal imbalance in the objective
function for this thesis work.
The control scheme comprises of two parts:

Objective Function

Constraints

6.1.1 Objective Function

Objective function, comprising a function of states and control variables, nds the
optimal control law for a given optimization problem. The objective function also
known as cost function is a scalar value that tries to nd a solution based on current
states that will give a minimum scalar value as output.

6.1.2 Constraints

Constraints are used to de ne limitations of the system, outline a safe operating
range and check system feasibility in real environment.

6.2 Convex Problem Formulation

The control objective for this work includes SoC balancing and thermal balanc-
ing across the pack using minimum control e ort that ful lls power demand and
increases systems power capability through minimzation of SoC and thermal imbal-
ance. Full drive cycle information is considered known for the problem formulation
and all the values are accessible. The control problem is constructed as a standard
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Linear-Quadratic Problem (LQP) for the system proposed in section 5. The objec-
tive function is well motivated with polyhedra constraint formulation to transform
the optimization problem as standard LQ one. The formulation in this section is
based on [25].

6.2.1 Non-Standard Form

The objective function is geared towards SOC and thermal balancing along with
minimizing the control e ort to nd the optimal solution that indirectly maximizes
power capability of the system.

In order to achieve the SOC and thermal balancing the objective function attempts
to minimize error among relevant states of all cells within an individual battery

pack. Thus in order for the objective function to nd minimum value the absolute

error between respective states must be (ideally) zero.

The problem formulation can thus be achieved by deriving error vectors for SOC
and thermal states that can be incorporated into the objective function.

6.2.1.1 Error Vectors

Lets take the example of SOC error vector where we have state vector comprising

error vector can be de ned as follows then [25]:

e(k)y= (k) (k) 1= M. (k) (6.1)
1
Me= (I, ﬁln n) 2 R (6.2)
where (k) is the mean of SOC state vector(k) and matrix M. is used to map the
state vector to its corresponding error vector. The error vector for temperature state

can also be formulated in similar way, which will give us the following expression
[25]:

er(k)= T(k) T(k) 1n= McT(K) (6.3)

6.2.1.2 Objective Function Terms

The objective function is further categorized into di erent terms each focusing on
di erent aspect/target of the de ned objective. Overall objective function is simply
the sum of all these sub-objectives de ne below.

6.2.1.2.1 SOC balancing: The SOC balancing term is designed to minimize
the error between SOC of each individual cell and is expressed as follows [25]:
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K 1
Je = ke (k)kg, + ke (N)kp, (6.4)
k=0
6.2.1.2.2 Thermal balancing: Thermal balancing term is designed to min-

imize the error between temperature of each individual cell and is expressed as
follows [25]:

lj( 1
Jr= ker(K)kg, + ker(N)kp (6.5)
k=0

6.2.1.2.3 Peak temperature: As can be seen via eq (6.5) that objective func-
tion aims at reducing the temperature di erence among all cells but this can lead a
scenario where in order to achieve thermal balancing the objective function might
come up with a solution that leads to overall high temperature of the battery pack
which can deteriorate the systems performance and power capability. Battery packs
operating at high temperature can age considerably faster and are also at risk of
thermal runway [75]. It is also observed that high temperature results in increased
degradation and earlier end of life (EoL) of a cell[76]. Thus, in order to reduce
overall temperature of the system additional term is introduced below in eq. (6.6)
for this purpose [25]:

1o _ 2
Jy = T(k) + T(N) (6.6)
Q+ P+
k=0 T T
6.2.1.2.4 Control Input: One of the tasks achieved via the objective function

is that of minimizing the overall control e ort while ful lling all of the set targets
[25]:

lj( 1
Ju = ku(k)k, (6.7)
k=0

6.2.1.2.5 Control Move Restriction: In this work e ects of imposing control
move restriction will be explored against system performance in delivering demanded
power. A hard constraint in this regard might lead to in-feasibility thus a slack
variable will be introduced and ne tuned to see how the system performs.

g 1
J = u(k) (6.8)

k=0
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6.2.1.2.6 Power demand slack: E ects of hard control move restrictions will
also be studied by relaxing constraints on power demand so that optimization prob-
lem in-feasibility can be avoided if system is unable to meet all the set constraint
requirements.V, is the slack used to relax constraints on voltage demand.

v 1
Jv, = Vi(k) (6.9)
k=0

From equations (6.4)-(6.9) the overall objective function can be constructed as fol-
lows:

J= Jg+ v+ 3¢+ 4yt s ut el (6.10)

The ; are weights introduced to signify importance of one objective over the other
and can be ne tuned based on the expected outcome. The di erent control models
explored in this work are discussed in a later subsection 6.4.3.

6.2.2 Standard Form

The objective function can be expressed in standard state space form described in
(5.23) as follows:

X 1 K 1 X 1
J= " [kx(k)kg + ku(k)kg,]+ kx(N)ks, + u(k) + Vi(k)  (6.11)
k=0 k=0 k=0

6.2.2.1 Penalty Matrices

In eq. (6.11)Q,, Px and R, are the penalty matrices that are symmetric positive
(semi-)de nite. The matrix Q, is the running state penalty matrix, P, being the
terminal state penalty matrix and R, referring to control input penalty. In a LQR
problem these penalty matrices are used to de ne weights of states and inputs in
the objective function itself.

6.2.2.1.1 State Penalty Matrices: The penalty matrices de nition used in eq.
(6.11) are shown below in eq. (6.12)
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Qy = blkdiag( 1Qg;0; 2Q7; 3Q7) (6.12a)
Px = blkdiag( 1Pe;0; 2Pt; 3Ps) (6.12b)
Qe = MZ QeMe (6.12¢)
Qr = MJQrMe (6.12d)
Qr = MJQ+M, (6.12¢)
Pe = MJPeM, (6.12f)
Pr = MJPrM, (6.129)
P+= MJP+M, (6.12h)
6.2.2.1.2 Control Input Penalty Matrix: The matrix R, de nes weights on

control input. It has been shown that the balancing algorithm mostly manipulates
this penalty matrix [77] to achieve objective. The mere de nition of this matrix
gives rise to several control strategies that are discussed in the relevant subsection
6.4.

6.3 Global Optimal Control Problem

The global optimal control problem for the complete function can thus be expressed
as depicted in following subsection.

6.3.1 Controller for Ideal Load Management

The objective function along with applicable constraints is as follows [25]:

minimize J (x(0);u(0: Ng 1)) (6.13a)
subjectto

X(k +1) = Agx(k) + Bqu(k) + E4qw(k) (6.13b)

Dy(K)u(k) = Via(K) = N ¢Vinin (6.13c)

(k) 2 g,;8k (6.13d)

T(k) 2 1,8k (6.13e)

u(k) 2U = fu(k)jH,u hyg H, = vertcat(l,; 1) (6.13f)

U Umax (6.130)

k2K =10;:::;Ng 19 (6.13h)

6.4 Control Strategy:

Di erent control strategies are proposed here with one pertaining to conventional
battery system while the rest corresponding to optimal control methodology of re-
con gurable battery systems. All these schemes are discussed below[78]:
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6.4.1 Uniform Duty Cycle

In uniform duty cycle (UDC) scheme the load requirement is distributed to all cells
equally regardless of their power capabilities. Advantages of this scheme are simpler
control however this control strategy fails to meet the objective of maximizing power
capabilities of the system if the heterogeneities are pronounced. In this control
strategy the control input penalty matrix is set to identity. In this thesis, UDC is
used to gather results for conventional battery system controls scheme. It will serve
as a benchmark for comparison with RBS control scheme.

6.4.2 Balancing with Active Control

In this strategy the balancing is achieved by distributing load requirements on each
cell as per its current power capability based on SoC of each cell. The advantage of
this scheme is its ability to maximize power delivery over the drive cycle as opposed
to UDC however this also means control model is complex. This scheme corresponds
to control of RBS. The selection ofR matrix can be made in three following ways
for this case:

6.4.2.1 Balancing during charge phase

In this strategy balancing is only pursued during the charging phase thi® matrix is
setin such a manner that during charging phase control cost on cells with high charge
capacity (SoC) will be lower while higher on cells with lower charge capacity. The
disadvantage here is that this strategy is only useful for drive cycles with regular and
signi cant charging phases as compared to discharge phase. TRematrix during
charging phase will be diagonalized matrix of SoC of each cell rescaled to range [0,
1]. The R matrices for charging and discharging phase will look like:

Rt:harge (6 . 14)

1

pPOOON
On O
w O O

O

N

[S)

2

2
0 0

Rdischarge = 2 1 QZJ (6.15)
01

6.4.2.2 Balancing during high charge phase

The balancing action is only incorporated here during phases of high charging in
order to reduce frequency of switching. Th&® matrix is set in the similar manner

as section 6.4.2.1. The advantage is reduced switching frequency and harmonics
associated with it but just like the previous strategy here too it is only useful for drive
cycles with regular and signi cant high charging phases as compared to discharge
phase.
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6.4.2.3 Balancing during entire drive cycle

In this control strategy balancing action is applied during the entire drive cycle with
di erent R matrix for charging phase+| and separate one for discharging phase

| . In this method, during discharging phase cells with high discharge capacity will
have lower control cost while for charging phase cells with higher charge capacity
will have lower control cost. The control matrixR is similarly rescaled to range [0,
1]. The advantage is signi cantly faster balancing compared to previously described
strategies however at the cost of switching between two di erent control schemes
throughout the drive cycle. This control schema is used for experimentation during
this thesis work.

2 3
. 00
Renarge = 10 2 06 2 [0;1] (6.16)
0 0
2 3
L 0 o0
. 1
Rdischarge = go T OZ 2 [0; 1] (6.17)
o0t

6.4.2.4 Customized balancing

This strategy is advanced form of the scheme described in section 6.4.2.3 using
multiple R matrices to achieve faster balancing for di erent charge and discharging
rates.

6.4.3 Control Model
6.4.3.1 Model 1

This model uses the objective function as eq. (6.18) this can be used to create
control model for all the control schemes with hard constraints on power demand
and none on the control move restriction [25].

J= Jg+ v+ 35+ 4y (6.18)

6.4.3.2 Model 2

Model shown in eq. (6.19) can be used to relax the hard constraint on control move
restriction and see its e ects on optimization problem feasibility [25].

J= Jeg+ v+ 3¢+ vt s) oy (6.19)

6.4.3.3 Model 3

This model employees hard constraint on control move while softens the constraints
on voltage demand and is shown in eq. (6.20) [25].
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Results

The simulations setup and associated results are discussed in detail in this section.
Simulation model referred to ascontrol-oriented model is developed in Matlab
and Simulink environment. YALMIP [79] toolbox is used to solve the optimization
problem in Matlab. All the parameters used are extracted from look-up tables pro-
vided by Volvo Group based on lab experimental data. Based on the data provided:

Voc is function of SOC and temperature

N

Rs, R1, Ry, Cq, and, C, are function of SOC, temperature and current.

N

Qreversivie (8¥%) is a function of Voc and SOC.

Constraints shown in table (7.1) were imposed for bounding the optimization prob-
lem and de ning feasible region. Load pro le provided by Volvo and used for ex-
perimentation is shown in gure (7.1).

Parameter Notation | Symbol | Lower Bound | Upper Bound
SOC nu 0 1
Temperature T °C 0 40
Terminal Voltage \Y Vs 3.0 4.2
Terminal Current A s -150 +150
Input actuator u nu 0 1
Slew rate u nu - 0.1

Table 7.1: System constraints for the optimization problem

The model starts with an initial state, optimization problem is solved based on
the current state information and control input is computed. States are updated
according to this control input and sequence continues for future time steps.

Both the models contain three cells connected in series with each other in a pack
with individual switches isolating them from load.

All the results presented here are based on one step predictor horizon since it was
found that increasing the length of prediction horizon results in increasing the com-
putational time. It was also observed that one step predictor produced considerably
good results when compared with higher horizon thus justifying the use.
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Figure 7.1: Load pro le used for experimentation

Parameter Value
SoC [0.95, 0.85, 0.75]
Temperature | [23, 25, 27]°C

SoR [1, 1, 1]
SoH [1, 1, 1]
Vig 8.1V

Table 7.2: UDC experimental setup

7.1 Conventional Battery System - Single Pack
(UDC)

This setup has a single battery pack comprising three battery cells connected in
series. Since all the cells follow UDC, this means freedom to control each cell in-
dividually as per its power capability doesn't exist and the probability of any cell
violating constraints is much higher. The experimental parameters are as per table
7.2.

As it can be seen from gure (7.9) that all the cells have the exact same duty
cycle resulting in all the cells regardless of there current state will contribute the
equal ratio towards the power demand. This leads to imbalance of SoC remaining
constant as can be seen in the evolution of SoC from gure (7.2) and error in SoC of
each cell with overall pack average in gure (7.4). It is pertinent to note here that
the solution becomes infeasible towards the end since cell 1 reaches the maximum
threshold set for SoC. An interesting observation can be seen in the thermal behavior
of the system which leads to all the cells despite having di erent initial temperature
eventually converge to same level depicted in temperature curve gure (7.3) and
error with average pack temperature gure (7.5). This is mainly due to the way
the thermal model has been constructed. Since in the thermal model the inlet
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coolant temperature is assumed to be constant 25 and thermal transfer among
cells is neglected thus the thermal balancing is inevitable here. This points to a
potential future work research area of incorporating thermal coupling between cells
as performed in [25]. However, during through the drive cycle the setup does ful ll
the power demand as shown in gure (7.6) and error between terminal voltage and
demand in gure (7.8).

Figure 7.2: SOC for UDC Figure 7.3: Temperature for UDC
Figure 7.4: Error in SOC among Figure 7.5: Error in Temperature
cells for UDC among cells for UDC
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Figure 7.6: Total load voltage and

current through individual cells for Figure 7.7: Terminal voltage of each
ubDC cell in the pack for UDC

Figure 7.8: Error between terminal Figure 7.9: Input sequence for each
voltage of pack vs demand for UDC cell for UDC

7.2 Balancing with Active Control - Single Pack

As mentioned earlier, the control scheme described in 6.4.2.3 is used to study the
e ectiveness of recon gurable control of battery system. As mentioned earlier the
balancing is achieved here during the entire drive cycle with a separate input penalty
matrix for charging and discharging phases of the cycle in such a manner to maximize
the power capability of whole system and obtain faster balancing across the system.
The criterion for balancing is set as follows [80]:

" SOC Balancing: SOC di erence within 2% between max and min values
across complete unit.

Temperature Balancing: Temperature di erence within 1°C between
max and min values across complete unit.

7.2.1 Control Models

As explained in section 6.4.3 di erent control models are tested in this thesis work.
Results of all these models are presented and analyzed in following subsections.
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Parameter Value
SoC [0.95, 0.85, 0.75]
Temperature | [23, 25, 27]°C

SoR [1, 1, 1]
SoH [1, 1, 1]
Vig 8.1V

Table 7.3: Scenario 1 experimental setup

7.2.1.1 Model 1

In this control model, there is hard constraint on power output that must be ful lled
however there exists no restriction on control input of each individual unit. This
means all the cells are capable of operate betweer [0; 1]. The objective function
for this control model is expressed in eq. (6.18).

7.2.1.1.1 Scenario 1 In this setup the heterogeneity exist in the initial states
SoC and Temperature while the SoR and SoH are same for all cells as shown in
table 7.3. Here two di erent cost penalty matricesR for input are used, one for
charge and the other for discharge phase. These matrices are kept generic without
any ne-tuning and are shown in eq. (7.1). This ensures that during the discharge
cycle the cell with higher SoC will contribute more while during the charge phase
the cell with lower SoC will contribute more to achieve energy balancing.

Py
£
|

= rescale(inv(diag(SoC(1:nc)))) (7.1a)
Rgch = rescale(diag(SoC(1:nc))) (7.1b)

It can be seen in SoC curve gure (7.10) and error among cells SoC in gure (7.12)
that system does fairly good job at converging the energy of all cells to set limits
of 2% SoC di erence limit and maintains it through out the drive cycle once this
balancing has been achieved at around 10,000 seconds mark. Thermal behaviour
gure 7.11 and gure 7.13 remains same due to the reasons explained earlier in
section 7.1. Since the load prole shown in gure (7.1) comprises of uctuations
between+ve and -ve currents thus from gures (7.17) and (7.15) the contribution

di erence between cell 1 (strongest pack cell) and cell 3 (weakest pack cell) are
similar something that will be more pronounced when control move restrictions will
be imposed later in sections 7.2.1.2 and 7.2.1.3. The setup ful lls the demand voltage
throughout the drive cycle successfully as shown in gures (7.14) and (7.16).
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Figure 7.10: SOC for Model 1 - Sce-
nario 1

Figure 7.12: Error in SOC among
cells for Model 1 - Scenario 1

Figure 7.14: Total load voltage and
cell current for Model 1 - Scenario 1
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Figure 7.11: Temperature for Model
1 - Scenario 1

Figure 7.13: Error in Temperature
among cells for Model 1 - Scenario 1

Figure 7.15: Terminal cell voltage
for Model 1 - Scenario 1
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Parameter Value
SoC [0.75, 0.75, 0.75]
Temperature | [25, 25, 25]°C

SoR [1, 1.2, 1.4]
SoH [1, 0.9, 0.8]
Vig 8.1V

Table 7.4: Scenario 2 experimental setup

Figure 7.16: Error terminal voltage Figure 7.17: Input sequence for each
vs demand for Model 1 - Scenario 1 cell for Model 1 - Scenario 1

7.2.1.1.2 Scenario 2 In this setup the initial states SoC and Temperature are
same for each cell of the pack while the SoR and SoH vary to create heterogeneity
as shown in table 7.4:

Same penalty matrices R are used for this scenario as well as in scenario 1 (section
7.2.1.1.1) and eq. (7.1). It can be seen that the performance of the system in
terms of energy balancing is not as satisfactory as the requirements imposed for SoC
di erence among cells to be within 2%. In SoC evolution gure (7.18) and SoC
error gure (7.20) the energy imbalance in system increases continuously during the
dominant discharge phase while it reduces rapidly during dominant charging phase.
This is due to the heterogeneities in cells having di erent SoOR and SoH values.
It becomes di cult for the system to maintain balance in the energy with generic
input penalty matrix that worked well for Scenario 1 in section 7.2.1.1.1. Thermal
behavior although does converge due to system model as explained in section 7.1
however the behavior is di erent to that seen in results from section 7.2.1.1.1. The
thermal pro le for this experiment shown in gures (7.19) and (7.21) varies from
the scenario 1 pro le shown in gures (7.11) and (7.13) due to all the cells not being
uniform and di erence in SOR now e ects the thermal properties of the cell due to
change in resistance. Nonetheless system meets the voltage demand e ectively as
illustrated in gures (7.22) and (7.24). Individual cell contribution shown in gures
(7.25) and (7.23) is hard to distinguish due to load pro le used as explained earlier
in section 7.2.1.1.2.
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Figure 7.18: SOC for Model 1 - Sce-
nario 2

Figure 7.20: Error in SOC among
cells for Model 1 - Scenario 2

Figure 7.22: Total load voltage and
cell current for Model 1 - Scenario 2
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Figure 7.19: Temperature for Model
1 - Scenario 2

Figure 7.21: Error in Temperature
among cells for Model 1 - Scenario 2

Figure 7.23: Terminal cell voltage
for Model 1 - Scenario 2
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Figure 7.24: Error terminal voltage Figure 7.25: Input sequence for each
vs demand for Model 1 - Scenario 2 cell for Model 1 - Scenario 2

7.2.1.1.3 Scenario3 This setup is similar to Scenario 2 with di erence of tuning
to achieve better balancing results. All the parameters for this experiment are same
as scenario 2 shown in table 7.4. It can be seen here that system performance has
improved signi cantly and works well despite the heterogeneties considered. Good
tuning of input penalty matrix ensures excellent balancing throughout the drive
cycle despite signi cant di erences in all cells parameters. An SoC dierence of
10 2 is maintained successfully throughout the drive cycle as illustrated in gures
(7.26) and (7.28). The system manages to ful Il the power demand successfully as
shown in gures (7.30) and (7.32). Since the input penalty matrix is ne tuned for
the give cell conditions, the di erence in contributions is more prominent here as
seen in gures (7.33) and (7.31). It can be observed that cell 1 being the stronger
cell in terms of charge capacity contributes more during the drive cycle while the
weakest cell 3 contributing the least. As most of the load is borne by strongest cell
this means e ects of parametric di erence among cells will not further accelerate
since weaker cells are contributing less here.

Figure 7.26: SOC for Model 1 - Sce- Figure 7.27: Temperature for Model
nario 3 1 - Scenario 3

49



7. Results

Figure 7.28: Error in SOC among
cells for Model 1 - Scenario 3

Figure 7.30: Total load voltage and
cell current for Model 1 - Scenario 3

Figure 7.32: Error terminal voltage
vs demand for Model 1 - Scenario 3

7.2.1.2 Model 2

Figure 7.29: Error in Temperature
among cells for Model 1 - Scenario 3

Figure 7.31: Terminal cell voltage
for Model 1 - Scenario 3

Figure 7.33: Input sequence for each
cell for Model 1 - Scenario 3

In this strategy, hard constraint on output power demand is maintained however,
control move restriction has been relaxed on cells by introducing and minimizing
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Parameter Value
SOC [0.75, 0.75, 0.65]
Temperature | [25, 25, 25]°C

SoR [1, 1.2, 1.4]
SoH [1, 0.9, 0.8]
Vig 8.1V

Table 7.5: Model 2 experimental setup

slack variable to observe the control violations from u = 0:1required by the system
to ful Il the power demand at each time step in order to obtain feasible solution.
The objective function for this control model is expressed in eq. (6.19). In order to
create a signi cant contrast the initial parameters are set as shown in table 7.5:

The energy balancing is achieved very rapidly as evident from gures (7.34) and
(7.36). At around 600 seconds in the drive cycle the SoC di erence across cells is
reduced to within 2% limit imposed and it remains within that region throughout.
Thermal behavior is same as previous cases as eminent from gures (7.35) and (7.37).
The system output can be seen in gures (7.38) and (7.40). Main purpose of this
experimental setup was to nd a benchmark for comparison with hard constraint
on control move that will be shown and section 7.2.1.3. Here it can be seen that
with  u=0:1 the system needs to persistently violate the control move restriction
as evident from gure (7.43) to achieve faster balancing and meet power demand.
These violation however tend to diminish over the drive cycle once the balancing is
achieved.

Figure 7.35: Temperature for Model
Figure 7.34: SOC for Model 2 2
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7. Results

Figure 7.36: Error in SOC among
cells for Model 2

Figure 7.38: Total load voltage and
cell current for Model 2

Figure 7.40: Error terminal voltage
vs demand for Model 2
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Figure 7.37: Error in Temperature
among cells for Model 2

Figure 7.39: Terminal cell voltage
for Model 2

Figure 7.41: Input sequence for each
cell for Model 2



7. Results

Figure 7.42:  Slack variable load Figure 7.43: Slack variable control
voltage for Model 2 move for Model 2

7.2.1.3 Model 3

Here hard constraint on control move u = 0:1isimposed for all the cells besides the
one with maximum power capacity. However, in order to obtain a feasible solution
at all time constraint on output power demand has been relaxed by introducing and
minimizing slack variable accordingly. The objective function for this control model

is expressed in eq. (6.20). Experimental setup is kept the same as shown in table
7.5.

It is very clear when comparing the SoC curves for model 2 (gure (7.34)) and
model 3 (gure (7.44)) that the balancing is signi cantly slower for model 3 due to
imposed control move restrictions. The system also fails to meet the demand voltage
accurately as seen in gures (7.48) and (7.52), the shortfall in output increase during
the long discharge cycle while it decreases towards the end when long charge cycle
occurs. Contribution of cells is also been greatly a ected between two scenarios
with peak terminal voltages in model 3 much lower for weaker cells in gure (7.49)
compared to model 2 in gure (7.40). Same is the case for input sequence (switching
DC) of cells being more active in model 2 as shown in gure (7.41) compared to
model 3 illustrated in gure (7.51).

Figure 7.45: Temperature for Model
Figure 7.44: SOC for Model 3 3
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