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Abstract

This thesis presents novel battery pack designs and control methods to be used with
battery packs enhanced with power electronics. There are two areas of focus: 1)
intelligent battery packs that are constructed out of many hot swappable modules
and 2) smart cells that form the foundation of a completely decentralised battery
management system (BMS). In both areas, the concept of active loading/charging is
introduced. Active loading/charging balances the cells in a battery pack by loading each
cell in proportion to its capacity. In this way, the state of charge of all cells in a series
string remain synchronized at all times and all of the energy storage potential from
every cell is utilized, despite any differences in capacity there may be. Experimental
results from the intelligent battery show how the capacity of a pack of variably degraded
cells can be increased by 46% from 97 Wh to 142 Wh using active loading/charging.

Engineering design challenges of building a practical intelligent battery pack are
addressed. Start up and shut down procedures, and their respective circuits, were
carefully designed to ensure zero current draw from the battery cells in the off state,
yet also provide a simple mechanism for turning on. Intra-pack communication was
designed to provide adequate information flow and precise control. Thus, two intra-pack
networks were designed: a real time communication network, and a data communication
network.

The decentralised control algorithms of the smart cell use a small filtering inductor

as a multi-purpose sensor. By analysing the voltage across this filtering inductor, the



switching actions of a string of smart cells can be optimised. Experimental results
show that the optimised switching actions reduce the output voltage ripple by 83%
and they synchronize the terminal voltages of the smart cells, and by extension, their
states of charge. This forms the basis of a decentralised BMS that does not require
any communication between cells or with a centralised controller, but can still achieve

cell balancing through active loading/charging.
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Nomenclature

There are a few symbols with multiple meanings, such as the letter “D”. It is used to
label diodes and it is used to represent duty cycle. In these situations, the definition

should be clear based on the context in which the symbol is used.
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Chapter 1

Introduction

Power electronics is the workhorse of our energy-craved society, burdened with the
loads of our machines. It is used everywhere - from the single watt converters found in
cell phones [2], all the way up to the gigawatt converters used in High Voltage Direct
Current (HVDC) transmission lines [3]. Power electronics is also playing a key role
in the reduction of green house gas emissions through the integration of green energy
technologies with the grid [4, 5].

As energy generation on the electricity grid becomes increasingly decentralized,
there will be an even greater penetration of power electronics into our daily lives. It is
estimated that by 2030, 80% of all grid power will use power electronics between its
generation and consumption [6]. Therefore, power electronics engineers must develop
efficient, reliable power converters to ensure the robustness of the electrical energy
distribution system [7].

One area of increased power electronics penetration is electrical energy storage
(EES) [8], where the market is growing very rapidly [9-11]. For example, the EES
market in the United States of America is expected to grow from 231 MW in 2016 to
2.5 GW in 2017 [12]. This rapid adoption of grid-connected EES requires state of the

art power electronic converters and energy management systems. Furthermore, since



2 Introduction

the energy storage device (battery cells, for example) is the most expensive component
[13], the power electronics should be designed to maximise their performance and
lifetime whilst ensuring safety [14], [15].

The integration of power electronics into energy storage systems is the main topic
of this thesis. The following chapters will explore how power electronics can be more
tightly integrated with energy storage systems to yield improved system reliability and
performance. The remainder of this chapter is dedicated to motivating research into

this subject area and a review of the current state of the art.

1.1 Battery states

When discussing batteries or cells, the terms state of charge (SOC) and state of
health (SOH) are frequently used, and it is important to define what they mean. For
the remainder of this subsection, “batteries or cells” will be referred to as “cells”.
Throughout this thesis, the SOC of a cell will be defined as the percentage of the

remaining energy for a given normalized current rate, or C-rate:

SOC = ERC: 100y, (1.1)

where Er ¢, is the energy remaining in the cell at a C-rate of C, and E7_¢, is the total
amount of energy that the cell can store if discharged at a C-rate of C,. The C-rate
C, is defined as:

I,

Cx - 5
Can

(1.2)

where [, is the current through the cell and C4j, is the rated capacity of the cell
measured in Amp-hours. In applications where the C-rate varies with time, the total

amount of remaining energy can be calculated as:
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Br(t)= By — [ 00§ (0) = fiow (0(0),§ (1), T 1), SOC (1)) dt,  (13)

where E7 is total, rated amount of energy that the cell can hold, v (¢) is the terminal
voltage of the cell, i () is the current through the cell, T'(¢) is the temperature of
the cell, SOC (t) is the SOC of the cell, and fi (.. .) is a function which calculates
the energy loss of the cell at time ¢ and it is very difficult to determine. The energy
remaining in a cell at a particular C-rate that has been subjected to an arbitrary cycle
is:

lend

Erc, (to) = Er (to) — Jioss (v (1), 1, T (t) , SOC (t)) dt. (1.4)

to

where tq,q is the time at which the SOC would be 0%. The total amount of energy

available in a cell at a particular C-rate is defined by (1.4) evaluated at t, = 0:

tend

Erc, = Erc, (0) = Eg(0) — ; fross (v (1), I, T (t),SOC (t)) dt, (1.5)

The SOH of a cell will be defined as the ratio of the total amount of energy that
can be delivered by a cell at a particular C-rate to the total amount of energy that

could have been delivered by the same cell at the same C-rate when it was new:

E
SOH = —E% » 100%. (1.6)

The definitions above for SOC and SOH are energy based definitions and there
are many other ways to define them. The research area of accurate SOC and SOH

estimation is very active, but outside the scope of this thesis.
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1.2 The importance of battery management

Electrochemical energy storage systems release electrical energy as a consequence of
chemical reactions that take place inside of cells. Unfortunately, individual battery
cells have restrictive voltages which is a result of their chemical composition. For
example, one of the most established chemistries, lithium manganese cobalt oxide cells,
commonly known as NMC, cycles between 2.5 V and 4.2 V [16]. In [17], they report
on a lithium vanadium fluorophosphate cell which was cycled between 3.0 V and 4.5 V.
A lead acid cell will cycle between 1.75 V and 2.1 V [18]. As it stands, electrochemical
cells will be low voltage devices. Furthermore, these cells are limited in their capacity
due to their physical size. The most popular cylindrical cell on the market today is
the lithium-ion 18650 cell, a cylindrical cell with a diameter of 18 mm, and a length
of 65 mm. They now have capacities greater than 3 Ah. In order to truly overcome
the voltage and capacity limitations of small electrochemical cells, most applications
will connect several cells in series and in parallel to create a battery pack of sufficient
capacity with the appropriate voltage and current ratings. Battery cells of the same
chemistry and impedance connected in parallel will easily share the load current and
maximize the amount of energy delivered to the load from the available energy stored
in the cells [19]. However, this is only possible because the cell voltages of battery
cells of the same chemistry are theoretically identical. It is impossible to connect
cells of different chemistries in parallel and achieve the best performance from all cells
because each battery chemistry will have its own unique output voltage for a given
capacity, temperature, and current value. Battery cells connected in series are limited
by the weakest cell [20], thus a single cell in a series string of cells can become fully
charged before the rest of the pack and continuing to charge the pack will result in

overcharging of one or more cells, which can lead to a catastrophic failure of the entire
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Fig. 1.1: Battery management failure of a RoboSimian droid at the Jet Propulsion Laboratory
[21].

pack. Fig. 1.1 shows the consequences of charging a lithium-ion battery pack without
proper management. It was later discovered that the power management systems were
not properly enabled, leading to an overcharged failure mode of the robot’s lithium-ion
battery. In order to avoid failures and prolong battery pack lifetime, battery packs
have integrated systems which are designed to continuously monitor the pack and
ensure that the electrochemical energy storage devices are operated safely. The systems
that monitor electrochemical cells and battery packs are called battery management

systems (BMS'’s).

Battery management systems come in many different forms, with many different
features. In the most general sense, a BMS should be able ensure that every cell
in a battery pack is kept within its safe operating area to avoid catastrophic failure.
However, this is only possible with global information about the system, which means
accurate knowledge of temperature, voltage, current, and other future measurements
such as pressure that may yield necessary information, throughout the entire battery
pack. Furthermore, the fundamental chemical reactions that take place in commercial
cells can vary over the lifetime of a battery pack due to manufacturing differences
and external factors. In many situations it is impractical or too costly to install
sensors everywhere to measure all of the required quantities, thus a BMS with reduced

functionality is realized.
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There are many different battery chemistries available on the market today and
many others are the subject of intense research. In this thesis, the focus will be on
the lithium-ion (Li-ion) chemistry, one of the most popular battery chemistries due
to its high energy density [22], low weight [22], increasingly low cost [23], and long
life [24]. Despite these many benefits, Li-ion batteries are a “Goldilocks chemistry”.
Temperature extremes will accelerate degradation [25], along with high currents [25]
and high voltages [25]. During storage, Li-ion batteries should be kept at a reduced
state of charge (SOC), to reduce the ageing effects known as “calendar ageing” [25].
Over discharging a Li-ion battery may cause the growth of dendrites which can puncture
the separator between the positive and negative electrode [26], causing an internal
short circuit within the cell, which can lead to thermal runaway and catastrophic cell
failure. Overcharging a Li-ion battery increases the rate at which the active material
is lost, in this case cyclable lithium, thus accelerating capacity fade [25]. Overcharging
(Fig. 1.1) can also cause the electrolyte to oxidise at the cathode producing several
types of gases which increase the internal pressure of the cell [27] and can lead to cell
rupture [22, 28|, another catastrophic failure mode. In summary, in order to safely
extract the full energy storage potential out of a pack of Li-ion cells, they must be

carefully managed with a BMS.

1.3 Parallel cell balancing

As mentioned previously, parallel connected cells of the same chemistry will self balance
[22, 29]. In most applications, large packs are constructed out of series connections of
parallel modules to yield the largest pack capacity [30] and the parallel modules are
considered to be balanced. Although this is sufficient from the short term (a single
charge/discharge cycle) point of view of a BMS, recent research has highlighted the

increased degradation rates of parallel connected cells.
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Fig. 1.2: Four cell parallel pack that was studied in [1].

Table 1.1: Charge throughput of variably aged cells from [1].

Cell | Charge Throughput (%) Relative 1 C Discharge
HEV BEV Capacity (%) | Capacity (Ah)

Ch 28.6 26.3 26.2 2.94

Cs 25.1 25.6 25.5 2.86

Cs 25.5 24.8 24.7 2.77

Cy 21.9 23.3 23.6 2.65

All of the studied accelerated degradation pathways of parallel connected cells are
a result of a mismatch between the impedances of those cells. Mismatches in cell
impedance will detrimentally effect the ageing characteristics of a group of parallel cells
[31, 32]. Therefore, any ageing mechanism which will further mismatch cell impedances
will accelerate the ageing of parallel cells. For example, differences in cell temperatures
linearly increase the rate of capacity loss [33] and larger C-rates will accelerate ageing of
parallel connected cells [1]. The mismatch of cell impedances is amplified in chemistries

that have a very “flat” SOC vs. voltage curve, such as lithium iron phosphate.

In order to illustrate the effect of C-rates on cells connected in parallel, the data
from [1] will be analysed. In this study, four identical cells from the same manufacturer
were variably aged and connected together to form a 4 cell parallel pack, as shown in
Fig. 1.2. The capacities of the cells from the study are shown in Table 1.1, along with
their calculated relative capacity. The calculated relative capacity was determined

using (1.7):
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Relative Capacity of C, = 40793 x 100%. (1.7)
Zi:1 Cz

The parallel pack was then subjected to a cycling profile from a hybrid electric
vehicle (HEV) and a cycling profile from a battery electric vehicle (BEV). The HEV
cycling profile had a higher C-rate on average than the BEV. During these experiments,
the current from each cell was recorded and each cell’s relative throughput could be

calculated using (1.8):

fcycle ‘ZI, dt

Relative Throughput of C, = .
fcycle |ZP| dt

x 100%. (1.8)

As shown in Table 1.1, the batteries more equally shared the load current in
proportion to their capacities during the BEV cycling profile, which on average had
lower C-rates, than in the HEV cycling profile. This shows that under low C-rates,
variably aged cells connected in parallel will discharge and charge in proportion to

their respective capacities.

1.4 Serial cell balancing

Due to the weakest cell problem, one method to prolong the life of a battery pack
is to implement cell balancing in series connected cells. In [34], a summary of the
current state of the art battery balancing technologies is presented. Figure 1.3 is a
modified reproduction of the graphical summary presented in [34], with the additional
technologies presented in this thesis highlighted.

As shown in Figure 1.3, battery cell balancing circuits can be broken down into
two general categories: active and passive. Passive cell balancing circuits use a passive
device, such as a switched resistor, to dissipate surplus energy in charged cells, in

order to fully charge every cell in a battery pack [35, 36]. An example is shown in
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Battery Cell Balancing Circuits

Active Passive
l l e Zener diode
Variable Eneray re-allocation o Bleeding resistor
loading/charging gy e Shunt resistor and switch

v v ! !

Autonomous Central pack

Cell to cell Pack to cell
battery cells management . .
balancing balancing
l l e Multiple transformer
Direct Adjacent e Multi-output transformer
cell to cell cell to cell o Switched transformer

v

o Switched capacitor
e Buck-boost based
e Cuk base

o Single switched capacitor
o DC-link capacitor
e Single inductor
e Coupled inductor

Fig. 1.3: Summary of cell balancing technologies based on the graphical summary originally
presented in [34]. The area highlighted in orange (Autonomous battery cells) is a new
technology presented in this thesis. The areas highlighted in blue are new categories added
to the original diagram.

Figure 1.4(a). Passive cell balancing is a popular balancing technique because it is
very cheap and easy to implement, and therefore, it is very scalable. However, passive
cell balancing can only occur during charging, energy is wasted which is undesirable
in applications where the energy source is limited, and passive heat dissipation may

cause unwanted battery heating [37].

Active cell balancing circuits instead employ power electronic circuits to balance

the energy between cells.
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Fig. 1.4: Simplified examples of balancing circuit topologies from the literature.

1.4.1 Active battery cell balancing

Active cell balancing circuits fall within two main categories as redefined in this thesis:
energy re-allocation and variable loading/charging. The most basic active cell balancing
topology re-allocates energy between adjacent cells using a switched capacitor system
[38, 35, 39, 40], an example of which is shown in Figure 1.4(b), the most scalable active
balancing topology of those shown in Fig. 1.4. This topology has been improved with
the addition of a second tier of switched capacitors [41], a central voltage source [42],
and a chain structure of capacitors [43] to dramatically decrease the balancing time.
Soft switching [44] and quasi-resonant switching [45] was introduced to increase the
efficiency of the system. Individual voltage sensing is not required for any of these
topologies, making them immune to sensor variations [43] and more easily scalable
to large packs.. Even so, the balancing time is still quite considerable since it relies
on voltage differences between cells to drive the balancing currents and is subject to

temperature gradients across the battery pack [46].

Cell balancing time can be reduced using direct cell to cell balancing [47]. An

example of this is the flying capacitor topology as shown in Figure 1.4(c). Using
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a bidirectional, isolated converter for each cell, direct cell to cell balancing can be
achieved by connecting the outputs of all the converters together to form a common dc
bus, as demonstrated in [48]. A reduction of magnetic components can be achieved by
using a buck-boost type architecture [49] and can even be reduced to a single inductor

[50, 51] using many switching components.

Pack to cell balancing is also much quicker than switched capacitor balancing
circuits [47]. The multi-winding flyback topology is a good example of pack to cell
balancing [52, 53|, where every cell has a switch and winding, and the entire pack is
connected to the input of the flyback, as shown in Fig. 1.4(d). However, Fig. 1.4(d)
is the least scalable of the topologies shown in Fig. 1.4 due to the need for a coupled
transformer between all of the series connections, a switch for each series connected cell,
and a single high voltage switch for the pack winding. Both the transformer and high
voltage switch will have to scale in voltage isolation rating and kVA, respectively, as
the number of cells in the series string increases. The number of transformer windings
can be reduced by introducing more switching components [54-56], or the winding
outputs can be implemented as simple rectifiers for more simple control [57]. In [58] a
multi-winding flyback converter with added switching components is able to completely

isolate a failed cell and prolong the life of the entire battery pack.

All of the topologies discussed thus far re-allocate energy within the battery pack -
essentially discharging one battery to charge another. This introduces charge/discharge
losses and has a maximum efficiency limited by the energy efficiency of the chemistry
used. A more direct approach to cell balancing variably loads and variably charges
each individual cell in a series string of batteries. This can be accomplished using a
central controller to manage a large array of switches to ensure all cells are discharged
at the same rate [59, 60]. A reduction in the complexity and control requirements leads

to placing a small buck-boost converter on each cell and connecting all of their outputs
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in series [61, 62] or parallel [63-65]. In [53], a current equalization circuit was employed
to balance cells. The largest drawback of variably loaded balancing topologies, is that
the power electronics must process all of the power flowing through the battery cell.
Conversely, energy re-allocation topologies need only to process a fraction of the power.

In all active balancing topologies, the power electronic devices must be low cost,
highly efficient, and easily integrated into a large battery pack. Recent advancements
in wide band gap switching devices, whose cost is expected to decrease over time, will
increase conversion efficiencies (and reduce power losses) and reduce overall system
costs through higher power density [66-68] and decreased cooling requirements [69].
There are two types of wide band gap devices currently available on the market today:
1) silicon carbide (SiC), and 2) gallium nitride (GaN). The SiC devices are primarily
designed for high voltage applications (650 V to 1700 V blocking voltage) and are
unsuitable for most balancing circuit switches, with the exception of topologies which
require a high voltage switch such as the one shown in Fig. 1.4(d). GaN devices show
some promise for low voltage switching as there are GaN MOSFETs with drain to
source breakdown voltages as low as 15 V currently available. However, the cost of
GaN devices are still prohibitively expensive with a 30 V, 60 A device costing six times
more than an equivalent silicon MOSFET of the same rating and equivalent drain
to source on resistance. Therefore, for low voltage power electronic switches, silicon

devices will be the primary device of choice in the near future.

1.5 Scalability of serial cell balancing

Throughout the literature, and indeed during this review, balancing circuits are
commonly evaluated on the “speed” at which they balance series connected cells.
However, this approach is slightly misguided for real world battery packs. Although

directly related, balancing circuits should be evaluated based on the normalized current,
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or C-rate, at which they can balance a string of cells. The C-rate of a given cell is
defined as the current flowing through the cell in amps divided by its capacity in

amp-hours. Define the maximum balancing C-rate as Cp:

]B max
Cp = 2% 1.9
B Cavg ( )

where I max is the maximum balancing current in amps and C,, is the average capacity
of the series connected cells in amp-hours. Evaluating balancing circuits with a Cp,
allows a designer to better estimate the spread in cell capacities that the balancing

circuit can handle and thus, the estimated lifetime of a battery pack.

Table 1.2 calculates the Cp rates for some of the balancing circuits found in
literature. Note that when calculating Cp rates for switched capacitor circuits, their
maximum current as reported in each study was taken. In reality, this maximum
current can only be achieved with a minimum voltage difference between cells, thus
they will appear more favourable in Table 1.2. In addition, the peak balancing current
was taken for Ip max, despite restrictions on some topologies where this current is only
achieved between two cells at a time, thus the rest of the pack is not able to balance

while energy is being transferred.

As shown in Table 1.2, the balancing rate varied dramatically across the literature
demonstrating that different C'g rates are required for different situations. However, in
order to compare the balancing circuits on equal terms, the scalability of each circuit
was also analysed. Scalability is an important metric as larger battery packs are being
built and commissioned. The scalability of each balancing topology was calculated by
normalising the component ratings of each circuit to their maximum balancing current.
By doing this, all of the balancing circuits were normalised to the same balancing
performance. In this thesis, there are two metrics to define scalability: 1) a normalized

kVA rating, and 2) a normalized passives energy rating. Both of these quantities are
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Table 1.2: Review of cell balancing currents found in the literature.

Description Type Balancing Balancing Scalability Type Ref.
Current (A) Rate (Cg) |kVA|,, BIFY;

Balancing circuit ~ AB? 2.78 NR” B - [70]

used as an assisting

converter

Cell to cell balanc- AB 2.13 0.14 A - [34]

ing with reduced

number of switches

Compact, low cost, AB 1.50 0.03 B I [57]

high efficiency bal-

ancer

Converter per cell AB 1.50 0.02 B I [53]

Coupled switched  AB 0.56 0.51 A v [71]

capacitor

Flyback cell to pack  AB 3.00 0.05 B I [52]

balancer

Isolated cell to cell AB 0.21 0.05 B I [72]

Low cost high cur- AB 7.00 0.80 A 111 [73]

rent balancer

Modified half bridge =~ AB 1.25 0.10 A 111 [74]

balancer

Modular balancing  AB 0.55 0.08 B II1 [40]

system

Modular balancing  AB 2.00 0.03 B 111 [75]

system

Multi-winding fly- AB 0.76 0.29 B IT [76]

back transformer

Multi-winding AB 1.00 0.04 B I11 [77]

transformer

Quasi-resonant AB 1.00 0.10 A 111 [45]

Zero-current-

switching bidirec-

tional converter

Reconfigurable bat-  AB 0.29 0.04 B II [78]

tery

Resonant circuit AB 0.49 0.11 B v [79]

Shared dc-dc con-  AB 2.00 0.13 A I [80]

verter

ZVS switched ca- AB 0.14 0.23 A I1I [44]

pacitor circuit

Cascaded H-bridge ~ VL 1.80 0.82 A I [81]

Self-X battery VL 20.00 1.00 A I [82]

} Active Balancing

I Variable Loading/Charging

" Not Reported

L Magnetizing inductance value not reported
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related to the costs of the respective components; increasing the ratings increases the

costs. The normalized kVA rating for a string of M battery cells is defined as:

KVAST

]B,max

[kVA[,, = : (1.10)

where KVAS is the total kVA rating of all of the switches and transformers in a
balancing circuit with M series connected battery cells. In determining the current
rating for each component, the root-mean-square current for every component was
determined from each study, estimating this value from oscilloscope screen shots when
necessary. The voltage rating of each component was determined by assigning each cell
in a balancing circuit a voltage of 5 V and calculating the minimum blocking voltage

required by each switch. The normalized passives energy rating was calculated with:

C,L
I

IB,max

[l = , (1.11)

where J ACjL is the total energy rating of all of the capacitors and inductors, including
the magnetizing inductances, in a balancing circuit with M series connected battery
cells.

The ratings for packs of various sizes were calculated and the results are summarized
in Fig. 1.5. In Fig. 1.5(a), there appears to be 2 distinct groups of balancing circuits.
In the first group, name them Type A, their kVA ratings increase the least with an
increasing number of cells: [34], [71], [73], [74], [45], [80], [44], [81], [82]. The second
group, name them Type B, scales worse (their kVA ratings increase the most) with
the number of cells: [70], [57], [53], [52], [72], [40], [75], [76], [77], [78], [79]. The reason
for these two groups lies in the use of transformers. Almost every single circuit in the
second group, Type B, uses a transformer, with the exception of the topologies of [78]
and [79] which use many switching components. Likewise, almost every circuit in the

Type A group does not have a transformer, except for [34], [74], [80], which use single
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Fig. 1.5: Normalized total kVA and total energy in passives versus the number of series cells
in a pack.

transformers for small groups of cells. The |kVA|,, scalability type for each study is
listed in Table 1.2. In conclusion, by looking at Fig. 1.5(a) alone, the most scalable

balancing topologies are the ones that do not use transformers.

Fig. 1.5(b) shows the scalability of the circuits based on the energy ratings of
the passives required for each of them, and should be considered in conjunction with
Fig. 1.5(a). In Fig. 1.5(b) there are four distinct groups. The first group, name them
Type I, are the topologies that do not require any passives: [57], [53], [52], [80], [81],
[82][57], [53], [52], [80], [81], [82]. The second group, name them Type II, do not scale
at all with an increase in the number of cells because the energy carrier between cells
is a single passive component: [76], [72], [70], [78]. The third group, name them Type
II1, scales slightly with the number of cells because there is a passive component for
every cell: [74], [40], [73], [75], [34], [45], [44], [77]. The fourth group, name them Type
IV, is formed of topologies that do not scale well with the number of cells because
their passives scale with voltage: [71], [79]. The |J|,, scalability type for each study is
listed in Table 1.2.
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In conclusion, using the normalizations of (1.10) and (1.11) the most scalable
topologies are those that are Type A and Type I: [80], [81], [82]. However, it should
be noted that their are other factors that were not included in this analysis that will
also effect the scalability of these circuits. For example, the intra-pack communication,
sensing, and control requirements.

The next section will investigate how limited balancing current limits the amount

of energy that can be extracted out of a battery pack with cells of varying capacities.

1.6 Accessing all of the energy

The preceding sections have highlighted the different balancing topologies in literature.
This section will compare simplified models of three balancing topologies to see how
much energy can be extracted during a single discharge. Comparing the amount of
energy that is available during discharge determines how long each battery pack will
last. In an application such as an electric vehicle, this directly translates into the
distance that the EV can travel.

Simplified schematics of the three topologies that will be analysed are given in
Fig. 1.6: passive balancing topology in Fig. 1.6(a), active balancing topology in

Fig. 1.6(b), and variable loading/charging topology in Fig. 1.6(c).

1.6.1 Calculating the discharge energy

The three topologies of Fig. 1.6 will be analysed to determine the maximum amount of
energy that can be extracted during a single discharge. In the following analysis, all
energy is calculated in Watt-hours (Wh), Cj, refers to the capacity of the k" battery
cell in amp-hours (Ah), 7}, is time in hours (h), Viom is the nominal voltage of each

cell in volts (V), and M is the total number of battery cells in the series string.
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Fig. 1.6: Simplified models of different balancing architectures during discharge.

Passive balancing

A battery pack with passive balancing is simply limited by its weakest cell. There is
no way to transfer energy around, thus the amount of energy in Wh available during a

complete discharge of a passively balanced battery pack is simply:

Fps = mi M 1.12
Pp = JOin ]{Ck} Viom (1.12)

Active balancing

A battery pack with active balancing is able to reallocate energy between cells as
it discharges, to extract more energy from the pack. In the simplified schematic of
Fig. 1.6(b), active balancing is represented by current that flows in a bidirectional
manner from each cell through a balancing resistor Rg, onto an “energy bus”. This
energy bus allows the cells to share energy for the balancing process. In this simplified

model, the bus is considered ideal, the losses of the balancing circuitry are captured
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entirely by Rp, and there is a limit on the balancing current: Ij, < I mas, k € [1, M].
However, there is no limit on the amount of energy that can flow through the energy

bus.

When discharging a pack with active balancing, there are two scenarios to consider:
(1) the energy storage is the limiting factor, and (2) the balancing circuit is the limiting
factor, and thus the pack is limited by its weakest cell in addition to the energy that
can be transferred to it. The point at which the balancing circuit becomes the limiting
factor is determined by the discharge rate: quickly discharging the pack means that

the balancing circuit will have to move more current around to maintain cell balance.
(1) Energy storage is the limiting factor

In this scenario, the battery pack is able to use all of the energy stored in every single
cell, but has lost some energy to the losses associated with cell balancing. Equation

(1.13) summarizes this observation:

M
EAB - Z ‘/nomok - EAB,losses (113)
k=1
where
M
EAB,losses = Z ]gRBTh (114)
k=1

T}, is the time in hours that the pack is discharging. In this perfectly balanced case,

this time will be the same for all of the cells, and an equation for 7} can be written:

_ Ci— Jo" Indh

T, (1.15)

(1.16)
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where [p is the discharge current of the pack. Since all cells will discharge in 7}, hours,

(1.13) can be re-written with all known quantities:

M M
Voo IDThM =Y VaomCr — > I RET,. (1.17)
k=1 k=1

Finally, a constraint equation on the power bus of Fig. 1.6(b) can be written, since

the power into the bus plus the losses, must always equal the power out of the bus:

M M
0=> IRg+ > IiViom (1.18)

k=1 k=1

Unfortunately, we now have to solve a non-linear system of M + 1 equations with

M + 1 unknowns (T}, Iy, I, ...,Ips) with the constraint equation of (1.18). It is very
difficult, if not impossible, to find an analytical solution to this problem, however,

numerical methods will be used in the following section to find appropriate solutions.
(2) Balancing circuit is the limiting factor

The balancing circuit becomes the limiting factor when any of the I solved above are
greater than Ip max. In this scenario, the battery pack is limited by the energy in the
weakest cell plus the energy that can be reallocated to it during discharge. In this

scenario, the equation for T} becomes:

mingep, v {Cr} — J I maxdh
Ip

~ mingepan{Cr}

~Ip (1+ Igmax/ID)

T, = (1.19)

Th (1.20)

and therefore the total energy that can be extracted from the pack is:

kel1,M]

EAB limited = < min {Cy} — ]B,maxTh> MViom. (1.21)
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Variable loading/charging

A battery pack with variable loading/charging is able to continuously discharge all
cells proportional to their capacity. The simplified model for this scenario is depicted
in Fig. 1.6(c). In this model, each cell is discharged into a power bus through a resistor
Rp. In a similar manner to the active balancing analysis, Rp represents all of the
losses associated with the power electronics which make the active loading possible.
All of the power that is put into the power bus is extracted as useful energy to power

a load.

Active loaded topologies will always discharge all of the cells in a pack, thus we can

write an equation for the output energy of an actively loaded battery pack:

M
EVL = Z C'k‘/nom - EVL,losses (122)
k=1
where
M
EVL,losses - Z IIERDTh (123)
k=1

T}, is simply the amount of time to discharge a cell with Ip whose capacity is the

average capacity of the pack:

T — anke[l,M]{Ok’}

1.24
h 7, (1.24)
Similarly, the current out of each cell is adjusted by the average capacity:
IpC
I Dk (1.25)

B anke[l,M}{Ck}.
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1.6.2 Comparison

The amount of energy that can be extracted during a single discharge of a passively
balanced pack, actively balanced pack, and variably loaded/charged pack will now
be compared for various pack configurations and discharge rates. Table 1.3 lists the
parameters and their respective values used in this study. The values of Rp and Rp
were selected by first surveying the MOSFETs available from an online retailer, Digikey,
with the following filters applied: a drain to source voltage rating of 20 V, in stock
and active, silicon MOSFET technology, N-Channel FET type, and cut tape packaging
to remove duplicate part numbers. The collected data is shown in Fig. 1.7, along
with a best fit curve to the data. The equation for this best fit curve is shown in
(1.26). Equation (1.26) does not follow an inverse square relationship, as might be
expected due to the squared relationship between power and current through a resistor:
P = I?R. This is because as the devices handle more current they physically get larger
and therefore, they are able to dissipate more power. This is also shown in Fig. 1.7,
where the maximum power that can be dissipated by each device is also plotted. When
fitting a curve to the maximum dissipation power, the power is proportional to the
current to the power of 0.579. This value is lower than the theoretically expected value
of 1/1.241 = 0.806, the inverse slope of (1.26) on a log-log plot, which indicates that
with increasing current requirements, MOSFETs should be increasingly over rated for
the same safety factor. The current rating for Rp and Rp was taken as two times the
maximum current that could be seen by each device; that is two times 50 A and 1 A,

respectively.

Rps.on = 254115524 m (1.26)
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MOSFETs from Digikey.

Fig. 1.8 plots the percentage of accessible energy versus the standard deviation of

capacities in the pack, for three different discharge currents.

Table 1.3: Values used to compare three cell balancing strategies.

Parameter Value
Vaom 3.6V
Rp 108 mf2
avgren,m{Cr} 10 Ah
lofon 0.0 to 1.0 Ah
M 100 cells
Ip 1A, 10A,50A
Ip max 1A

1.6.3 Discussion

Cell to cell capacity variation is inescapable in large battery packs as shown in [83] and

[84]. Fig. 1.8(b) shows that even with a small standard deviation of 1%, it is beneficial

to use any type of active balancing circuit to take advantage of the full energy storage

potential of a large battery pack. Although the analysis above does not seem to favour
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Fig. 1.8: Accessible energy under different discharge currents for the three balancing topologies
of Fig. 1.6.

the proportional discharge topology, in a real application there would be a variable
C-rate over time. Fig. 1.9(a) shows the percentage of time spent at different C-rates
during various ARTEMIS drive cycles. In order to generate this plot, the ARTEMIS
velocity profile was converted to a current profile as described in Appendix B of [85]
for the urban and motorway drive cycles, and [86] for the extra-urban drive cycle. The
absolute value of the resulting currents was taken, and converted to a C-rate to result
in a maximum C-rate of 4.51 C. This maximum C-rate is the maximum C-rate of a

Tesla Model S P100D [87].

Using the plots of Fig. 1.9(a), the amount of energy lost in the power electronics
of the variable loading/charging battery pack can be determined for the three drive
cycles. The amount of energy lost was calculated by calculating the efficiency of the
variable loading/charging battery pack for all C-rates between 0 and 5 and for all
standard deviations of cell capacities. Then, for each drive cycle and standard deviation
of cell capacities, the percentage of time spent at each C-rate was multiplied by the
efficiency of the pack at that C-rate and standard deviation of cell capacities. Finally,
these multiplied values were summed over all of the C-rates to determine a “weighted

efficiency” of the variable loading/charging topology for each drive cycle. From this
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Fig. 1.9: Applying the variable loading/charging topology to the ARTEMIS drive cycle.

value, the percentage of the energy lost is simply 1 minus the weighted efficiency. The
result of this analysis is shown in Fig. 1.9(b).

The percentage of the energy lost in the power electronics for the variable load-
ing/charging topology is quite low under the three ARTEMIS drives cycles, which
indicates that despite its relatively low performance at high C-rates (Fig. 1.8(c)), it can
still be a viable topology for automotive applications. Likewise, the same analysis could
be done for the limited active balancing topology, since at low C-rates the pack could
be balancing any unbalance which was the result of a high C-rate event. This analysis
is non-trivial, but it can be assumed that it will slightly outperform the proportional
discharge pack. In either case, based on this analysis, as soon as there is a standard
deviation of more than 1.0% in the capacities of the cells within a battery pack, using
a proportional discharge battery pack topology will yield an effectively larger pack for
all driving conditions, and therefore, more driving range.

In the simplified models presented here, only the conduction losses of the MOSFETs

that would implement the balancing circuitry are taken into account. This was done as
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they represent all of the losses of an ideal variable loading/charging topology. However,
as will be shown in Section 3.2.3, a practical variable loading/charging topology has
other losses that must be accounted for. Likewise, the simplified model of the active
balancing battery pack does not take into account any system losses, such as losses in
the active balancing network which would arise from the additional cabling needed
to physically get energy around the pack. Despite this simplification, the results in
this section are useful to quickly analyse that variable loading/charging topologies are

worthwhile for further exploration.

In [84], Schuster et al. analysed 484 new and 1908 aged lithium ion battery cells to
determine their spread in capacity over time. During their analysis they removed outlier
cells. The cells used in the study had previously been used in electric vehicles and the
aged cells came from two separate vehicles. They found that the standard deviation
of new cells was 0.8%, in the aged cells from one vehicle the standard deviation was
2.25% after 124 equivalent full cycles, and from the second vehicle it was 1.57% after
174 equivalent full cycles. The average cell capacity in the aged cells was degraded by
3.0% and 6.1%, respectively. In both of these scenarios, the cells were far from their
end of life and yet they both would have benefited from active balancing or variable

loading/charging to increase their respective vehicle’s range.

1.7 Second life lithium-ion batteries

The previous section derived a method to quickly determine how much energy can be
extracted from a pack of cells of varying capacities during a single discharge. This
analysis is extremely relevant in the growing market of second life lithium-ion batteries,
whose capacity distribution will be much larger than first life cells due to variable

ageing.
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Second life applications of lithium-ion batteries are growing because they are
economically feasible [88] and the recycling of lithium-ion batteries into raw materials
is currently not economically feasible [89, 90]. Furthermore, governments such as the
government in the United Kingdom require producers and vendors of batteries to pay
for waste battery collection, treatment, recycling, and disposal [91]. The fees which
these governments collect are passed on to the battery recyclers who use the funds to
finance the expensive battery recycling operations. However, battery recyclers and
producers are becoming more incentivised to find alternative methods to recycle lithium
ion batteries, because they are the most expensive chemistry to recycle. Conversely,
lead acid battery recycling is very easy and low cost, where 70% by weight of lead acid
batteries sent for recycling is recoverable as valuable lead that can be resold onto the
market [89]. Recently, there have been announcements from Nissan [92], BMW [93],
and GM [94], who are all experimenting with energy storage systems using batteries
recovered from their EVs and HEVs. In the automotive industry, packs from EVs and
HEVs are replaced when their SOH reaches 70% to 80% [95], which is the SOH of the
weakest series connected module in a pack. Thus there are many cells remaining in

these large packs that are prematurely going to waste.

1.8 Practical considerations of large battery packs

Battery management systems do not scale well in large battery packs. As the number of
cells increase, an increased amount of cabling is required for all of the sensors. If a pack
employs one of the cell balancing circuits of Section 1.4, even more cabling is required
to control the gating signals of the power electronic components. Furthermore, in high
voltage packs, cell voltages must be measured with the accuracy of millivolts when
differential cell voltage measurements can have a common mode offset of hundreds of

volts.
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A reduction in the amount of cabling within a pack can be reduced by locating
a sensor and communication device physically close to the device being measured.
The communication device can use a common bus communication network such as a
Controller Area Network bus (CAN bus) to transmit information around the pack,
which requires less wiring than a wire to every sensor. Cabling can be further reduced
by implementing communication devices that use power line communication techniques
[96]. Wireless intra-pack communication networks have also been studied as a means
to reduce cabling [97, 98], however, the environment within the battery pack presents
unique challenges due to all of the reflective surfaces (cans of batteries, metal enclosure
of packs, etc.) that affect the quality of the radio signals [98]. A wireless communication
medium has also been proposed to implement advanced cell level monitoring using

impedance spectroscopy [99].

Wireless communication and power line communication techniques still do not
provide an accurate and reliable enough solution to drive the gating signals of power
electronic devices. In [99], the authors developed their own triggering mechanism in
hardware and software that reduced their timing jitter to 1 us. Although impressive,
this is still not good enough for all applications. A method to simplify the distribution
of many gating signals within physically large systems is an active research area of
modular multi-level converters (MMCs). In order to address this issue, increasingly
decentralised control schemes have been introduced [100, 101] where the gating signals
for the power electronics components are generated locally. However, all of these

solutions still require a centralised controller for global synchronisation.

Completely decentralized synchronisation of gating signals across multiple power
electronic converters has yet to be achieved, however, a solution to this problem can
be found in the theory of Kuramoto oscillators [102]. Kuramoto oscillators were first

proposed by Yoshiki Kuramoto in 1975 to model systems of coupled oscillators who are
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able to synchronise despite differences in phase and natural frequency: pacemaker cells
in the heart, flashing fireflies, chirping crickets; to name but a few [103]. Kuramoto

oscillators can be modelled with:

) K XN
O =w+ —> sin(6; — by), (1.27)
M =1

where 6, is the phase of the 2** oscillator, w is the average frequency of the system, M
is the number of oscillators in the system, and K is the controller gain of the system
and can be interpreted as the coupling strength between oscillators. For a sufficiently
large K, the oscillators will synchronize [102]. The study of Kuramoto oscillators has
been a very active and fruitful area of research with many unexplored avenues and

applications [103, 104].

In a power electronics system, the oscillators are the gating signals of the converter
which can have locally generated gating signals. By introducing some form a coupling,
gating synchronisation can be achieved. Therefore, a global synchronization signal
to each converter is not required, simplifying the design of systems with physically

disparate switching devices.

1.9 Summary and thesis outline

Electrical energy storage will play a crucial role the in future of energy systems [105].
As battery packs get larger, it is crucial to have intelligent and efficient BMS’s in place
to properly manage and utilize the expensive electrical energy storage devices that make
up the pack. One of the main roles of any BMS is cell balancing of series connected
cells. An unbalanced pack will be limited by its weakest cell, thus limiting the overall

performance of the pack by trapping the unused stored energy of the healthier cells.
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The full energy storage potential of large battery packs can be unlocked with active
balancing and variable loading/charging.

Actively balanced packs will still be limited by their weakest cell when a pack
degrades. Therefore, variably loading/charging a series string of battery cells is the
only way to ensure every joule of energy storage potential can be utilized throughout
the entire lifetime of a pack. The rest of this thesis will focus on the author’s research
into variable loading/charging topologies and control algorithms. It is broken down
into two main projects: the intelligent battery and the smart cell.

A variable loading/charging battery pack is introduced in Chapter 2 and it presents
the design of a an intelligent battery with hot-swappable modules. Chapter 3 summa-
rizes the simulation and experimental results of the intelligent battery.

The intelligent battery uses a centralised controller to manage the entire battery
pack, which requires significant hardware overhead for intra-pack communication.
To address this issue, the concept of a smart cell, having no communication bus, is
presented in Chapter 4. This chapter focuses on the theory behind decentralised battery
management. Chapter 5 presents simulation and experimental results which confirm
that decentralised battery management is possible.

The thesis concludes with Chapter 6, where the major contributions of this work
are summarized and a number of exciting avenues of research and development are

proposed.



Chapter 2

Intelligent battery system design

The main goal of building an intelligent battery pack was to create a research platform
where new battery management ideas could be tested on a real system composed of
any type of electrical energy storage elements. In this chapter, the main mechanical
and electrical design features of a research grade intelligent battery pack are discussed.
The designed pack has 24 hot-swappable modules, can be configured with up to 192
battery cells, and is integrated with 25 ARM Cortex M4 micro-controllers with floating

point units.

2.1 Design requirements

The general design requirements for the intelligent battery were as follows:

« Power and capacity rating large enough to power medium sized (around 1 kW)
household loads.

« Easy cell replacement, so that a new battery pack would not have to be built for
every cell configuration.

o Mechanically sound so that it could function as a demonstrator unit at conferences

and trade shows.
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Table 2.1: Specifications of the intelligent battery pack.

Description Value
Nominal output voltage 48 V
Maximum output current 25 A
Maximum charging current 25 A
Number of modules 24
Maximum number of 18650 cells 192
Maximum cell voltage 5V

e Module level control, meaning the energy in and out of every series connected

module can be controlled.

Using the above design requirements, the electrical specifications of the intelligent
battery were set, and are listed in Table 2.1. The intelligent battery pack has 2 kWh
of energy storage when fully populated with 3.6 V, 3 Ah battery cells. Its maximum
rated output power is 1.2 kW. Therefore, to achieve higher C-rates, fewer cells can be

populated.

2.2 Mechanical design

The mechanical design of the intelligent battery was developed to deliver a platform
where individual cells can be easily replaced. This enables users of the system to easily
reconfigure the battery pack with different energy storage elements. In addition, each
series connected energy storage element is contained within a module, which can be
physically removed from the battery pack. The module and pack electronics were
designed so that the modules can be hot-swapped: they can be removed from, and

replaced into, the battery pack while it is operating.

The electrical details of the intelligent battery pack are discussed in Section 2.3.
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Fig. 2.1: An exploded view of a module of the intelligent battery.

2.2.1 Module design

The intelligent battery pack is comprised of 24 individual modules. Fig. 2.1 shows
an exploded view of a single module of the intelligent battery pack. Each module is
capable of housing up to eight 18650 battery cells. The battery cells are all connected

in parallel, thus each module emulates one large cell.

The modules are constructed out of printed circuit boards, 3D printed parts, and
fastening hardware. A module measures 157 mm deep, 78 mm wide, and 106 mm tall,

overall.

Easy cell exchange is achieved with spring loaded contacts mounted on PCBs, which
are mounted onto the 3D printed parts. The spring contacts are rated at 6 A per cell.
As shown in the exploded view, a knob is used to mechanically fasten a “lid” onto the
battery cells. This lid is made up of a 3D printed part, and the “top battery holder
PCB” (see Fig. 2.1). The lid connects all of the positive terminals of the cells together
and is where the module’s safety fuse is located. The knob has an aluminium insert
which makes contact with a trace on the PCB, electrically connecting the positive
terminals of the batteries to the aluminium threaded rod which holds the lid in place.
The aluminium threaded rod carries current out of the positive terminal of the battery,
down to the “bottom battery holder PCB”. The aluminium alloy used for the threaded

rod and knob insert was the 6082 alloy, which has a conductivity of 3.8 x 1078 Q-m,
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Fig. 2.2: A bottom view of a battery module. The aluminium threaded rod is visible in
between the battery cells. It is used to mechanically and electrically connect the cells to the
module PCB.

versus 2.65 x 107% Q-m for pure aluminium. The bottom battery holder PCB connects
all of the negative terminals of the batteries together and connects both the positive
and negative terminals of the battery to the “module PCB”. Fig. 2.2 shows a bottom
view of a module with the lid and knob in place. Each module connects to a backplane
PCB via a three row DIN 41612 connector.

Although designed for 18650 battery cells, this design could be easily adjusted to
accommodate different sized cells by redesigning the 3D printed parts and the battery
holder PCBs.

2.2.2 Battery pack design

Fig. 2.3(a) shows a 3D drawing of the battery pack itself, with no modules inserted.
On its own, the battery pack