Battery management systems with

active loading and decentralised

control

Damien Francis Frost

Department of Engineering Science

University of Oxford

This dissertation is submitted for the degree of

Doctor of Philosophy

Jesus College @ Trinity Term 2017






To my family at home, my family who helped make me feel at home, and my new

family members.






Acknowledgements

The doctoral journey is never straightforward. For me, it has been an organic experience,
evolving constantly throughout my time in Oxford. I have been extremely lucky to
have been supported by amazing friends and family who have helped me and inspired
me throughout this journey, an experience that I am very glad that I embarked upon.

My journey began with an unsolicited email to Dr. David Howey, my supervisor.
I would like to thank Dave for responding to my email, thereby kick-starting this
unforgettable journey. Dave has been very supportive and flexible throughout my
studies, allowing me to pursue my passions in and out of the lab, in whatever direction
they took me. Dave was also instrumental in helping secure my funding, for which
I would like to acknowledge my funders: Newtons 4th Limited (N4L), Jesus College
Oxford, the Natural Sciences and Engineering Research Council of Canada, and Oxford
Sciences Innovation. Stuart and Allan from N4L were particularly wonderful to work
with.

You can’t love what you do unless you love the people you are doing it with and the
EPG Group is no exception to this mantra. It has been a real pleasure working with
so many friendly, sociable, and active researchers. In particular, the Howey Research
Group has been a real treat to be a part of. To the original three: Chris, Rob, and
Adrien, thanks for welcoming me right on the first day. To the rest of the DPhils (in
order of matriculation): Pietro, Jorn, and Trishna, thanks for putting up with my

craziness.



vi

Oxford is a special place because of the college system and I have been very fortunate
with the support I have received from Jesus College and its staff. I will miss Jesus
breakfast! I would particularly like to thank my college advisor, Dr. Stephen Morris,
for our regular chats over tea. In addition to support, I have made some long lasting
friendships through the MCR, with graduate students from disciplines I would have

probably never met elsewhere.

Sport has always played a part of my version of a balanced lifestyle. For helping me
achieve this, I would like to thank the Oxford University Ice Hockey Club for my great
time with them and bringing a bit of Canada to Oxford. I would also like to thank the
men and women of Jesus College Boat Club for some unforgettable years, friendships,
and the passion to bleed green. A big thanks to Angus for pushing me to perform my

best on the water and accompanying me through our DPhil journey together.

I have always missed Canada and I would like to thank my friends across the pond

who always welcome me back with open arms and a Canadian beer as if I never left.

I have dedicated this thesis to my family, because I would be lost without them.
I would like to thank my extended family here in Europe who have always kept the
door open to me. I had a great time visiting them and also having the opportunity to
work closely with my uncle Tim - thank you! To my parents Sam (Bert) and Geraldine
(Gerbear): thank you so much for your 100% support throughout my degree, it meant
a lot to have you on my team. To my siblings Geoffrey and Louise: I have missed you
two and I am so proud of what you both have achieved. I will now have to catch up!
To my girlriend fianeé wife Carolyn: thank you so much for you love, support, and
joining me on this incredible journey. I am so proud of you for also earning an Oxford

degree. I can’t wait to see what the future has in store for us!



vii

My final acknowledgement goes to you, the reader. I hope you will enjoy reading

this thesis, because I have had a blast pursuing the research herein.

Damien F. Frost

August 2017






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.



1.6 Accessing all of the energy 17

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.



18 Introduction

I —»
0 MvnomID

Rp 1
B <+“—> W B, !

sng Jomod
&

sng Jamod

B, __|__

I

Ry
> Bu
I

(a) Passive balancing, the (b) Simplified active balanc- (c) Simplified variable load-
same current flows through ing model. ing/charging model.
all of the cells.

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 consists of an aluminium frame with clear acrylic shelves
that support the modules. The modules connect to the three backplane PCBs, which
are visible in Fig. 2.3(a). Each backplane PCB can accommodate up to 8 modules. The
modules are connected in series on the backplanes, and the backplanes are connected
in series. There is a 20 pin link cable which connects each backplane to its neighbour
and the top backplane to the “master PCB”, which is the top most PCB in Fig. 2.3(a).
The master PCB manages all of the communication throughout the pack and to the
outside world. It also generates the control signals for the modules to regulate the

voltage and current of the intelligent battery pack.
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Fig. 2.3: 3D Drawings of the intelligent battery pack.

As designed, the battery pack itself is modular in terms of backplane PCBs.
Additional backplane PCBs could be added to increase the overall voltage of the pack,
up to a maximum of eight backplanes. This maximum number is limited by the number
of address lines of each backplane, which is three. Likewise, fewer backplanes could be
used to decrease the pack size. Any modification to the number of backplanes may
require a small redesign of the master board to ensure all components can meet the
minimum and maximum voltage limits of new pack configuration.

The overall dimensions of the battery pack are 330 mm deep, 360 mm wide, and
540 mm tall. Fig. 2.3(b) shows a 3D drawing of a battery pack fully populated with

modules, complete with an off the shelf inverter installed.

2.3 Electrical design

The overall pack topology is introduced in this section. In addition, some aspects of

the electrical design are studied more closely to highlight their purpose and/or novelty.
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Fig. 2.4: A schematic diagram of the proposed topology to integrate battery cells of various
chemistries and capacities.

2.3.1 Topology

The overall pack topology was derived from the modular multilevel converter (MMC)
topology [106], using half bridge modules. Using half bridges connected to battery
cells, or small battery packs, one can regulate the energy into and out of each module
by adjusting its duty cycle, thereby balancing the cells. Fig. 2.4 provides a schematic
of the proposed topology.

Each module consists of a half bridge switching network, voltage, current, and
temperature sensors, a microcontroller, a battery cell or group of cells of the same
chemistry connected in parallel, a filtering inductor, and a connector to plug the module
into a backplane as shown in module schematics of Fig. 2.4.

A distributed inductor amongst the modules, L,,, was designed for the intelligent

battery pack instead of a single inductor at the output for two reasons: 1) the module
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inductor will be used in future work that will involve applying the decentralised battery
management algorithms discussed in Chapter 4, and 2) the module inductor is also used
as the inductor for the small boost converter that can provide 5 V via a USB connector
on the module. Thus, when a module is extracted from the intelligent battery pack, it
can still be used as a useful energy storage device itself.

The backplane exists to provide a way to plug modules in and out of the system
and to bypass missing or failed modules. As shown in Fig. 2.4, every power connection
to each module has a bypass diode (Dy) and relay (RLY}) connected in parallel. In
addition to these, there are a few digital signal lines which are not shown in Fig. 2.4,
but were also used to ensure safe operation of the intelligent battery. These digital

signal lines were:

« Digital input to master of a hardware present signal from each module. When

plugged in, each module pulled a digital line to the master low.

 Isolated digital enable signal from master to module, which was set by the master

and read by the module to ensure the module could operate safely.

o Digital input signal to module from the relay, RLY}, which was a single pole,
double throw (SPDT) type. When the relay was open, it pulls a digital pin

connected to the module MCU low.

The relay is controlled by the master and will only close if the master cannot get
a response from the module and the hardware present signal of the module is high
(inserted modules pull the hardware present signal low). The addition of the bypass
diode enables the intelligent pack to continue to provide power to a load when a module
is removed and is only used until the master can confirm that it can close the bypass

relay. During charging, module removal will interrupt the current path, however this
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Fig. 2.5: The two active switching states of the kM module, Saq and Sy 9.

drawback is negligible since it would not result in the loss of power to a load and

charging is resumed shortly afterwards.

The master communicates with all modules, regulates the output voltage, filters
the switching noise of the modules with C,,, and controls the module bypass relays.
External control and monitoring of the entire battery pack is possible via a wifi module,

which is also controlled by the master.

2.3.2 Switching states

There are a number of switching states for each module in the proposed system. They
can broken down into two categories: (1) active switching states, and (2) module

extraction and insertion switching states.

Active switching states

During normal operation of a module, which is defined as when a module is plugged
into the system and regulating the energy into and out of its battery cell, there are

two active switching states, shown in Fig. 2.5.
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In active switching state 1, Sa1, Quyx is on, and ()1 is off. The current path is
highlighted in Fig. 2.5(a) and it shows how the pack’s current, .., flows through the
battery cell. In the case of positive current, this will discharge the cell.

In active switching state 2, S4 9, @1 is on, and Qg is off. The current path is
highlighted in Fig. 2.5(b) and it shows how the pack’s current, I, bypasses the
battery cell.

By varying the duty cycle, Dy, between these two states, the energy flow out of,
and into, the battery cell can be controlled. By having full control of the energy flow,
each module will discharge its energy storage element proportional to its capacity. In
this way, every module in the entire pack will traverse its SOC curve together, at the

same time, during charge and discharge.

Module extraction and insertion switching states

During module extraction and insertion, the module and intelligent battery pack must
work together to ensure the proper sequence of switching states are accomplished. Each
module has a dedicated “enable” signal which is driven by the master PCB. This line
is driven high to indicate to the module that it can turn on and it is driven low to

indicate to the module that it cannot turn on.

Module extraction

The three module extraction switching states during charge are shown in Fig. 2.6 and
the three module extraction switching states during discharge are shown in Fig. 2.7.
These two sets of switching states are very similar in their operation.

During either charge or discharge, right before extraction, the module can be in
either one of its active switching states (S or Sa2), as shown by Fig. 2.6(a), showing

switching state Sg.c 1, and Fig. 2.7(a), showing switching state Sg.p.1.



40 Intelligent battery system design

Right after the module is extracted, the intelligent battery enters one of the second
extraction switching states from each set. During charge, it enters switching state
Sg.c2 shown in Fig. 2.6(b). In this state, the charging current is interrupted and the
transient voltage suppressors are briefly activated. The transient voltage suppressor
on the backplane, 7, turns on briefly to suppress the induced voltage from all of
the other modules still connected to the intelligent battery. The worst case amount of

energy that is absorbed by Z;, is therefore:

(M - 1) Lm[gack
Sp.c2 — 9 )

Ez,,. (2.1)

which means the amount of absorption energy increases linearly with the number
of modules in the intelligent battery pack. At the same time, the transient voltage
suppressor, Z,, ,, on the module suppresses the voltage induced by its local L,,, and
thus will have to absorb the energy calculated with (2.2).

Ly 12
Ey — Topack (2.2)

mksSE-C2 9

In both transient voltage suppressors, the peak current through the suppressor is

the pack current, Ip,ck.

During discharge, the intelligent battery enters switching state Sg.p 2, shown in
Fig. 2.7(b). In this state, the backplane’s bypass diode, Dy, turns on to provide an
uninterrupted current path for the load. In both situations (charge and discharge),
the transient voltage suppressor on the module turns on for a brief amount of time to

suppress the induced voltage caused by interrupting the current in its local inductor,

L,,.

After the master has identified that a module has been removed, it pulls the enable

line low, and closes the bypass relay, RLY}, as shown in Fig. 2.6(c) and Fig. 2.7(c).
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Fig. 2.6: The three module extraction switching states during charging of the module,

Se-c1, SE-c2, and Sg.c 3.

If the intelligent battery was charging, i.e. I,40; < O prior to the extraction, then the

charging process would be resumed.

Module insertion

The three module insertion switching states are shown in Fig. 2.8. Prior to module
insertion, the module is in its off state, and its corresponding bypass relay, RLY}, is
closed as shown in module insertion state 1, Sy 1, in Fig. 2.8(a).

After insertion, the master will keep the enable line low, but instruct the module to
turn on, and enter a bypass mode as shown in Fig. 2.8(b). This is the second module
insertion switching state, S7o. The module begins to share some of the current going

through the bypass relay, RLY}.
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Fig. 2.7: The three module extraction switching states during discharge of the k' module,
Se-p1, SE-D2, and Sg_p 3.

In the third module insertion state, St 3, the master opens the bypass relay, RLYj.
During this state, the transient voltage suppressor Z,, ; may turn on for a brief period
while the current in L,, ramps to Ip,. In the worst case scenario, the amount of
energy that Z,, , needs to absorb is the V' x I losses in Z,,, ; as the current in L,, ramps
from 0 A to I,ack. These losses are calculated by integrating the instantaneous power
consumed by Z,, , during this worst case transient event. The instantaneous power of

ZmJg is:

Vz, .t
pZm,kySI,S (t) = VZm,k (Ipack - = ) (23)

L,

where V. is the breakdown voltage of Z,, ;. Assuming the inductor is ideal, we can
determine the amount of time it will take to for the inductor to ramp from 0 A to

Ipack, using v = Ldi/dt, and it is Ly, Ipacx/Vz,, , seconds. The total energy that will be
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absorbed by Z,, will be the integral of (2.3) between 0 and Ly, Iyac/Vz,, , seconds.
The result is:

_ Lnly

Ey ack (2.4)

moksS1,3 9

The peak current during this transient event occurs right at the begining of the
event, and in the worst case it is simply the pack current, Ipack.

In the final module insertion state, St 4, the master instructs the module to start
gating as shown in Fig. 2.8(d). At this point, the module will be in one of its active

switching states, S41 or S .

Discussion

An advantage of the switching states presented here is that the relay switches close to
zero volts, with the breakdown voltage of Z,, , being the maximum voltage that will
be seen across it. As a consequence, it can be implemented with a relatively low cost

relay.

2.3.3 Microcontroller selection

There are a numerous criteria by which to select a microcontroller (MCU). For the
design of the intelligent battery, the main focus was on the available peripherals
and performance of the MCU. Furthermore, due to the author’s familiarity with the
STMicroelectronics” STM32 series of MCUs, the search space was primarily limited to
this family. Consequently, the STM32F446RE was chosen as the module MCU, and to
simplify the programming tasks, it was also chosen for the Master MCU as well. Some

of the features of this MCU that were critical to the intelligent battery project include:

e 512 kB of flash memory, to implement large programs,
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In this state, the master opens the relay, In this state, the master sets the enable
RLYy. During this state, the transient line high, and instructs the module to start
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Fig. 2.8: The four module insertion switching states of the k™ module, Sr1, Sr2, S13, and
5174.
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ARM 32-bit Cortex-M4 CPU with FPU clocked at 180 MHz, for future work to

implement battery models designed in MATLAB,

e 2x advanced timers for PWM generation with multiple output channels, to

implement the PWM and timing,

o 3x 12 bit ADC that can operate up to 2.4 MSPS, and

« multiple communication interfaces including 1*C, and CAN Bus.

2.3.4 Module power supply

The ironic thing about any converter design is the need for power supplies to power
the micro-controllers, analogue circuitry, and gate drivers for the converter itself. The
intelligent battery pack design is no different, and perhaps an even more demanding
challenge.

Every module in the intelligent battery is referenced to a different potential, which
means that at some point in the circuit, isolation will be required to facilitate inter-
module communication and master to module communication. In order to simplify
the analogue circuit design, and to take advantage of local ADCs available on micro-
controllers, the isolation point was chosen to be along the communication bus. As a
consequence, each module required its own, locally referenced, 3.3 V and 12 V supply.

The decision was made to add a local boost converter to every module that would
be able to provide 12 V from the local cell voltage. The design of this converter was
based on Intersil’s PWM step-up regulator, part number: ISL97519AIUZ. This part
features an enable pin and integrated power MOSFET. The 12 V supply was connected
in series to another dc/dc converter to create a 3.3 V supply. The series connection
of these two power supplies was chosen so that the downstream 3.3 V supply could

be a simple, low cost buck converter. A Murata Power Solutions’ buck converter was
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chosen as the 3.3 V converter, part number: OKI-78SR-3.3/1.5-W36H-C. This part is
a drop-in replacement for a linear voltage regulator.
Finally, to reduce the amount of current drawn by each module to effectively zero

when it is in an off state, the input to the boost converter, and even the battery voltage

sensor, are controlled with a P-channel MOSFET.

2.3.5 Module power stage design

The module power stage consists of the module inductor L,,, the half bridge switching

network @y and )z, and the gate drivers.

Gate driver design

The modules of the intelligent battery pack have high current power electronic switches
that are able to handle the full rated current of the pack. These switches require
dedicated gate drivers to ensure rapid switching and to increase efficiency. The one
challenge with half bridge designs, such as the one depicted for the modules in Fig. 2.4,

is their need for a high side gate driver for Qg.

There are a number of solutions to drive high side switches, however, each module
of the intelligent battery pack should be able to output a duty cycle of 100% for
an indefinite amount of time. Furthermore, in order to operate the module’s 5 V
USB power supply, @ must be on continuously. For these reasons, the gate drivers
for @ and Qg are both low side drivers, powered by the local 12 V supply. Using
this configuration, Qg can be turned on indefinitely and its gate will be driven by a
minimum of 7 V when it is connected to a battery cell that can provide 5 V. This gate
driver design limits the the maximum voltage that can be connected to the module to

(12 — V}y,) volts where Vy, is the threshold voltage of Qp.
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The gate drivers chosen for the module are from Fairchild Semiconductor, part
number: FAN3122TMX. They have a peak sinking current of 11.4 A and a peak
sourcing current of 10.6 A, ideal for driving large, high current MOSFETs. This gate
driver also features an enable input which is held low (the gate driver is held in a
disabled state) during turn on, to avoid spurious gating of the power MOSFETSs while

the microcontroller is booting up!.

Qg and () selection

Qu and @1, need to be rated for the full current of the intelligent battery, which was
designed for 25 A. However, in order to minimize losses, MOSFETs with a low Rps.on
value should be selected, but not at the expense of a large gate charge which would
increase the switching losses.

The MOSFETSs need also to be able to withstand the blocking voltages that will be
seen in the module. During each active switching state, S 1 and Sy 9, each switch will
have to block the maximum rated input voltage, which was designed for 5 V.

There are numerous MOSFETSs are the market today which are low cost and meet
the above criteria, however, most of them have a larger than required drain to source
breakdown voltage. For larger current MOSFETs, the lowest rate drain to source
voltage readily available is 20 V. As a result, the switches will be under utilized
throughout the intelligent battery. After a conversation with Infineon, lower voltage
high current MOSFETSs are not going to be manufactured because they would be just
as expensive to a customer as their 20 V counterparts.

MOSFETS from Infineon’s OptiMOS series were chosen for Qi and @), part number:

BSCO09NE2LS. These MOSFETs have a maximum Rpg.,, of 0.9 m(), and have a total

! This was a serious problem in an early prototype, as the gating signal for Qy is connected to a
pin which will output a clock signal from the microcontroller during start-up. The clock signal has a
frequency of 16 MHz, and would result in a significant load on the 12 V supply, as the Qg gate driver
would be driving Qg at this very high frequency.
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gate charge of 126 nC, when driven? with a Vg of 10 V. They are rated for a maximum
current of 100 A. They are designed for switch mode power supply applications, and

have an extremely small footprint of 5.15 mm X 6.15 mm in a PG-TDSON-8 package.

Switching frequency

The switching frequency of the modules will determine the output voltage ripple for
given filter parameters (L,, and Cyy). It cannot be as high as possible to minimize
the output voltage ripple because the switching losses increase linearly with switching
frequency. However, in the intelligent battery the modules are phase shifted with
respect to each other to help minimize the output voltage ripple. Their phase shifts

are determined by:

O = QW]\Ii[- (2.5)

Using (2.5), the output voltage ripple is greatly reduced in a similar manner to
how interleaved parallel converters reduce their output voltage ripple. If we assume
the duty cycles of all of the modules are equal, which is a reasonable assumption when
all of the modules have the same capacity, an estimate of the output voltage ripple can
be calculated using the small ripple approximation in the inductors L,, and the output

capacitor, Cyy. The duty cycles of the modules are calculated with:

. V:)ut
MV

Dy =Dy=...=Dy =D, (2.6)

where V,,; is the nominal output voltage of the intelligent battery and V. is the
voltage of the cell in each module, which for simplicity, is the same for all modules.
Using the current ripple diagram shown in Fig. 2.9, the peak to peak ripple current in

the module inductors, I, is:

2The data sheet does not supply figures for Vgg > 10 V. The maximum Vg is & 20 V.
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P M?2L,,

It is difficult to make a general statement about the peak to peak inductor ripple
current given any system parameters and (2.7) due to the highly non-linear terms in
the numerator. However, a generalization about the worst case peak to peak inductor
ripple current can be found by realizing that the ([MD,| — MD,)(MD, — |MD,])
term of (2.7) can be simplified to x (1 — x), where = € [0, 1]. Therefore, the maximum
value that ([MD,| — MD,) (MD, — | MD,|) can be is 0.25. Finally, an upper bound

for I,,,, can be written:

I ‘/cellTs
PP =4M2L,,

(2.8)

Equation (2.8) says that the worst case peak to peak inductor ripple current of
a system operating in its optimal switching pattern according to Fig. 2.9 decreases
with the inverse square of the number of modules. Keep in mind that the number of
modules, M, and module duty cycles, D,, greatly affect I, ,. For example, a system

with M = 2 and D, = 0.5 would have an I, , = 0. However a system with M = 3 and
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D, = 0.5 would have an I, = (VeenTs) / (4M?L,,), an increase in peak to peak ripple

current despite and increase in M.

The output voltage ripple can be estimated by assuming the ripple current of the
inductor is absorbed by Cyy. From Fig. 2.9, this is equivalent to the charge @), being
absorbed and provided by C,,. Therefore, the peak to peak output voltage ripple,

Viop, 18t

Qr
Voo = (2.9)
[P'pTS
= —, 2.1
Vp‘p 8M00ut ( 0)

Equations (2.7) and (2.10) show that the ripple current and ripple voltage decreased
proportionally with switching period, as expected. Using the worst case I,,,, (2.10)
shows that the worst case ripple voltage of the intelligent battery is reduced by a factor
of M? due to the interleaved switching of the modules. By choosing module phase
shifts according to (2.5), the effective switching frequency of the intelligent battery
is increased. Therefore, smaller passive components can be used to achieve the same

ripple specifications.

As the number of series connected modules increase, the inductor ripple current
and output voltage ripple will decrease. Therefore, as the intelligent battery is scaled
in voltage, the passive filtering components (L,, and Cyy) can be reduced in size and

only the voltage rating of Cyy needs to be increased.

The switching frequency of the modules was chosen to be 20 kHz. This frequency
will result in extremely low output voltage ripple and shorter control loop latency.

Given the filtering components that will be designed in the following subsections, the



2.3 Electrical design 51

estimated peak to peak ripple current is /,,, = 12 mA and the estimated output voltage
ripple is V,,,, = 2.7 pnV.

The ripple current and voltage are extremely low and the filtering components,
switching frequency, and control loop latency requirements should be optimized in
future designs. A peak to peak output voltage ripple of 0.1% (0.048 V) could be a

good starting design criteria.

2.3.6 Inductor sizing

The inductance of the module level inductor was chosen to meet ripple specifications
in the worst case switching conditions. The peak to peak ripple current specifications
were chosen to be 20% to 40% of the maximum current rating of the battery pack,
as suggested in an application note[107]. The worst case switching conditions occur
during start-up, when the modules are not yet synchronized and their local battery
cells are at 100% SOC. Using the small ripple approximation, the peak to peak ripple

current on the module level inductors can be calculated with the following equation:

M - ‘/cell - ‘/out ‘/out i
M - Lm M - ‘/cell Ts

Alp pp = (2.11)

where M is the number of modules, in this case M = 24. In the worst case switching
conditions, Veey = 5V, Vouw = 48 V, and Ty = 50 ps. Solving for L,,, this yields
an inductance range of 6 pH to 12 pH as suggested by [107]. Leaning towards the
conservative side, an inductance of 10 pH was chosen for the module’s inductor.

The inductor’s current sizing must take into account the maximum current of the
intelligent battery, plus the worst case ripple current. Using a 10 pH inductor, the
nominal peak current through the inductor is 28 A. Searching available off the shelf
parts, an inductor from Wurth Electronics was chosen, part number 7443641000. Its

current rating is 30 A and it has a saturation current of 37 A.
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2.3.7 Output capacitor sizing

The output capacitor, C,y, of the intelligent battery pack needs to be able to handle
large ripple currents, voltages of at least 5 x 24 = 120 V dc, and be large enough
to be connected to loads with large input capacitors without completely discharg-
ing. These requirements were met with a parallel combination of film capacitors
and aluminium electrolytic capacitors. The film capacitors were chosen from Epcos’
(TDK) line of capacitors designed for high frequency switch mode power supplies, part
number: B32778G4107K. The capacitor chosen has a voltage rating of 450 V dc, and
a capacitance of 100 pF. Two of these capacitors connected in parallel were used in
the intelligent battery pack. The aluminium electrolytic capacitors were chosen from
Dubilier, part number: DEA 1000 63. This capacitor has a capacitance of 1000 nF,
and two of them were placed in parallel. Therefore, the total output capacitance of
the intelligent battery pack was designed to be 2200 nF'. This capacitance value is
very large and results in a very low peak to peak output voltage ripple of 2.7 nV as
calculated in a previous subsection. In a future design, the size of this capacitor would
be greatly reduced to take advantage of the interleaved switching of the intelligent

battery.

Using this capacitor and the module inductors, we can calculate the cut-off frequency

of the output LC filter of the intelligent battery pack:

1
21 /M - L,,Cot

£ — 219 Hz. (2.12)

The cut-off frequency of the intelligent battery pack will dictate its controller
bandwidth. This value of 219 Hz means that the controller will not be able to respond

extremely quickly (less than 1 ms) to load changes.
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2.3.8 Transient voltage suppressor design

The energy absorption requirements of the voltage suppressors were derived in Section
2.3.2. Using those equations and the design specifications of the intelligent battery
pack, the maximum amount of energy that the module voltage suppressors must absorb

is:

L I?
EZm’k,max = T}mack (213)
Bz, pmax = 3.125 x 107 J, (2.14)

and the maximum amount of energy that the backplane voltage suppressors must

absorb is:

M —1) L, 12,
EZb’k,max - ( 9 pack (215)
Ez, max = T1.875 x 107° J, (2.16)

where L,, =50 pH, M = 24, and [, = 25 A.

The backplane transient voltage suppressors were chosen from Littelfuse Inc., part
number: 1.5SMC24CA. This part has minimum varistor voltage of 22.8 V with a peak
pulse current of 45.8 A, well within the requirements of I, = 25 A, and can absorb
1 J of energy. The varistor voltage was chosen based on the maximum voltage that
the bypass diode, Dy, can withstand, which is 45 V. Therefore, the chosen part has a
maximum varistor voltage of 33.2 V.

The module transient voltage suppressors were chosen from EPCOS (TDK), part
number: B72530T0060M062. These devices have a minimum varistor voltage of 8.8 V
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and can absorb up to 0.7 J of energy. Their peak surge current is 300 A. These devices
were over designed to minimize failures in the prototype. The varistor voltage was
chosen to be as high as possible without damaging the analogue circuitry on the module

PCB and therefore, the maximum varistor voltage of this device is 13.2 V.

In addition to the transient voltage suppressor on the module, each module also
has a bank of capacitors that forms part of an auxiliary 5 V dc to dc converter. The
connection of these capacitors is shown as Csy in Fig. 2.10. The capacitors also help
absorb the energy from L,, during transient events, and could be used as a substitute
for the transient voltage suppressor. In order to keep the same clamping voltage of

8.8 V, the capacitance must be larger than:

1 1
EZb,k,max < §O5V‘/C%amp - §C5V‘/:)211t—max (217)
2EWZ max
05\/ > ik (218)
‘/C%amp - ‘/:)2ut—max
Cyy > 119 1F, (2.19)

where Vout-max = D V in the absolute worst case scenario. However, during normal
operation, Voutmax = 2 V and in this scenario the minimum capacitance required by
Csy is 85 pF. In the current design of the modules, Cs5yy = 100 pnF and therefore, during
normal operation the transient voltage suppressors will not be triggered, as all of the

energy of L,, will be absorbed by Csy .

In future designs that may not have Cjy, it is still more economical to introduce
a transient voltage suppressor instead of a bank of output capacitors to absorb the
energy of L,,. Furthermore, a bank of capacitors will also require a discharge resistor,
and if not completely discharged before the next transient event, the clamping voltage

may increase beyond the desired limits.
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Fig. 2.10: 5 V capacitor, 55y, connection in modules.

2.3.9 Communication

Intra-pack communication is important to relay information back to the master board,
which will in turn relay commands to the modules. However, the communication
network should also be able to provide real time commands to maintain tight output
voltage regulation. Therefore, the intelligent battery pack uses two communication
paths to the modules: 1) a bi-directional, data communication bus over an internal
CAN bus, and 2) a uni-directional, real time single wire communication bus from the
master to the modules which synchronizes their switching actions and provides the
ac component of the duty cycle, d. d is the control signal from the master which is
used to regulate the output voltage of the intelligent battery. Each module calculates
its own “dc” value of the duty cycle, Dy, via their state of charge controllers. Every
module combines Dy and d to output a switching signal that regulates the energy of
their connected cell and regulates the output voltage. The details of d are explained in

the subsection: “Sync and data signal”.

CAN bus

CAN bus was chosen for the bi-directional, data communication bus within the
intelligent battery pack, as it is an industry standard for automotive and other industrial

applications. Furthermore, the CAN bus protocol is a master-less protocol, which
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would enable future work on the intelligent battery that does not involve a central
master board for communication.

The MCU was specifically chosen because it has a hardware implementation of two
CAN bus modules. One CAN bus module is used for intra-pack communication and

the other is used for external communication.

Sync and data signal®

The sync and data signal combines a synchronization pulse and the ac component of
the duty cycle, ci, together into a single signal. Furthermore, it is implemented entirely
in hardware, freeing up the MCUs for other tasks. Fig. 2.11 is a schematic of how the
signal is created by the master and how is it decoded in the module.

At the master, the output voltage is regulated with a voltage controller, C, (s),
which outputs the ac component of the duty cycle, d. The master MCU uses one of
its PWM modules to output a synchronization signal, as shown in Fig. 2.11. At the
moment the synchronization signal goes high, the UART module transfers the value
d. The outputs of the UART module and the PWM module are fed through an AND
gate. The output of the AND gate is the sync and data signal which is connected to
all of the modules.

The module uses the sync and data signal to adjust its duty cycle and synchronize
its local PWM counter with all of the other modules in the pack. The sync and data
signal is routed directly into the module’s UART module to receive d. The sync and
data signal is also routed to an OR gate, whose other input is a blanking signal from
the module’s PWM module. The output of the OR gate is a synchronization signal

which is in phase with the master’s synchronization signal. The synchronization signal

3Due to time constraints, initial work on the intelligent battery was supported by a consultant,
FrostNet, for 36 days. The sync and data signal was developed in collaboration with FrostNet. The
author originally suggested to design the sync and data signal with a variable duty cycle. FrostNet
improved the design by suggesting the use of a digital signal, rather then a variable duty cycle. The
author designed and implemented the hardware and overall architecture for the sync and data signal.
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is then used to reset the counter of the module’s PWM module to synchronize all of

the PWM modules in the pack and generate the blanking signal.

The module calculates its duty cycle according to (2.20):

dy (t) = Dy + Dypd + /O " Didat, (2.20)

which is also represented schematically in Fig. 2.11. The “dc”, or slowly changing,
part of the duty cycle is Dy. This value is calculated by the module’s SOC controller,
Csoc (8). The ac component of the duty cycle, CZ, adjusts the module’s duty cycle in
proportion to the dc duty cycle so that cells with larger capacities increase their loads
proportionally when the duty cycle increases, and visa versa with smaller capacity cells.
The second term of (2.20) is the component which will vary the most in response to
the master’s voltage controller. The third term of (2.20) is a slow integrator which
will gradually integrate any non-zero value of cf, so that the average value of d is zero.
It is advantageous for d to be zero in instances where the connection to the master
controller is lost or the master controller is suddenly reset. In both of these cases, the
module’s duty cycle will not change, thus avoiding any large transients at the output
of the intelligent battery pack. The integrator operates on the seconds time scale,
meaning it takes about 1-2 seconds for the integrator to integrate d to 0. At this rate,
it does not effect the voltage or current control loops which operate at the millisecond
time scale and nor does it effect the SOC control loop which operates at the tens of
minutes time scale.

The module’s PWM module applies any necessary phase shift and outputs the
appropriate gating signals to Qx and Q.

In this way, all of the PWM counters in all of the modules will be synchronized
and the duty cycles of all of the modules can be updated every switching cycle which

allows for tight output voltage regulation and controlled output voltage ripple. The
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sync and data signal has been implemented with a digital delivery mechanism of CZ, but
it could have also been implemented with an “analogue” delivery mechanism. Instead
of using a UART module to transmit the digital value of d, the duty cycle of the sync
signal generated by the master’s PWM module could be varied depending on the value
of d. It would then be up to the modules to measure the duty cycle to determine the
value of d. The analogue method would be prone to noise and would most likely result
in chattering amongst the modules. The digital delivery mechanism is more immune

to noisy environments.

2.3.10 Start circuit

In the off state, the modular battery pack is completely “cold” to reduce the amount
of leakage current drawn from the battery cells to effectively zero. Even the cell’s
voltage sensor is disconnected in the off state to minimize leakage current. The task of
starting up the battery pack from this state is non-trivial and the start circuit which

implements this is shown in Fig. 2.12.

The start circuit is powered by a small rechargeable coin cell to guarantee start-up.
The circuit can also be powered by the first and second modules in the pack, however

if these modules are missing or failed, the pack would not be able to start.

The pack is started by a user pressing the start push button. The depressed
start button raises the gate voltage of s, (start-user), so that it closes. Qs is
connected to a P-channel MOSFET which controls the current flow into all of the
backplane optocouplers. The optocouplers are manufactured by Toshiba, part number:
TLP293(GB-TPL,E?*, and have a minimum current transfer ratio of 50%. The output

of each optocoupler is connected between the gate of the P-channel MOSFET which

4Surprisingly, TLP293(GB-TPL,E does not contain a typo. This is the official part number.
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Fig. 2.12: A schematic of the start circuit used in the modular battery pack to turn on all of
the modules at the same time.
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controls the current flowing into the 12 V supply of a module, and the local ground
point of each module.

Once on, each module will follow the start-up flow chart shown in Fig. 2.13. The
first step in this start-up procedure is to turn on MOSFET @Q),.,,, (psu-mcu), which keeps
the module power supply on and MOSFET @, (sensor), which closes the P-channel
MOSFET used to disconnect the module’s voltage sensor from the cell. Next, the
module MCUs start gating, which in turn powers the point of load converters on the
master PCB, which will start-up the master MCU.

MOSFET Qs.,, (start-mcu) is used by the master MCU to start modules that have
been inserted into the backplane whilst the intelligent battery has already been turned

on. MOSFET @Q,., (psu-user) is used by the user to turn on the module.

2.4 Scalability

Using the intelligent battery design of Section 2.3, its scalability can be evaluated in
the same manner as the balancing circuits of Table 1.2. Fig. 2.14 shows an updated
Fig. 1.5 with the proposed intelligent battery scalability figures added.

Using the terminology developed in Section 1.5, the scalability of the intelligent
battery places it as a Type A and Type IV topology. It is not surprising that it is
a Type A topology since it is based on an MMC topology, which places low voltage
switching components in series to meet output voltage requirements.

The intelligent battery’s classification as a Type IV topology does not tell the whole
story. The Type IV classification is due to the output capacitor which exists to filter
the ripple current of the inductors. The capacitor’s size depends on each application’s
ripple voltage requirements and the capacitance required will change as the number of
cells increases. As derived in (2.7) and (2.10), the worst case ripple voltage varies with

the cubed inverse of the number of cells. For the same peak to peak output voltage



62

Intelligent battery system design

User button press

e Backplane optocouplers turn on
the module power supplies

e Module MCUs startup

e Module MCUs are held on by
MOSFETs @Qp-m

e Modules calculate a duty cycle
based on the nominal output
voltage, the maximum number of
modules in the pack, and their
cell voltage

o |f the bypass relay is open, as
sensed by the modules, gating is
turned on

e Master PCB is powered by the
modules, and its power supply
starts supplying power to the
Master MCU

e Master MCU startup

e Sync signal is turned on

e Module ‘roll call’

e Enable signals are set and cleared

e Relay signals are set and cleared

Startup end, wait
for user input

Fig. 2.13: The start-up flow chart of
the intelligent battery pack.
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Fig. 2.14: Normalized total kVA and total energy in passives versus the number of series
cells in a pack including the proposed solution of the intelligent battery shown in blue and
labelled as “Proposed”.

ripple, the capacitance of the output capacitor could be reduced at a faster rate then
its voltage rating squared as the number of series connected cells increase. Therefore,
in a practical implementation of the intelligent battery, it can be classed as a scalable,

Type A and Type II topology.

2.5 Controller design

The design of the intelligent battery’s various controllers is covered in this section.
Most of the controllers were designed in continuous time and converted to discrete
time using the bilinear transform.

A voltage controller and current controller were designed for the intelligent battery
pack. In voltage control mode, the pack acts like a regulated voltage source. In current
control mode, the pack acts like a current source and this mode was used when the
pack was connected to a dc power supply for charging. These two modes were chosen

so that the intelligent battery pack could operate easily with an electronic load when
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Fig. 2.15: Simplified topology of Fig. 2.4 used to derive control to output transfer functions
of the intelligent battery.

discharging and a dc power supply while charging. Since the intelligent battery executes
its own constant current, pseudo constant voltage charging algorithm (see Subsection

2.5.4), it can be connected to any type of dc source to charge.

2.5.1 Voltage regulation

The voltage controller is used by the intelligent battery to regulate its output voltage.
In order to model the intelligent battery pack in an efficient manner for controller
design, a few simplifications can be made.

Firstly, we can simplify the topology of Fig. 2.4 into a single half bridge switching
network with the same output capacitance, but with a single inductor whose value
is M x L,,, where M is the number of modules. This simplified topology is shown
in Fig. 2.15 and includes some elements to model resistive losses in the circuit. The
switching frequency remains the same at f; = 20 kHz, because this is the update rate
of the controller. Furthermore, we can simplify the controller diagram of Fig. 2.11 to
only focus on the voltage control loop, since the other controllers operate much more
slowly. Using this simplified topology and the small signal approximation, the control

(d(s)) to output (v (s)) transfer function can be derived and is shown below:
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Fig. 2.16: Voltage control loop of the intelligent battery.

v (s)
Goa1p (8) = = 2.21
a15 (8) 7(s) (2.21)
G (s)=V, al
vHIB S (Rds—on + RLm) + % + s (Lm + C1outfi (Rds—on + RLm)) + SQRmeout
(2.22)

where Rgson is the on resistance of the MOSFETs (Qpx and Qp k), and Ry, is the
dc resistance of each inductor, L,,. Fig. 2.16 shows the voltage control loop of the
intelligent battery pack, which includes the control loop delay in the feedback loop.

Guarp (8) is also the loop gain of the system when the voltage controller, C, (s),
has unity gain. Let T}, (s) = Gua15 (s) be the loop gain of the system. The bode plot
of the intelligent battery system can be drawn using the parameters listed in Table 2.2,
and the plot is shown in Fig. 2.18(a). However, before controller design can commence,
it is important to include the delay caused by the digital control loop. Fig. 2.17 is
a timing diagram showing the events that occur during the execution of the voltage
control loop.

Using Fig. 2.17 as a reference, the master board of the intelligent pack takes two
samples of the output voltage at T's; and Tso during each iteration of the voltage control
loop. Two samples are taken to yield an improved measurement of the output voltage.
Since the modules will be varying their duty cycles, it is difficult to choose a sample

time that will always be at the peak or trough of the output voltage ripple. Ideally,
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Fig. 2.17: A timing diagram of the voltage sampling and control signal. The delay between
sampling the output voltage and the execution of a new duty cycle command is about 1.5 to
2.5 switching cycles, depending on the phase shift of each module.
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Table 2.2: Parameters used to design the controllers of the intelligent battery pack.

Description Parameter Value
Module inductance Ly, 10 nH
Output capacitance Cout 2200 pF
Switching frequency fs 20 kHz
Switching period T, 50 ps
Number of modules M 24
Nominal module voltage Viorn 3.6V
Output voltage reference Vief 48 V
Digital control delay Thetay 1.5 x T§
Load R 1.92 Q
Module MOSFET on resistance Rison 0.9 mQ2
Inductor dc resistance R, 2.4 mf)

many samples of the output voltage would be taken and averaged every switching
period. As a compromise, two samples are averaged and then processed through the
voltage controller, C,(s). The output of the controller, d, is sent to the master’s UART
module for transmission to all of the modules. The modules receive the duty cycle
command at Tr. However, each module updates its duty cycle only on the rising edge
of their Q) signal, therefore the duty cycle of each module is updated between 0 and 1
switching cycles after Tr. The exact time will be determined by each module’s phase
shift. In Fig. 2.17, the highlighted module updates its duty cycle at T}, with a duty
cycle of cZiH. Therefore on average, the digital control loop adds a constant time delay
of Theray = 2.0 x T for all frequencies. This manifests itself as an additional phase shift
of 27 - Tyeray - f radians. The control loop delay is represented by the e~*2*= block in
Fig. 2.16. Fig. 2.18(b) shows the loop gain of the intelligent battery with the digital

control time delay taken into account.

A simple proportional-integral (PI) controller was designed as the compensator
for the voltage control loop. The equation for the controller is shown in (2.23). The

controller constants were chosen using the graphical method, with the aid of the bode
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Fig. 2.18: Uncompensated loop gain bode plots of the intelligent battery.

plots. Table 2.3 lists the controller constants for the intelligent battery’s voltage

controller. Fig. 2.19 shows the compensated bode plot for various operating conditions

of the intelligent battery.

Cy(s) = Kpy + —2 (2.23)

As shown in Fig. 2.19, the double pole caused by the output filter reduces the
stability of the system as the load decreases. The transient response of the voltage
controller could be improved by increasing the natural frequency of the system caused
by the output filter, by reducing the size of the filter. In particular, the filtering

inductors (L,,) could be reduced in size, by relaxing the design criteria of Section 2.3.6.

2.5.2 Current regulation

The current controller is used by the intelligent battery to regulate the current into

and out of the pack, and is predominantly used when it is being charged and connected



2.5 Controller design 69

Table 2.3: Voltage controller constants for the intelligent battery pack.

Parameter Value

Ky, 1.0e-3
K, 0.2
50 50 50
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Fig. 2.19: Bode plots of the compensated voltage loop gain under various operating conditions.
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Fig. 2.20: Current control loop of the intelligent battery.
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Fig. 2.21: Uncompensated current loop gain bode plots of the intelligent battery.

to a voltage source. Using the same simplified topology as Section 2.5.1, we can derive

a control to output transfer function, Gy (s), for the current controller:

Giaip (8) = i(s) (2.24)

DMViom

= . 2.25
SMLm + Rds—on + RLm ( )

Gig.1B (5)

A PI controller was designed as the compensator for the current control loop and it

is shown in Fig. 2.20 as C; (s). The equation for the controller is shown in (2.26). As was
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Table 2.4: Current controller constants for the intelligent battery pack.

Parameter Value
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Fig. 2.22: Bode plots of the compensated current loop gain under various operating conditions.

the case for the voltage controller, the uncompensated loop gain of the current control
loop, T; (s), is equal to Gjqsp (s), when the compensator has unity gain. Giqsp (s) is
the control to output transfer function of Fig. 2.15 when the control signal is d (s) and
the output is i (s). The controller constants were chosen using the graphical method,
with the aid of the bode plots. Table 2.4 lists the controller constants for the intelligent
battery’s current controller. Fig. 2.22 shows the compensated bode plot for various

operating conditions of the intelligent battery.

Ci(s) = Kp; + —= (2.26)
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2.5.3 State of charge control

Each module in the intelligent battery pack operates its own SOC controller. The
SOC controllers adjust the duty cycles of modules using a PI controller to synchronize
their terminal voltages with the average terminal voltage of the pack. The terminal
voltage of each module is the voltage that the module measures across its local group of
cells.Each module receives the average terminal voltage from the master via the CAN
Bus. Operation in this manner is equivalent to operating all of the cells from all of
the modules in the intelligent battery pack in parallel, and cells that are connected in
parallel are considered balanced. As an example of this, consider the two cell simplified
example of Fig. 2.23. When two cells form a parallel pack of parallel cells, their terminal
voltages are equal and their output currents are ¢; and iy, where iy is not necessarily
the same as iy, as shown in Fig. 2.23(a). In this configuration, they are considered
balanced. One can split up this parallel connection and load each cell individually with
i1 and iy such that their terminal voltages are still equal, as shown in Fig. 2.23(b).
Thus, the two cells are operating as if they were connected in parallel. Finally, one
can place the two cells in series as shown in Fig. 2.23(c), operating them with currents
11 and 49, such that their terminal voltages are equal and using a power converter to
enable the series connection. The SOCs of parallel connected cells are considered to
be nearly identical and require no further management [29]. Thus, the SOC of series
connected modules will also be well synchronized, without having to directly compute
their SOC. The modules of the intelligent battery pack measure the terminal voltage of
the group of cells it is connect to. The modules use their half bridge switching network
to load their cells so that their terminal voltage is equal to the average terminal voltage

of the pack, in a similar manner to Fig. 2.23(c).

The one difference between the series connection of cells as shown in Fig. 2.23(c)

and the parallel connection of cells as shown in Fig. 2.23(a), is that during rest (when



2.5 Controller design 73

. )
i+ i U @ +

DJ’U1

(a) (b) ()

Fig. 2.23: Schematic showing the equivalence between the SOC controller of the smart cells
and operation of the same cells in a parallel configuration.

there is no current flowing through the cells), the cell voltages will slowly return to their
true open circuit voltage. During this time, there may be current flowing between the
parallel cells as each cell’s internal chemical states reach their equilibrium. Although
this would mean that the parallel cells would be perfectly balanced, this is not always
necessarily advantageous, as there would be spurious current flowing during an “off”
state, leading to ohmic losses and heat generation in the cells, and ultimately, energy
loss.

This SOC control method will only work if the modules are populated with cells of
the same chemistry. In future work that will involve the combination of cells of various

chemistries, the SOC will need to be computed.

2.5.4 Charging algorithm

The recommended charging algorithm for lithium ion batteries from a discharged state
is by first charging them with a constant current (CC) and then when their terminal
voltage reaches their top voltage, charging them with a constant voltage (CV). This is
commonly referred to as a CCCV charging profile. Since the intelligent battery does
not have the ability to regulate the module terminal voltages on the sub-millisecond

time scale, a true CV charging step is not possible. However, a pseudo-CV charging
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step is possible and a flow chart of the constant current, pseudo constant voltage

(CCpCV) algorithm that is implemented in the master is show in Fig. 2.24.

During the pseudo-CV phase of charging, the intelligent battery remains in current
control mode. As soon as the voltage of one of the modules reaches a threshold value,
the charging current is reduced by Iapcy = 0.5 A. This is shown by the block called

“Decrease charging current by Iapcy A” in Fig. 2.24. The voltage threshold is computed

by:
mkin{AVjcop,k’} < AV:cop,limit—cc (227)
where:
AV;op,k = Wop— max,k — VBat,k (228)
A‘/t-op,limit-cc = 0.050 V. (229)

Viop-max k18 the maximum top voltage of the module £k, and Vg, i is the terminal

voltage of the cells connected to module &.

Once the charging current reaches a minimum current, /,cvmin, then the charging

rate is limited by time and a minimum module threshold value defined by (2.30):

mkin{A‘/top,k} < A‘/top,lilrnit—cv (230)

where:

A‘/;;op,limit—cv =0.0 V. (231)
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All of the parameters that are used to define the CCpCV charging profile are easily
modified in the intelligent battery and can be customized for the type and number of

cells installed in each module.

2.6 Summary and discussion

Mechanically, the ability to easily replace individual cells throughout the pack is made
possible through the innovative module design. However, this design will introduce
increased conduction losses as compared to a conventional pack design, whose cells
are normally welded together. A break down of these conduction losses are presented
in Section 3.2.3. Conduction losses could be reduced by increasing the quality of the
spring contacts, but at a cost.

The hot-swappable modular design of the intelligent battery pack is also an innova-
tive approach to battery pack construction. The intelligent battery pack designed in
this chapter is based on modules that contain cells in parallel. However, the modules
could easily be small battery packs themselves to increase the scalability of the system,
especially if such a design was implemented for a much larger battery pack (greater than
300 V, 10 kWh). This modular design introduces the idea of battery pack maintenance,
where packs could be repaired instead of replaced when a series connected energy
storage device fails. The ability to repair battery packs would be very advantageous
for companies who must maintain battery packs in remote areas. Technicians could
carry many small modules with them that would facilitate the repair of many battery
packs, instead of carrying a single battery pack to replace in the event of a failure.

The dual communication channels to the modules solves the need for a real time
synchronization signal and a data bus between the modules and the master. The
CAN bus can provide the bandwidth necessary (up to 1 Mbps) to monitor all of the

states of the modules with ease. Its inherent master-less architecture will be ideal



2.6 Summary and discussion 77

for future work that dissolves the need for master control. The sync and control
signal is an elegant solution to provide two pieces of information with a single wire:
1) a synchronization pulse, and 2) a regular digital value for precise control actions.
By choosing a digital delivery mechanism for the control action, the system is more
immune to noise. Granted, the dual communication channels increase the system
complexity and cost, but for a research grade battery pack, this was an acceptable
trade-off. Furthermore, with both communication channels now in place, different
intra-pack communication architectures may be investigated.

The intelligent pack has been built with research in mind and thus almost every
variable in all of the modules and the master can be modified using a the serial, CAN,

or WiF'i interface.






Chapter 3

Intelligent battery simulation and

experimental results

Chapter 2 introduced the intelligent battery design. In this chapter, results are
presented from the simulations and laboratory testing of the device. The results
indicate the improvements made possible by additional power electronics in multi-cell

battery packs.

3.1 Simulations

The intelligent battery pack was simulated in MATLAB’s Simulink environment using
two different models: a switched model and an averaged model.

The switched model was used to design the voltage controller, C, (s), of Fig. 2.11.
This model takes into account the delays in the communication network and models
the switching actions of all 24 modules.

The averaged model was used to design the SOC controller, Csoc (s), of Fig. 2.11.
The averaged model does not simulate any of the high frequency actions and therefore,

can run hundreds of times faster than the switched model. Using battery models
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available in the Simulink environment, the charge and discharge characteristics of the

intelligent battery pack can be simulated.

In both models, the 24 cell capacities were randomly generated using MATLAB’s
pseudo random number generator. The equation for each module’s capacity is shown

below:

Cr = 10.0 + X, x 10.0, (3.1)

where:

Xy~ (0,1). (3.2)

Equation (3.2) defines X, as a uniformly distributed random number between 0

and 1. Therefore, the capacities of the simulated modules varied between 10 Ah and

20 Ah.

Simulation Parameters

Unless otherwise stated, the parameters listed in Table 3.1 were used throughout the

simulation study.

3.1.1 Switched model

The switched model was used to verify the operation of the intelligent battery pack at
the millisecond time scale. It was used to design and tune the output voltage controller,

C, (s).
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Table 3.1: Parameters used throughout the simulation study of the intelligent battery pack.

Description Parameter Value
Module capacities C 10.0 + X, x 10.0 Ah
Module inductance L. 10 nH
DC resistance of module inductor R 2.4 mS)
Output capacitance Cout 2200 pF
Switching frequency fs 20 kHz
Switching period T 50 ps
On resistance of module MOSFETs Rps_on 0.72 m(2
Number of modules M 24 modules
Nominal module voltage Viom 3.6V
Output voltage reference Vier 48 V

DC Duty cycle

At the millisecond time scale, some of the dynamic variables of the system can be
assumed to be constant over a few seconds to simplify the model. The switched model
assumes each module’s dc duty cycle and phase shift can be treated as constant for
these simulations and were calculated at the start of the simulation.

The dc duty cycle for each cell was calculated using the nominal voltage of the
cells, the desired reference voltage, and the requirement that each cell is discharging in
proportion to its capacity. Therefore, for a string of modules with a current of Iy ing
flowing through them, we can start to write some equations about the system. The

current through each module will be proportional to its capacity, therefore:

I, =G Cy, (3.4)

where (G is a constant of proportionality. The output voltage of the string of modules

is:
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M
‘/out = ‘/ref = Vnom ZDz (35)

i=1

Finally, the duty cycle of each module can be related to each module’s current:

I, = Dk]string (36)

Using equations (3.4) and (3.6), a expression for Dy /C}, is obtained:

Dy, G
=L = 3.7
Ck Istring ( )
Solving (3.7) for Dy, and substituting the result into (3.5) yields:
G M V;“ef
C; = 3.8
[stm'ng i=1 Vnom ( )

Finally, we can use (3.7) and (3.8) to find an expression for Dy, the dc duty cycle

for the k™ module:

Viep - Ck

Dy= -tk
g Vnom : Elj\il Oz

(3.9)
Equation (3.9) was used to calculate the starting duty cycles of each module for
the switched model simulations.

Phase shift

The output voltage ripple can be greatly reduced by phase shifting the modules with
respect to each other. The modules in the intelligent battery pack were spaced evenly

in time throughout the switching cycle. This is represented by (3.10):

OIS 271']\]2 (3.10)
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Table 3.2: C, (s) Control parameters.

Parameter Value
K,, 1.0e-3
K, 0.2

where ¢;, is the phase shift of the £'" module in radians.

Time delay modelling

In the experimental version of the intelligent battery pack there are non negligible time
delays in the voltage control loop that must be modelled in order to accurately model

its behaviour, as described in Section 2.5.1.

In the switched model of the intelligent battery pack, the sampling and commu-
nication delay was implemented with delay blocks, for a total delay of 1.5 x Ts. The
variable delay caused by the different phase shifts of each module that will introduce
another delay of 0.0 x T's to 1.0 x T was accurately modelled with sample and hold

blocks triggered by each module’s gating signal of Qg.

Results

The voltage controller was implemented with a simple proportional integral controller
(PI). The continuous time version of the controller implemented in MATLAB is shown
in (3.11).

Kiv
Cy () = Kpo+—

(3.11)

The gain values used in the controller were designed in the previous chapter, but

are repeated here in Table 3.2 for convenience.
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Fig. 3.1 shows the simulation results of two circuits undergoing a series of load
changes: 1) the 24 module intelligent battery pack and 2) an equivalent half bridge
converter with the same controller as shown in Fig. 2.15. At 400 ms, the load is
increased by 100% from 12.5 A to 25 A. At 800 ms, the load is decreased by 50% from
25 A to 12.5 A. At both load transitions the natural frequency of the module inductors
and the output capacitor is excited. This is largely due to the very large inductor
designed for the intelligent battery and the very low impedance of the inductors and
switches that would dampen this oscillation. A more advanced control technique could
be employed to reduce these deviations from the reference value of 48 V, however this

is not the focus of this work.

As expected, both models are nearly identical in their simulation results, validating
the simplifications of Fig. 2.15 where the intelligent battery pack was modelled as a
single half bridge switching network in order to simplify controller design. The largest
difference between the two simulations is the voltage and current ripple. The phase of
each module of the intelligent battery pack was phase shifted according to (3.10), and
this has the effect of reducing the output voltage ripple, as shown in the inset graphs
of Fig. 3.1.

3.1.2 Averaged model

The averaged model was used to verify the operation of the intelligent battery pack
at the minute time scale. It was also used to tune the SOC controller, Csoc (s). The
continuous time version of the controller implemented in MATLAB is shown in (3.12)

and the values of the controller are shown in Table 3.3.

K; soc

CSOC (S) = Kp’soc + (312)
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Table 3.3: Csoc (s) Control parameters.

Parameter Value

Kp,goc 1.0
Ki,SOC 1.0e-3
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In the following simulation of the averaged model, a simulated intelligent battery
pack was subjected to a + 25 A current whose polarity changes when any one of the
modules reaches its terminal voltage limits. For the simulation, the lower limit was
set to 3.1 V and the upper limit was set to 4.1 V. The intelligent battery pack was
initialized with 24 random capacities as defined in Table 3.1; the initial SOC of each

module was defined by (3.13):

SOC, = 25 + X, x 50. (3.13)

Capacity regulation

In this simulation, a 24 module intelligent battery pack was initialized with 24 random
capacities as defined in Table 3.1. The state of charge of each module at the start
of the simulation was randomly calculated using (3.13). Each module was unaware
of its random capacity and thus they were all initialized to the same duty cycle,
D; =48/ (3.6 x 24) = 0.56. The SOC controller used only the cell’s local terminal
voltage and subtracted the average terminal voltage of the pack for its error calculation.

Fig. 3.2 shows how the states of intelligent battery pack evolved over the course of
the simulation, driving the SOCs of the modules to a state of synchronization. In the
top plot, the total amount of energy delivered to the load was also calculated and as
expected, this amount grows each cycle until all of the SOCs were synchronized.

Fig. 3.3 compares the normalized capacities and normalized ending duty cycles
from the modules simulated in Fig. 3.2. As expected, the normalized duty cycles were
all almost perfectly equal to the normalized capacities. Discrepancies exist due to the
component loses which were not modelled in determining each module’s Dy, using (3.9).
These results are very good considering the SOC controller used only the terminal

voltages of the local cell and the average terminal voltage of the pack in its calculations.
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Fig. 3.2: Simulation results of a 24 module intelligent battery pack under a 425 A load. Each
module is initialized with an initial duty cycle of 0.56 and is connected to a battery cell of
random capacity as described in Table 3.1.
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3.1.3 Limitations

Capacity spread

The steady state duty cycle of each cell was calculated using (3.9) and is repeated
below for convenience. However, because the duty cycle of each module must remain
within the limits of Dy, € (0, 1], in a practical system, this places a limit on the spread

in module capacities.

Vier - Ck
D,=—— 3.14
g vnom : @'J\il Cz ( )

For example consider a pack with the following capacities, output voltage, and

nominal voltage:
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10
C=|1 (3.15)
1
Viep =6V (3.16)
Vinae =42V (3.17)
Viom = 3.6 V (3.18)
Vipin = 2.8 V (3.19)
The calculated duty cycles are:
1.39
D= 10.14 (3.20)
0.14

Clearly, this set of duty cycles is invalid because D; is greater than 1. Using (3.14),

a boundary condition for the capacities can be derived:

Vnom Zi\il Oz

max{C;} < %
ref

(3.21)

Equation (3.21) is only valid at V,,,, whereas this equation must hold at any
operating point along the voltage curve of the battery cells being used. Despite this

caveat, (3.21) is a good starting point when designing a system.

The only way to remain within the bounds of (3.21) for a given set of capacities,
is to adjust V,..;. Lowering the output voltage of the intelligent battery pack relaxes
the bounds. Using the capacities of (3.15) and the worst case cell voltage, Vi,in, the

maximum V,.; that can be achieved with that combination of cells can be determined:
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2.8(10+1+1)
‘/;"ef

10 < (3.22)

Vies <3.36 V (3.23)

Using the value for V. calculated above, the new duty cycles in the worst case

scenario are:

1.00
D= 0.10 (3.24)

0.10

Changing the voltage reference to 3.36 V as calculated with (3.23) results in a
system which discharges all three cells in proportion to their capacities, but a system
where the output voltage of the pack is significantly lower that simply connecting the
three cells in series. In a real system, this type of extreme case should be avoided by
replacing the under performing cells. Alternatively, if confronted with a system as
specified by (3.15), a different control algorithm could be applied. The new control
algorithm could discharge the cells at the same rate to yield the maximum possible
output voltage. When cells 2 and 3 are discharged, they can be bypassed until cell 1 is

completely discharged.

The only way to discharge all three cells of (3.15) in proportion to their capacities
while maintaining a higher output voltage than calculated with (3.23) is to change the
topology of the intelligent battery pack. Implementing each module with some type of

buck-boost topology would solve the low output voltage issue.

Despite the low output voltage calculated with (3.23), the intelligent battery would

be able to extract all of the energy out of this three cell pack. Using this pack in a
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standard configuration, without any cell balancing during discharge, would mean that

only 25% of the energy in the pack would be accessible during a single discharge.

3.1.4 Discussion

The averaged and switched models of the intelligent battery have demonstrated the
theory of its basic operation. The switched model confirmed that the controller design
of Section 2.5 will provide basic voltage regulation. The controller itself could be
improved with more advanced controllers; notwithstanding, the approach presented is
a simple, efficient solution.

The averaged model demonstrated that even with a simple PI controller operating
on the terminal voltages of the battery cells, the SOCs of a random pack of cells can
be well synchronized. The controller took a number of cycles to settle to the correct
duty cycles as shown in Fig. 3.2. However, once the cells are synchronized, they will
remain perfectly balanced. Therefore, this momentary loss of synchronization will only

be temporary.

3.2 Experimental results

This section will highlight some of the experimental results conducted with the intelligent
battery. Two intelligent batteries were constructed: a blue one and a yellow one, where
the colour refers to the colour of the 3D printed parts. Fig. 3.4 shows a photo of both
intelligent batteries in the lab.

The yellow intelligent battery was fully populated with new 18650 battery cells
from Samsung, model number: INR18650-25R [108]. They have a nominal capacity
of 2.5 Ah per cell, thus the yellow pack can store a total of 1728 Wh of energy. The

blue intelligent battery was populated with 48 recycled 18650 cells, 2 cells per module,



92 Intelligent battery simulation and experimental results

PC Running
Python Server

\ &

=EA Power Supply

Intelligent Battery
= .
with Recycled Cells

AN |
AN
A LN
AN
AN

EA Electronic Load

Fig. 3.4: Photograph of the experimental set-up with the main components highlighted. The
non-highlighted intelligent battery in the background is populated with new cells.
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Fig. 3.5: Schematic of the experimental set-up to test the intelligent battery packs.

recovered from old devices. A full list of the recovered cells is shown in Table 3.4. The

blue pack’s total energy storage capability was 228 Wh.

3.2.1 Set-up

Both intelligent batteries were connected to a power supply and load for cycle testing.

Fig. 3.5 shows a schematic drawing of the test set-up for each intelligent battery.

The power supplies used were both from Elektro-Automatik, model numbers EA-PSI
9080-60 DT (yellow) and EA-PSI 9200-25 DT (blue). The loads were also from Elektro-
Automatik, model number EA-EL 9200-70B. The PSUs and loads were integrated with

a server running on the PC so that they could be controlled and monitored.

The server was written in the Python programming language and was the main
interface between the intelligent batteries and the user. Fig. 3.6 shows a screen shot of
the graphical user interface (GUI) which was used to interface with the battery packs.
The server lists all of the values of each module and the overall system values. At the
bottom of the interface, values of the equipment are shown. All data displayed in the

GUI was saved to binary files for further analysis.
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#L Brill Power Battery Server = | B |
psuU ~ Load ConFIEUFSTION
SErver COnTroLS  psy address:[ASRL19:INSTR
Start Load Address: [ASRL18:INSTR
Stop Battery ID: 2 -
barTery monmar

Battery ID: 1 Battery ID: 2

Master Data: Master Data:
Vsys Vsys out Isys Vripple AC Duty Vsys Vsys out Isys Vripple AC Duty

417 478 -12.4 -0.824 0.001 466 0.1 02 0824 0.000

Module Data: Module Data:
# Vbat Ibat That Tpwr socC Duty # Vbat Ibat That Tpwr socC Duty
1 3.850 438 389 389 78 0.385 1 4.031 -0.08 281 281 89 0.488
2 3.784 6.29 414 414 74 0.525 2 4073 -0.08 276 276 92 0.485
3 3.787 6.63 421 421 74 0.549 3 4.077 -0.08 29.0 28.0 92 0.483
4 3.748 6.58 425 425 72 0.545 4 4.083 -0.07 29.8 298 93 0.484
5 3.825 6.09 4.9 419 v 0.505 5 3.948 -0.08 285 285 84 0.497
& 3.828 6.18 422 422 n 0.520 B 3.961 -0.04 284 284 85 0.497
7 3.663 7.53 382 382 66 0.602 7 3.981 -0.04 279 279 86 0.494
8 3.748 6.00 40.0 40.0 72 0.505 8 3.954 -0.05 283 283 85 0.499
9 3.766 5.75 40.8 408 73 0.466 9 3.975 -0.03 285 285 86 0.497
10 3.748 8.48 422 422 72 0.693 10 3.971 -0.02 281 281 86 0.497
11 3717 711 441 441 70 0.574 1" 3.976 -0.00 2845 2845 86 0.497
12 3.748 587 438 438 72 0.472 12 3.972 0.00 288 288 86 0.498
13 3744 567 450 450 72 0.457 13 3.987 0.01 288 288 87 0.497
14 3794 6.30 46.0 46.0 75 0.505 14 3.963 0.01 288 288 85 0.498
15 3.738 6.07 42.4 42.4 7 0.509 15 3.966 0.00 282 282 85 0.497
18 3.742 6.03 427 427 Il 0.502 16 3.886 -0.01 2845 2845 80 0.504
17 3.835 5189 427 427 n 0.433 17 3.891 -0.02 286 286 81 0.503
18 3801 7.46 432 432 75 0.616 18 3.900 -0.02 279 279 81 0.503
19 3.829 5.62 46.2 46.2 v 0.463 19 3.963 -0.03 288 288 85 0.496
20 3.833 5.86 46.5 465 v 0.489 20 3.948 -0.04 288 288 84 0.496
21 3723 7.36 44.4 44.4 70 0617 21 3.971 -0.05 284 284 86 0.494
22 3.826 6.13 448 448 n 0.505 22 3.902 -0.08 29.0 29.0 81 0.505
23 3.827 5.94 439 439 v 0.493 23 3.895 -0.05 284 284 81 0.502
24 3735 6.24 407 407 71 0.528 24 3.896 -0.08 282 282 81 0.502

Average Module Data: Average Module Data:
Averages| 3.776 6.27 428 428 74 0.518 | Averages| 3.965 -0.04 285 285 85 0.496
Equipment Data: Equipment Data:
Equipment Voltage Current Power Equipment Voltage Current Power
PSU: 47.99 1277 613.00 PSU: 0.00 0.00 0.00
Load: 47.91 0.00 0.00 Load 0.00 0.00 0.00

Fig. 3.6: Screen shot of the graphical user interface used by the Python server.

Fig. 3.4 shows an annotated photograph of the experimental set-up used to cycle
both intelligent batteries. In the foreground is the blue intelligent battery populated

with the cells listed in Table 3.4.

3.2.2 Transient experiments

A number of transient experiments were conducted to verify the operation of the
intelligent battery under the most interesting operating conditions: load steps, and
module insertion and removal. For all experiments in this subsection, three Agilent

N2891A differential voltage probes captured pertinent traces around module number



3.2 Experimental results

Table 3.4: List of cells used to populate the blue intelligent battery.

Module Cell 1 Cell 2 Total
Number (Ah) (Ah) (Ah)

1 1.86 1.89 3.74
2 1.87 1.88 3.75
3 1.89 1.61 3.49
4 1.88 1.88 3.76
5 1.09 1.01 2.09
6
7
8

1.02 1.08 2.10
1.06 1.08 2.14
1.20 1.21 241

9 1.15 1.19 2.34
10 1.16 1.10 2.26
11 1.27 1.15 241
12 1.26 1.26 2.51
13 1.25 1.26 2.50
14 1.26 1.25 2.51
15 1.23 1.24 2.48
16 1.27 1.27 2.53
17 1.27 1.27 2.53
18 1.27 1.27 2.53
19 1.23 1.23 247
20 1.28 1.28 2.57
21 1.28 1.28 2.57
22 1.81 1.72 3.52
23 0.95 1.11 2.06
24 1.02 1.11 2.13

Average: 2.64
Standard Deviation: 0.55




96 Intelligent battery simulation and experimental results

Master <((i)))

Dyuck MCU

;

Cout

" J

O —
Module 24

CH3, ac
e

-
#

o

Fig. 3.7: Schematic showing the four
probe placements (CH1, CH2, CH3,
and CH4) used throughout the mea-
surements of the transient experi-

ments.

(@)
==
[ e
(@]
==
N

Module 1

Backplane

o

17 and a Fluke i310s ac/dc current clamp captured the output current of the intelligent
battery pack. Positive current is out of the intelligent battery pack. The probes were
placed according to Fig. 3.7. The output voltage of the intelligent battery pack was set
to 48 V for all experiments. In some descriptions, individual components are referenced,

please use Fig. 2.4 as a guide.

Load step

The behaviour of the intelligent battery’s output voltage under various load steps are
shown in Fig. 3.8 and Fig. 3.9. The load step was created by turning the output of the
electronic load on and off while the intelligent battery regulated the output voltage
to 48 V. In all scenarios, the output voltage remains within reasonable bounds, the
worst case occurring during a 12.90 A load decrease shown in Fig. 3.8(b). In this case,
a voltage overshoot of about 3 V occurs during the load step, representing a 6.25%

overshoot.
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(a) 298 W, 6.23 A load decrease (b) 616 W, 12.90 A load decrease

Fig. 3.8: Output voltage and output current responses to various load decreases to zero.
Channel 4, top, magenta, is the output current. Channel 3, bottom, blue, is an ac coupled
trace of the output voltage. Time scale: 20 ms per division.
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(a) 298 W, 6.23 A load increase (b) 616 W, 12.90 A load increase

Fig. 3.9: Output voltage and output current responses to various load increases from zero.
Channel 4, top, magenta, is the output current. Channel 3, bottom, blue, is an ac coupled
trace of the output voltage. Time scale: 20 ms per division.
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Module extraction during discharge

Fig. 3.10 shows the voltage traces around module 17 and the output during an extraction
event of module 17. Channels 1 and 2 show the switching action of module 17, which
is occurring at 20 kHz and therefore cannot be discerned at the zoom level of Fig. 3.10.
However, as soon as the module is extracted, the output current drops, along with the
output voltage. This is because the positive output voltage provided by module 17 was
extracted from the pack and was replaced by a slightly negative voltage of the bypass
diode, D;7, turning on and taking over the current flow. The initial 2.5 A drop in the
output current is due to the large output capacitance of the electronic load charging
the large output capacitance of the intelligent battery at the moment when module 17
is extracted. About 110 ms after the extraction event, there was a small overshoot in
the output voltage. This occurs because the relay closes and the voltage drop across
D17 was reduced to ~ 0 V. Despite the different currents being provided by the pack,
Fig. 3.10(a) and Fig. 3.10(b) show that the transient response at the output is almost

identical in both cases.

What was also crucial in this experiment was that the voltage across the module does
not exceed 13.2 V, the maximum varistor voltage of the transient voltage suppressor
located on the output of the module. As expected, the output voltage of the module
did not reach 13.2 V, or even the minimum varistor voltage of 8.8 V, due to the bank
of capacitors, C5y, used for the auxiliary 5 V dc to dc converter as described in Section
2.3.8. In addition to C5y, the energy in the inductor is also absorbed by the diode
which connects the output of the module to Csy and the body diode of @, 17 which
together form the discharge path of L,, right after the extraction event. This also
explains why the output voltage across module 17 after the extraction event remained

well within limits.
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(a) 208 W, 6.22 A load (b) 616 W, 12.912 A load

Fig. 3.10: Waveforms measured around module 17 during extraction under various discharging
conditions. Channel 1, yellow, is the voltage across the backplane slot of module 17. Channel
2, green, is the voltage across the output of module 17. Channel 3, blue, is an ac coupled
trace of the output voltage. Channel 4, magenta, is the output current. Time scale: 20 ms
per division.

Module insertion during discharge

Fig. 3.11 shows the voltage traces around module 17 and the output during an insertion
event of module 17. In both current loads, there is an almost identical output voltage

overshoot of 0.5 V when module 17 started gating again.

Module extraction during charge

Fig. 3.12 shows the voltages around module 17 during extraction under various charging
currents. These waveforms were important to analyse to ensure that none of the voltage
ratings of any of the devices were exceeded during these extraction events. During
charge, the current through the pack is abruptly interrupted, thus the inductors of the
23 other modules that are still in the pack will cause an increase in voltage around the
module that is being extracted. It is important to keep this voltage to a minimum for
two reasons: 1) to avoid component damage - the bypass diodes Dy are rated to 45 V,
and 2) to avoid arcing as the module is physically removed from the backplane.

As shown in Fig. 3.12, the voltage across the module 17’s slot on the backplane

spiked to about 25 V in both scenarios. 25 V is right in between the minimum (22.8 V)
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IS0 20144, MY51450311
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(a) 208 W, 6.23 A load (b) 616 W, 12.91 A load

Fig. 3.11: Waveforms measured around module 17 during insertion under various discharging
conditions. Channel 1, yellow, is the voltage across the backplane slot of module 17. Channel
2, green, is the voltage across the output of module 17. Channel 3, blue, is an ac coupled
trace of the output voltage. Channel 4, magenta, is the output current. Time scale: 20 ms
per division.

and maximum (33.2 V) varistor voltage for the backplane transient voltage suppressor,
and thus it performed its desired function. The voltage remained higher than normal
as the rest of the modules continued gating, trying to “charge” module 17. The slight
overshoot in output voltage seen about 180 ms after the extraction event was mainly
due to the voltage controller taking over from the current controller to raise the output
voltage of the pack. By raising the output voltage and closing the output MOSFET
Qout, & current surge into the modules is prevented when the relay, RLY}7, closes.
The relay closing event and the resumption of charging was not captured in Fig. 3.12.
The resumption of charging occurs about 4 s after an extraction event and the charge

current is ramped back up to its former value.

Module insertion during charge

There are no interesting transient events during a module insertion when the intelligent
battery is charging. Upon detection of a module insertion, the intelligent battery will
stop the current charging process, turn on the inserted modules, and then resume the

charging process.
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Fig. 3.12: Waveforms measured around module 17 during extraction under various charging
conditions. Channel 1, yellow, is the voltage across the backplane slot of module 17. Channel
2, green, is the voltage across the output of module 17. Channel 3, blue, is an ac coupled
trace of the output voltage. Channel 4, magenta, is the output current, which is abruptly
interrupted when a module is extracted during charge. Time scale: 20 ms per division.

3.2.3 Efficiency

Efficiency measurements for the intelligent battery are non-trivial since each module
has its own power source, the battery cells, thus one would need to monitor the input
power on each module and compare it to the output power. As a compromise, the
efficiency of the intelligent battery was calculated by first analysing a module at various
operating currents and then measuring the conduction resistances through the battery
pack to determine the overall system efficiency.

The efficiency calculations include the losses for all of the control and communication

hardware, thus, are a true measure of system efficiency.

Module efficiency

The module’s efficiency was determined with the help of a test rig, which consisted of a
number of power resistors connected in parallel that can be connected and disconnected
from the output of the module. Fig. 3.13 shows an annotated photograph of a module

undergoing an efficiency test.
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Fig. 3.13: Annotated photograph of a module undergo-
ing an efficiency measurement.

The input voltage to the module was measured using an Agilent N2894A oscilloscope
probe which was connected directly to one of the cells via a Kelvin voltage connection.
The input current to the module was measured using an Agilent N2894A oscilloscope
probe which was connected to the output of the module’s hall effect battery current
sensor: Allegro MicroSystems’ ACS7T11EEXLT-31AB-T. The output voltage was
measured using an Agilent N2894A oscilloscope probe across the output of the DIN
connector on the test rig, thus the losses of the DIN connectors were taken into account.

The output current was measured using an Agilent N2783B current probe.

An Agilent MSO-X 2014A oscilloscope was used to obtain all of the measurements
during the efficiency tests. For each measurement, two values were taken: the average
value and the ac rms value. The average input power was added to the ac rms input
power to calculate the true input power. Likewise, the average output and ac rms

output powers were summed together to yield the true output power.

Efficiency measurements were taken at 5 current points and the duty cycle of the
module was adjusted so that it provided an average voltage of 2 V at the output.

This is because if it were working in the intelligent battery pack, each module would
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Fig. 3.14: Module efficiency for various output
powers.

contribute 2 V to the output to generate the desired 48 V. The nominal voltage across
the cells was about 3.6 V.

Fig. 3.14 plots the module efficiency for various output powers. The peak efficiency
that occurred was 92.1% at an output power of 22.4 W. The efficiency drops sharply
at the low power range because the power that was required to power the module’s
electronics becomes increasingly dominant. The power consumed by the module’s

electronics was measured to be 0.61 W when the gating of Qg and ()1, was off.

Losses in the pack

Resistance values for different parts of the pack were measured by measuring the voltage
across the different parts while applying a current of 0 A to 13 A in 1 A increments.

The resistance of a backplane was measured by first removing all of the modules
from one backplane. The voltage across the backplane was measured, along with the
voltage across one of the relays. The resistance of the relays were discounted from the
measured resistance across the backplane to yield the resistance a backplane would
introduce if it were fully populated with modules. Table 3.5 lists the results.

The resistance between the (+) output terminal of the battery and the top most

backplane is significantly higher than the resistance between the (-) output terminal of
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Table 3.5: Measured resistances inside the intelligent battery pack.

Description Value

Resistance of each backplane and wiring 1.40 m$2
Resistance between the (+) output terminal 11.28 mS?
of the battery and the top most backplane

Resistance between the (-) output terminal of ~ 1.44 m(2
the battery and the bottom most backplane
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Fig. 3.15: Efficiency of the intelligent battery
pack.

the battery and the bottom most backplane because of an additional output MOSFET,
shown as Q¢ in Fig. 2.4, which was used to disconnect the intelligent battery from a
load (5.5 mf), output fuse (2.06 m2), current sensor (0.18 mf2), and generally smaller

tracks through these components on the Master PCB.

Overall system efficiency

The results of Fig. 3.14 and Table 3.5 can be combined to yield the overall efficiency of
the intelligent battery pack, as shown in Fig. 3.15.

The overall efficiency of the system was good, especially considering the plot of
Fig. 3.15 includes all of the losses in the system, including the losses associated with
powering the logic circuits. The losses were dominated by the modules, as shown in the

stacked bar chart of Fig. 3.16(a). The losses of the pack, which include the PCB traces



3.2 Experimental results 105

120 T T T T T 4 T T
[ 1(-) losses [ JUnaccounted
[ (+) losses 35 |[CLogic power
100 + | Backplane losses [Fuse
[ Master logic power [ Bottom PCB contact
I Module PE losses 3 | Top PCB contact
I Module logic power I Current sensors
8or I MOSFETs
— 251
z ~ I (nductor
2 5
2 60t 5 2
—
z £
A~ 151
40
1 |
20
0.5
0 0
214 386 585 840 986 214 386 585 840 986
Output Power (W) Output Power (W)

(a) Breakdown of power losses in the intelli- (b) Breakdown of the power losses in a mod-
gent battery pack. ule.

Fig. 3.16: Stacked bar charts of the power losses in the intelligent battery pack and a module.

of the backplanes and master board and all of the power interconnections between the
backplanes and master board, were very small in comparison.

Fig. 3.16(b) breaks down the losses of a single module in more detail. There is a
portion of power losses that was not accounted for, 7% to 13%, due to a few sources

that have not been addressed:

o switching losses,

« conduction losses on the PCB, in particular between the bottom PCB and module

PCB, and

« conduction losses from the top PCB to the aluminium threaded rod.

The last item on the list is particularly important as this connection point is one of
the bottlenecks of conduction. Fig. 3.17 shows the top PCB disassembled from one of
the modules, with the aluminium nut which secures it in place resting on the PCB. All

of the current which flows through the battery cells must travel from the PCB through
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Fig. 3.17: Close up photograph of the top PCB disas-
sembled, with aluminium securing nut placed on top.

the nut and then down the threaded aluminium rod. The contact surface between
the nut and PCB is not ideal, shown by the more polished and reflective area of the
pad B1, which is only a small circle around the hole. In addition, the nut will only
engage a few threads with the rod when it is in place. In practice, the top PCB heated
up considerably if the nut is not fixed tightly enough and some modules were more

susceptible to heating than others.

The module MOSFETs are the least lossy components in the module, as shown in
Fig. 3.16(b). This shows that the additional hardware of the modules has introduced
losses that should be minimized during the next design iteration of the intelligent
battery. As another comparison, the losses in all of the “power electronics equipment”:
MOSFETS, inductor, and current sensor, is almost the exactly the same as the losses in
the “connection equipment”: fuse, top PCB connection, and bottom PCB connection.
The connection equipment was expected to add to the power loss, and designing it to
be equivalent to the power electronics equipment is a good result. In a real system,
the connection equipment losses could be almost entirely eliminated. The module level
fuse is highly redundant in the intelligent battery and a real system would weld battery

cells together, instead of using spring contacts.
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In summary, the efficiency of the intelligent battery pack was very satisfactory
given that this design was designed for research. The hot-swappable nature of the
mechanical design and extra fusing at each module have contributed heavily to the
power losses. Furthermore, all MCUs in the intelligent battery are high performance

MCUs, and none of their power saving features were implemented.

3.2.4 SOC synchronization

For these experiments, the settings in Table 3.6 were used.

Table 3.6: List of settings for each intelligent battery for the SOC synchronization experiments.
See Fig. 2.24 for a graphical representation of the values.

Setting Description Yellow pack Blue pack

Tcharge,max Maximum charging current (A) 12.5 4.0

Inpcv Charging current step during pCV 0.5 0.25
charging (A)

IApcV,min Minimum charging current during 2.0 2.0
pCV charging (A)

Toov Charging timer expiry (minutes) 30 30

AVioptimit-cc Reduce current threshold (V) 0.050 0.050

AViop limit-cv  Stop charging threshold (V) 0.0 0.0

New cells, yellow pack

Fig. 3.18 shows the time evolution of the yellow pack with new cells installed. The
two cycles shown are the first full cycle after the batteries were installed and the 10}
full cycle.. The intelligent battery did a good job at keeping the cell voltages in sync,
however this could be improved. The duty cycles during the first cycle were a bit more
noisy during charge than the subsequent charge cycle due to the controller and filter
used at the time. It was tuned slightly to yield the more “smooth” duty cycle traces of

the subsequent charge cycle.
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It is important to remember that the modules had no prior knowledge of the cells
that were installed and were simply operating to match their terminal voltage with
the average terminal voltage of the pack. During the first cycle, the cells started with
different terminal voltages, as is shown by the voltage error plot during the first hour.
1.3 kWh of energy was delivered to the load during this first cycle. Conversely during
the subsequent cycle shown, the voltage error during this time period (hour 6 to 7),
was much lower and 1.4 kWh was delivered to the load. In both cycles, the SOC
controller struggled to maintain synchronisation near the bottom voltage. This is
because the voltage would have been changing very rapidly at this point, especially
with the constant power load that was applied. During the very short rest period
shown, the the module voltages recover to different values shortly after the 6 hour
mark. Although this indicates there is more energy left in some cells, they are all
practically exhausted. In order to extract the maximum amount of energy from the
pack, it is more important that the module voltages reach the “roll-off” point near the

end of the cycle at the same time.

In a well matched pack with new cells, the intelligent battery pack topology would
not increase the amount of energy that can be delivered to a load. However, as the
cells age, the intelligent battery pack topology would enable the extraction of all of the

energy from all of the degraded cells, as will be shown in the next subsection.

Recycled cells, blue pack

The enhanced performance of the intelligent battery pack is much more noticeable
when used with recycled cells, as was done with the blue pack. Fig. 3.19 shows the
time evolution of the system after two consecutive full cycles of the pack. During the
first full cycle, the SOC controller was on and the pack delivered 142 Wh to a 334

W load. In the next cycle, the SOC controller was turned off and all of the modules
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Fig. 3.18: Time evolution of the module cell voltages, module voltage error,
and module duty cycles through two complete charge and discharge cycles
of the intelligent battery with new cells.
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output the same duty cycle. In this scenario, the pack was limited by its weakest cell
and could only deliver 97 Wh to the 334 W load. In the following cycle, which is not
shown, the SOC controller was turned back on and the battery delivered 144 Wh to a
192 W load.

This experiment clearly shows the effectiveness of adding power electronics to a
battery pack to take advantage of all of the energy storage potential of all of the
individual cells. Furthermore, although simplistic in nature, the SOC controller was
able to take advantage of most of the energy storage potential without any prior
knowledge of the cells. Therefore, packs of recycled cells of the same chemistry can be
quickly assembled, without having to fully characterise all of the cells within.

Fig. 3.20 shows the normalized duty cycle distribution within the pack. The duty
cycles were calculated by taking their average values over the first three half cycles
of Fig. 3.19. The duty cycles should be proportional to the capacities, thus Fig. 3.20
suggests that further controller tuning is required. With more advanced controllers,
each module could start to learn the behaviour of the cells it is connected to and adjust
its output accordingly to optimize its performance. This will be discussed further in

the future work section of Chapter 6.

3.2.5 Discussion

The performance of the intelligent battery pack designed in Chapter 2 was verified.
The efficiency of the battery pack was quite good considering efficiency was not a
targeted design criteria for this design iteration. Furthermore, the unique ability to
hot-swap modules and easily replace cells added extra series resistance that does not
normally exist in a typical battery pack or dc to dc converter.

When using variably degraded cells, the benefits of integrating power electronics

into a battery pack are clear. In the experimental results presented here, the useful
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blue intelligent battery using recycled cells. The normalized duty cycle was
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the SOC controller was on.

capacity of the blue pack increased by 46% from 97 Wh to 142 Wh using very simple
terminal voltage control. However, in a real system that does not have a method to
variably load cells, there would not be the extra losses created by the intelligent battery
pack topology. Therefore, if the losses of the intelligent battery are taken into account,
the pack of cells without control could have provided about 107 Wh of energy. Even
still, this is not a just comparison because the intelligent battery is also providing some

power conditioning.

The performance of the SOC controller never matched the performance of the
simulation results presented earlier in this chapter. When adding a random resistance
in series with each battery cell to the simulations to better emulate the varying
resistance of the cell holder, the SOC controller performed just as well as reported in
Section 3.1. Therefore, in order to fully understand the SOC controller performance
discrepancy, a comparison of the battery model used in MATLAB should be compared
with a battery model that represents the Samsung 25R cell. Furthermore, a unique
battery model for each group of cells connected to each module should be characterised

to determine how they interact with the SOC controller.
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3.3 Summary

This chapter analysed the performance of the intelligent battery in theory and in
practice. The hardware and software designs of Chapter 2 worked as designed, enabling
low latency voltage and current control at the pack level, pack level monitoring via the
CAN bus, and hot-swappable modules.

The simulation results showed that excellent SOC synchronization can be achieved
by synchronizing the terminal voltages of all of the modules. Using only the terminal
voltage could greatly simplify BMS design, as a complex battery model would not
be required. Furthermore, it would allow the easy recombination of recycled cells
into packs, whose individual battery models would be largely unknown. However, the
experimental results showed that more work needs to be done to understand why the
same level of synchronization could not be achieved in practice.

The control strategy of the intelligent battery presented was based on a current
sinking load and a voltage controlled charging source. It is not limited to this single
operating scenario. The intelligent battery is also capable of emulating a real battery
pack, which can be connected to a bi-directional source-sink.

This chapter brings the discussion about the intelligent battery to a close. The
following two chapters will explore how the integration of power electronics into battery

packs can be simplified.






Chapter 4

Decentralised battery management

In this chapter, the possibility of a decentralised battery management system for series
connected cells with the same architecture as Fig. 2.4 is explored. However, the system
will not have any any inter-module communication, or any communication to a master
controller. A schematic of the proposed decentralized battery management system is
shown in Fig. 4.1.

In this schematic, the system is constructed out of three “smart cells”, each
containing a half bridge switching network identical to the switching network in the
modules of the intelligent battery pack. Therefore, it has the same scalability metrics
as the intelligent battery pack. Each smart cell has two distinct features that make it

different from the modules of the intelligent battery pack:

1. There exists an independent, decentralized controller in each smart cell.

2. The filter inductor in each smart cell, L., is used as a multi-purpose sensor.

The decentralized controller manages the state of charge (SOC) and monitors the
state of health (SOH) of its locally connected battery cell. This information is used to

apply a duty cycle to the switches (07, and (g, such that the connected battery cell
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Fig. 4.1: A schematic diagram of the proposed decentralised battery
management system. Each cell is called a “smart cell”.

discharges in proportion to its capacity. Discharging all cells in proportion to their

respective capacities yields two large benefits for the string of smart cells:
1. The SOC of all of the cells in the string will be synchronized.

2. Larger, healthier battery cells will be loaded more than the smaller, more degraded

battery cells, thus the pack will degrade at a more uniform rate [109, 110].

As will become clear throughout this chapter, the voltage across the small filter
inductor, vy, contains all of the information required for each smart cell to determine
its optimal switching pattern and to adjust its duty cycle to synchronize its SOC with
the other smart cells in the string. To help motivate this fact, Fig. 4.2(b) is a simulation
of a two smart cell system switching in its optimal switching pattern, with the voltage
across one of the sense inductors shown. As shown by the annotations in the figure, all
of the switching transitions were captured by the sense inductor, L,.. Furthermore,
the differences between the voltage “levels” of the voltage across the inductor captured

SOC information.
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Fig. 4.2: A simulation of two smart cells switching.

In addition to sensing, L. is used as a distributed inductor to provide output
filtering. Eventually L. could be small enough to be implemented on the trace of a
PCB, greatly reducing the cost and size of this component. The dc output to the load
requires a small filter capacitor, C,,;, whose capacitance depends on the application

requirements.

The first few sections of this chapter focus on the phase controller of Fig. 4.1.
Sections 4.2 and 4.3 discuss how all of the information required to solve this problem
can be extracted from the local v;, measurement and how the decentralised phase
controller can be implemented on low cost hardware. Section 4.4 derives the phase
controller and Section 4.5 proves the stability of the phase controller around local
minima of (4.11). This chapter concludes with the SOC controller design in Section

4.6.
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Fig. 4.3: Simulation results of a two cell battery pack operated with synchronized switching
pattern and an optimal switching pattern.

4.1 Optimal Switching Pattern

The topology of Fig. 4.1 operates in a similar manner to a multilevel dc to dc converter,
just like the intelligent battery of Chapter 2. In a similar manner to the intelligent
battery, the switching actions of all of the smart cells could be evenly spaced in time.
However, in situations where the duty cycles have large discrepancies, a more optimal
switching pattern can be achieved. This section will discuss the mathematics behind

finding an optimal switching pattern for a generalized group of M battery modules.
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4.1.1 Problem and Assumptions

Given set of M battery cells B; = {By, B, ..., By} with capacities C; = {C}, Cs, . ..,
C }, our objective is to find a set of phases, ¢; = {¢1, P, ..., dar} for the turn-on of
each smart cell which will minimize the ripple current in the local inductor L., thus

minimizing the output ripple voltage.

For simplicity, the nominal voltages of all of the battery cells will be V., = V4 =
Vo = ... = Vj, which is a reasonable assumption if the SOCs of all of the battery
cells are synchronized. The duty cycle of each smart cell can be calculated using the

following equation:

C;

Crmax

D; (4.1)

where C)yax is the maximum capacity expected amongst all of the battery cells, or

ideally, the maximum value found in the capacity array such that 0 < D; <1 for all i.

In a series string of smart cells, the voltage applied to each inductor, L., will be
identical. Thus, we can group all of the distributed inductors together into a single
inductor, L. = M L,.. The voltage across L will be determined by the sum of all of
the v; voltages of the smart cells and the output dc voltage. The output dc voltage is

given by (4.2):

< ol Cl Vnom M
V:)ut = Z Divnom = Z Civnom = C Z Cz (42)
=1 =1 MAX MAX i=1

The ac root mean squared (rms) value of the inductor ripple current can be expressed

by (4.3):

2

Itac—rms = \/;S /OTS [I (s) + 11; /: (Vout (T) = Vour) d7 | dt (4.3)
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Fig. 4.4: Output voltage, d; (t) Viom, of a smart cell with phase ¢;, duty cycle D;, and
switching period, T%.
where I (s) is the anti-derivative of (vyy (s) — Vow) /L, 7 and s are dummy variables

of integration, and ¢ is time. The variable v, (t) is defined by (4.4):

M
Vout () = D _v; (t) (4.4)
i=1
where v; (t) is the output voltage of the i smart cell as measured from the negative

terminal of the battery cell to the output terminal of the transistors, as shown in

Fig. 4.1. Therefore, vy, (t) is the output voltage of a series string of smart cells.

4.1.2 Determine I;,._;ms

In order to determine an optimal set of phase angles, ¢;, a function which describes

the output of a smart cell in terms of ¢; needs to be derived. The output voltage of a

smart cell will generally look like a periodic rectangular wave, as shown in Fig. 4.4.
Using the generalized values in Fig. 4.4, the Fourier Series representation of the

output voltage of any smart cell can be derived and it is shown in (4.5) - (4.9).

vi(t) = d; (t) Voo (4.5)
d; (t) = % + g [am- cos (27;?t) + by, sin (22115)] (4.6)

where:
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Qpi = nlﬁ (sin (27m (Dl- + %)) — sin <27m;é:>> (4.8)
b,y = nlﬁ (cos <27m%> — cos (27m (Di + %))) (4.9)

Now we can substitute (4.5) into (4.4) and solve for I7,, ...

using (4.3). It can be

shown that the result is:

[sin (mnD;) sin (mnD;) cos (71'77, (DZ- — D, + 2? — 2?))] (4.10)

Now let 6, = 27¢, /T, so that the switching angles can be measured in radians

instead of time:

B 1 (VnomT5)2 oo M M 4

Srp ) 222

2
]Lac—rms - 2
n=1i=1 j=1

m2n4

[sin (mnD;) sin (mnD;) cos (mn (D; — D;) +n (0; —60;))] (4.11)

Equation (4.11) can now be minimized to determine an optimal set ; that will
minimize the ac rms current in the inductor L. and, therefore, the output voltage

ripple in vg,;.
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4.2 Simplifying the problem

In the previous section, an expression for the ac rms ripple current in the intelligent
battery’s inductors in terms of each module’s duty cycle and phase shift was derived
in (4.11).

Examining (4.11), we see that solving for an optimal set @ to minimize I74c—pms iS
non trivial and difficult to achieve without significant computational power and global
information about the system. Therefore, in this section we present a way to identify
a set @ which will yield a satisfactory solution, with significantly less computational

requirements and in a decentralized fashion.

First, let us represent the switching action of the k' smart cell as a vector, vy, in
the unit circle as depicted in Fig. 4.5. The k'* smart cell will turn on at ), and turn
off at 0 + 2w Dy. Now define a new vector, v, which will be known as the weighted
vector, whose phase places the vector half way between the turn on and turn off times
and whose length is sin (mDy). Therefore, the phase and length of the weighted vector,

vy, are given by:

Lvy, &0, =0y + 7Dy (4.12)

lvr| = sin (D) . (4.13)

Applying the transformation described in (4.12) and (4.13) to all of the smart cells,
and summing all v, we can find the square of the magnitude of the total sum vector,

g

0> =373 sin (7 D;) sin (7D;) cos (7 (D; — D;) + 6; — 0;) . (4.14)

i=1j=1
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Fig. 4.5: Representing the switching action of the k' smart cell as a vector, with its weighted,
phase shifted vector, vj.. The switching actions of the k" smart cell are also shown as vectors

Vgp and vgy,.

Equation (4.14) has the exact same form as (4.11) when n = 1 (i.e. only the
fundamental is considered). Therefore, one control algorithm that will yield a sub-
optimal but acceptable minimum of (4.11) is to minimize the magnitude of the total

sum vector, |vg]%.

4.3 Extracting information from v;,

In order to minimize the magnitude of the total sum vector, |vg|*, found in (4.14),
the duty cycle and phase shift of every smart cell in the string is still required. This
section will show how all of the necessary information required to calculate |v4|* can
be obtained from vy, the voltage across the filtering inductor L.

As shown in Fig. 4.2(b), every time a smart cell switches in and out of the string,
this transition is captured by every sense inductor, L., in the string of smart cells.
Using Fig. 4.5 as reference, from the point of view of a single smart cell, it will see
the switching actions of the k* smart cell as two corresponding voltage transitions:
a positive voltage transition across the inductor L., depicted by the vector vy, with

switching angle 0y,; and its negative corresponding voltage transition, depicted by the
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vector vy, with switching angle ,. For a smart cell detecting only one other smart
cell, the problem is trivial and it is easy to determine not only when the other smart

cell is switching, but its duty cycle as well.

The challenge arises when multiple smart cells start switching. As soon as a single
smart cell needs to determine the switching angles and duty cycles of two or more other
smart cells, it is impossible to match every “on” transition with its corresponding “off”
transition. We will now show that this is not necessary to yield the optimal solution as

defined by (4.14).

First, use (4.15) and (4.16) to replace all of the D,’s and 6,’s with the notation of

Fig. 4.5.

0 = Oip (4.15)

mD; = (9”;9”> (4.16)

This yields an expression in terms of measured quantities:

M M Y Ny | | | |
‘UIE‘Z = Zzsin (W) sin (W) coS ((W) — <W’>>

i=1j=1

Equation (4.17) gives the magnitude of the total vector in terms of quantities
measured by each smart cell. However, this equation still seems to imply that the “on”
transitions must be correctly paired with each of their corresponding “oft” transitions.

We will now show that this is not the case by first considering the case where only one

set of “on” transitions are swapped. Consider a set of M smart cells, where the k™* and
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[ positive transitions are paired with the ["* and k' negative transitions, respectively.

Using MATLAB’s Syms toolbox, it can be shown that:

lug|” =
£ () (25%) (3%
=1 j=1 2 2 2 2

i#kAFL jEk, -

Opn, — 6 0, — 0 Opn — 6 O, + 0 Opn + 0
.2 kn lp . in kp . kn lp In kp o kn lp
e e Al o B e (o Bl )
: Oin — O . (O — O (O — O Orn + 0, Oin + Oy,

2 n TRp Zin TRp Zm TRp ZEn Ty | in L TRP
et (Fg e o (B (g o (B2 ) - (B2 )

MM g, 0, — 0, Oun + 0, 0, +0,
=33 sin <W2ZP> sin <123> cos ((W) _ (ﬂn;rﬂp» L (4.18)

By extension, we can swap any pair and any number of transitions with each other
and get the same result. Therefore, in order to minimize the total sum vector of (4.14),
each smart cell need only know when the positive and negative transitions occur to
determine its local optimal switching pattern. Moreover, it can be shown that these

results are also true for all harmonics, 1 to n.

4.4 Phase Controller Design

The smart cell controller needs to be designed such that a group of cells working
together will minimize (4.14). By taking the derivative of (4.14) with respect to
the phase angles and setting it to zero, the local minima can be found. The partial

derivative of (4.14) with respect to 6y, is shown below:

)2 M
0 us| =2sin(7Dy) Y sin(wD;)sin (7 (D; — Di) + 0; — 0y) (4.19)
90y, i=Tyitk
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Fig. 4.6: Graphical representation of the weighted vectors v;, and v;.
By pointing these two vectors in the opposite direction, (4.14) will be
minimized. This is accomplished with the controller of (4.20).

Graphically, setting (4.19) to zero is equivalent to “pointing” the weighted vector
v}, in either 1) an opposite direction, or 2) the same direction, to all of the other
weighted vectors v&iik summed together. Clearly, “pointing” v}, in the same direction
as 3; v; 4, would result in large currents in the inductor since all of the cells would
eventually be in phase, maximizing the ripple current. However, if we chose to direct vy,
in the opposite direction to 3=, v}, the current through the inductors will be reduced.

Fig. 4.6 summarizes this observation.

Therefore, during each iteration of the smart cell controller, every smart cell will
sum up the weighted vectors of all of the other smart cells it senses, and set its local
reference to be 180 degrees away from that sum. By doing this, each smart cell will be
driving (4.19) to zero, thus finding a local minimum to (4.14). Using this controller
design, (4.20) defines the reference angle, 0; ., for the kth smart cell’s weighted sum

vector, vy,.
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M
href = —2sin (1 Dy,) Z sin (7 D;) sin (7 (D; — Dy) + 0; — 0) (4.20)
1yi#k

Note the negative sign in (4.20), this ensures that that the angle between 0, .,
and 32, v} ;4 is driven to 7. Using (4.20) and the angle transformation of (4.12), a
non-linear model for the phase (#}) of the k'™ smart cell can be constructed and is

shown below:

K
A —wk_QM sin (7w Dy,) Z sin (7 D;) sin (0 — 6}.) (4.21)

where wy, is the switching frequency, and K is a controller constant.

4.5 Phase Controller Stability Analysis

Using the smart cell controller model developed in Section 4.4, the stability of a group
of smart cells around local minima of (4.19) will be investigated. First note that the
controller chosen in (4.21) is very similar to the Kuramoto Model of coupled oscillators

[102], which is repeated in (4.22):
. K X
O =w—+ — > sin(6; — k), (4.22)
M=
where w is the nominal switching frequency of the system, M is the number of agents,
and K is a global controller constant, identical for all agents (coupled oscillators).

Second, consider the dynamics of the system described by (4.21) in a rotating

reference frame, where all of the wy’s are equal, thus w, = w, and let

0 = wt + ;. (4.23)

Equation (4.21) becomes:
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. K
Y = _QM sin (7 D) Z sin (7D;) sin (7, — ;) = fx (T) (4.24)

where IV = {71,75,... 7 }. Linearise f; (I'') around the equilibrium point I'* =

{5 -k} to assess the stability of a group of smart cells around a local minimum

of 4.14.
M /)
/ Ix
e = fi (T) =~ fi (™) + Z - (v =) (4.25)
Jj=1 .7 T/
) K M
Ve R —QM sin (mDg) Y sin(wD;)sin (v — ) +
i=1;i#k
M M
0 K
> 5 QM sin (mDg) Y sin(wD;)sin (v, — ;) (’y; —fyé*) (4.26)
=1 97 i=1;i#k o

The first term of 4.26 is zero because the function fi (I') is evaluated at the
equilibrium point I'"*, which by definition, is zero. The second term of 4.26 must be
considered in two cases: one where j # k, and another where j = k. This is written

explicitly as:

u K
Z <—2M sin (7 Dy,) sin (7D;) cos (7;-* — 7,’:) (7]’ - 7}*)) +

w\

K . M . * * *
297 sin(wDk) > (sin(wDi) cos (4" = 7)) (= W) - (4:27)
i=15i4k

Perform another change of variables to centre the equilibrium point of 4.27 about

the origin. Let:

Oy = Yo — Vo (4.28)
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it follows that:
o =L (4.29)
Therefore:
. M K
A (_2M sin (7 Dy) sin (7 D;) cos (7;* - 7,;*) 5;) +
j=Lj#k
K . M . Ix 23 /
2—sin(7Dg) Y. (sin(7D;)cos (7" — 7)) 0. (4.30)
M i=15ik
Put 4.30 in matrix form, using s, as a short-hand for sin (7D,,):
28551 YoM 1 (s cos (7 — 7)) —2455189 cos (V5 — f)
A —2%5281 cos (77" — 75") 2%52 Zgl;i;«él (sicos (" —57))
i —2E sns1 cos (V7 — 5y) —2L snrs0 cos (V5 — V5y)
—237s18 cos (V7 — 1) &
—2K sos0r cos (Y — A5) )
M e S RS
2K 0 S (5008 (12 — 7)) | |0
This creates the linear system:
- K
Al=——L A (4.32)
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where each element, L;;, of the matrix L is defined explicitly as:

—2sin (7D;) M, .. sin (7D;) cos (v —F), i=3j
Ly = O (=) . (4.33)

2sin (7 D;) sin (7 D;) cos (’yZ* - ”y]*> : i F

The matrix L can also be represented by the partial derivatives of (4.14). Letting

O* = {67,05,--- ,0%,} be the corresponding equilibrium point of I'* yields:
-62|v’2‘2 82|1/E ? 82|v’2’2 ]
002 90,005 90,00,
2 er 2 er 2 er
82|v’2| 82|v2| 82|v’2|
502001 002 90500,
L= o* ? e o . (4.34)
82|’U/Z‘2 82|v’E ? 82|v’2’2
00001 00,002 89%1
L o* o* o+

Equation (4.34) is the Hessian of the total sum vector, [v%|* of (4.14) evaluated
at ©*. Since we chose ©®* to be a local minimum of (4.14), we also know that (4.34)
is positive semi-definite. Therefore, all of the eigenvalues of —L are all less than or
equal to zero. As a consequence, the local minimum point, ®*, is an asymptotically
attracting equilibrium point and therefore, a stable operating point.

It is not possible for L to be positive definite. This is due to the cyclic nature of
oscillatory systems. For example, if ®* is a local minimum, then so is ®* + x, where z
is any angle. However, since we are only concerned about the relative angle between

the smart cells to minimize (4.14), this is expected.

4.6 SOC Controller Design

The SOC of each smart cell is regulated by synchronizing its SOC with the average
SOC of a series string of smart cells, which is determined by analysing v, the voltage

across the sense inductor, L,.. The SOC controller relies on the string of smart cells
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being composed of cells of the same chemistry, so that there is a consistent relationship

between the SOC and cell terminal voltage throughout the string.

As shown in Fig. 4.2(b), every time a smart cell switches in and out of the string,
the voltage that it switches will be sensed by all of the sense inductors in the string of
smart cells. Therefore, by calculating the differences in the levels of the vy, waveform,
the terminal voltage of the cell that switched in or out can be extracted by each smart
cell. Averaging all of these differences yields an average terminal voltage for the series
string of smart cells. In order to yield an accurate average voltage measurement, two
parasitic properties of the inductor must be overcome: 1) non-linear inductance due to

inductor saturation, and 2) variations in inductance.

Real inductors suffer from non-linear inductance as the current through them
increases beyond their rated saturation current. This non-linear inductance will
manifest itself as a variable gain in the measurements of the levels v, waveform, which
is undesirable. Therefore, the smart cell inductors should be designed in a manner
such that they are operated within their linear region. Operation in the linear region is
assisted by the phase controller, which will minimize the ripple current in the inductors,

and thus minimize their peak current.

In order to account for variations in the inductance of Lge and the sensing hardware,
the gain of the vy sensor is measured and adjusted every time the SOC controller is
executed. Since the local cell knows its duty cycle and phase, it can determine which
transitions in the vy waveform are caused by its cell switching in and out of the circuit.
Using these transitions, along with the local cell voltage measurement, the local cell
can calculate the gain of its vy, sensor to accurately determine the voltages of the other

cells switching in and out of the circuit.

The SOC controller adjusts the duty cycle of the local cell using a simple proportional-

integral (PI) controller to synchronize its terminal voltage with the string’s average
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terminal voltage. The PI controller was tuned in the lab through a number of experi-

ments.

4.7 Summary and discussion

This chapter presented the theory behind converting an intelligent battery with a
centralized controller into a group of smart cells which does not rely on any inter-cell
communication. In order to achieve this, a small filtering inductor has been introduced
into each cell and augmented to be a multi-purpose sensor. There are two tasks the
smart cell controller must accomplish: 1) synchronize its switching actions with the
string of smart cells it is connected to, with a phase shift that minimizes the output
voltage ripple; and 2) synchronize its terminal voltage with the terminal voltages of
the other smart cells in the series string.

The output voltage minimization task was simplified to only include the first
harmonic and this simplification will be studied in more detail in the next section.
However, a detailed analysis of the theoretical implications of the simplification are
shown in Appendix A, where a conservative lower bound on I ,.,ms is derived and

repeated here for convenience:

- (((MDeq1 — MD,,) vn> ((MDeq —2LMD€q J)TS> <

1
i 7 ¢§> (4.35)

where:

MDeq = ZDz (436)

Although the stability analysis of a group of smart cells was limited to proving that

a group of smart cells is stable around local minima of (4.14), theoretical analyses of
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systems described by Kuramoto oscillators is a challenging subject that has been an

on-going area of research since its introduction in 1975 [103].






Chapter 5

Smart cell simulations and

experimental results

This chapter puts the theory of Chapter 4 into practice. Simulations to verify the smart
cell algorithms are presented, followed by experimental results on low cost hardware.
The chapter concludes with a discussion which highlights, in particular, some of the

challenges that arose in building the experimental set-up.

5.1 Simulation results

Simulation results of the decentralised control strategies of Chapter 4 were conducted
using MATLAB’s Simulink environment. This development environment was ideal to
develop and debug the complex control algorithms and, once completed, export the
algorithms as generated C-code for implementation on experimental hardware in the

laboratory.
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5.1.1 Implementation of the control algorithm

A MATLAB-Simulink model of a smart cell using the theory developed in this work
was built using the SimPowerSystems toolbox. The model uses the Simscape battery
model and MOSFETs to simulate the power circuit. The controller was implemented
as an embedded MATLAB function and was executed once per switching cycle when
the upper MOSFET, Qp, was switched on.

Fig. 5.1 illustrates the algorithm the controller implemented as a block diagram.

Steps 1 through 5 were implemented by the embedded MATLAB function.

1. Signal Processor: Detects all of the positive and negative transitions that
occur during every switching cycle, Ts. The local cell voltage, Vjyeq;, and the
average cell voltage, V;,4, are measured using the levels of the vy waveform. The
edge detector also counts the number of transitions, divides the total by two, and
feeds the result through a low pass filter to keep track of the number of smart
cells in the string. The output of this low pass filter is also used to verify that
all of the edges have been detected. Using the low pass filter output and the
differences between the levels in the vy waveform, transition points where more
than one smart cell switches on or off at the same time can be detected and

properly accounted for.
2. Calculate ¢; ., A new reference phase shift is calculated using (4.20).

3. Calculate 0 The new phase that is sent to the PWM generator is calculated

/ .
knew*

by the phase controller.
4. Apply limits: +27 is added to 0 ., until it lies between —7 and .

5. SOC Controller: A new duty cycle is computed using Vj,cq; and Vg,y. The

updated duty cycle, Dy, is sent to the PWM module.
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Fig. 5.1: Control block diagram of a smart cell built in MATLAB-Simulink. The steps 1 to 5
outlined in purple, are implemented in an embedded MATLAB function.

6. PWM Generator: 6 is used by the PWM generator to produce gating

/
k,new

signals for the MOSFETs.

The phase control loop, defined by steps 1 to 4 in Fig. 5.1, ran one hundred times
faster than the SOC control loop. The SOC control loop is defined by steps 1 and 5,
and did not modify the duty cycle unless the phase controller reached a steady state
value. Every smart cell had a locally generated clock signal for their PWM generators,
which was not sourced or synchronised globally.

The embedded MATLAB function that implements the controllers was converted

into C++ code by MATLAB’s coder toolbox, for easy integration into the hardware.
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5.1.2 Continuous time simulation study of the phase controller

This subsection describes the testing of the phase controller implemented in Section
5.1.1 with a number of different system configurations, using “continuous time”. The
term continuous time is used in this context to describe a system of smart cells not
limited by hardware sampling rates and resolutions, something that will be explored in
the next subsection.

Four configurations were considered for this study: 3, 5, 10, and 20 smart cells
in series. For each configuration, two plots are shown: 1) a time evolution plot; and
2) a bar chart comparing the ac rms ripple current reduction in the inductors. The
common system configurations are listed in Table 5.1, recalling that X, is a random
number uniformly distributed between 0 and 1.. The cell capacities simulated for each

configuration are listed in the legend of each time evolution plot.

Table 5.1: Parameters used throughout the continuous time simulation studies of the smart
cell phase controller.

Description Parameter Value
Module inductance L. 100 pH
Output capacitance Cout 54.7 pF
Switching frequency fs 20 kHz
Switching period T, 50 ps
On resistance of module MOSFETs Rps—_on 10 m{2
Nominal cell voltage Vo 3.6V
State of charge SOCy 100%
Phase controller activation time tph—on 1 ms
Cell capacity Ch X, x4 Ah
Maximum cell capacity Chnaz 4.0 Ah

Phase controller gain K 2.0
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Fig. 5.2: Continuous time simulation results of a three smart cell system.
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Fig. 5.3: Continuous time simulation results of a five smart cell system.
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Fig. 5.4: Continuous time simulation results of a ten smart cell system.
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Fig. 5.5: Continuous time simulation results of a twenty smart cell system.
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Summary and discussion

In the simulation results of Fig. 5.2, Fig. 5.3, Fig. 5.4, and Fig. 5.5, each smart cell
within each set was operating completely independently of each other. At the start
of the simulation, the cells were configured into their worst case switching pattern,
where all of their weighted vectors (defined by (4.12) and (4.13)) were in phase with
each other. The phase controller was turned on 1.0 ms into the simulation. A value of
Cyax = 4.00 Ah was pre-programmed into each smart cell, in order for each smart
cell to calculate its local duty cycle according to (4.1). Table 5.2 summarizes the
improvements to the peak-to-peak output voltage ripple and ac rms ripple current in
the inductor made when the smart cell phase controller was engaged during the phase
controller simulation study. These improvements can also be seen in the inset graphs

from each simulation result.

The elegance of the phase controller comes from its fairly simple task of calculating
its reference phase shift according to (4.20). When all smart cells were executing this
control algorithm, they were effectively solving the minimization problem of (4.14)

together.

In all four cases, the system of smart cells was able to stabilize around a local
minima. The local minima found by the simulations is sometimes different from the
theoretical results in the bar graphs. This is because the theoretical results use the
interior point algorithm implemented by MATLAB’s fmincon function to minimize
(4.14) and is therefore able to find better solutions more easily. The simulation results
are more likely to settle into a local minima depending on their starting state, as the
system evolves smoothly over time. The smart cell controllers are like a ball rolling over
the solution space together: when they find a valley, they stay there. In contrast, an
interior point algorithm is able to move around the solution space more easily, before

converging to a final solution.
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The bar graphs also included a theoretical result labelled “Fourier”. This result was
calculated using MATLAB’s fmincon function, but it minimized (4.11) using the first
500 harmonics. Therefore, this theoretical result is an indication of how much more of
an improvement to the ripple voltage and current can be achieved if the simplification of
using only the fundamental harmonic was not undertaken. As expected, the theoretical
“Fourier” result is increasingly superior as the number of cells increase. In Fig. 5.2 and
Fig. 5.3 the ripple current of the smart cell controller is very similar to the Fourier
result. However, in the 20 cell simulation of Fig. 5.5 the Fourier result is almost 10
times better than the smart cell result. This is because the high frequency components
of (4.11) are necessary to capture the increasing number of switching events. Even so,
there is an order of magnitude improvement in the ripple current by just using the first
harmonic. Furthermore, not only is there a ripple current reduction by using the phase
controller, the ripple current is also stable and predictable. In a real system where the
switching frequencies will not be exactly the same, the ripple current will fluctuate

during operation, which is undesirable. This will be discussed further in Section 5.2.2..

The amount of ripple current and ripple voltage reduction will depend heavily on
the duty cycles of the smart cells, thus a different group of smart cells may have less

or more ripple reduction than shown here.

Table 5.2: Summary of performance improvements using the smart cell phase controller.

Number of Cells Worst Case Smart Cell Control
Vout-pp Ipocrms Vout-pp Tracrms
3 44 mV 104 mA rms | 6 mV 26 mA rms
5 47 mV 113 mA rms | 2 mV 13 mA rms
10 40mV 97 mA rms | b mV 19 mA rms
20 3bmV 81 mArms | 2mV 7 mA rms
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5.1.3 Discrete time simulation study of the phase controller

Practical systems will be limited by the sampling hardware when implementing the
smart cell algorithms. Therefore, this subsection explores the effects of discretisation on
the sampling of the voltage across Lg.. For these simulations, the same parameters of
Table 5.1 are used, with the exception of, and in addition to, those found in Table 5.3.
The additional parameters of Table 5.3 are based off of the hardware that is used in

the experimental results later in this chapter.

Table 5.3: Parameters used in the discrete time simulations of the smart cell phase controller.

Description Parameter Value
Phase controller gain K 2.0
ADC resolution ADC, 12 bit

ADC sampling rate ADCY, 2.4 Msps
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Fig. 5.6: Discrete time simulation results of a three smart cell system.
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Fig. 5.7: Discrete time simulation results of a five smart cell system.
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Fig. 5.9: Discrete time simulation results of a twenty smart cell system.
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Summary and discussion

In the discrete time simulations of Fig. 5.6, Fig. 5.7, Fig. 5.8, and Fig. 5.9, each smart
cell operated completely independently of one another. The phase controller was turned
on 1.0 ms into the simulation. A value of Cyy4x = 4.00 Ah was pre-programmed into
each smart cell, in order for each smart cell to calculate its local duty cycle according
to (4.1). Table 5.4 summarizes the improvements to the peak-to-peak output voltage
ripple and ac rms ripple current in the inductor made when the smart cell phase
controller was enabled. These improvements can also be seen in the inset graphs from
each simulation result.

Table 5.4: Summary of performance improvements using the smart cell phase controller in
discrete time simulations.

Number of Cells Worst Case Smart Cell Control
‘/out—pp ILac—rms ‘/out—pp ILac—rms
3 44 mV 105 mA rms | 5 mV 25 mA rms
5 5mV 74 mArms | 2mV 12 mA rms
10 7T7mV 95 mArms | 2mV 15 mA rms
20 3mV 103 mA rms | 1 mV' 13 mA rms?

The smart cell controller was implemented as a MATLAB function block in Simulink.
This block has multiple inputs and outputs that were used to configure the smart cell
controller. Details of the smart cell Simulink model can be found in Appendix B.

The discrete time smart cell controller developed for these discrete time simulations
was implemented in hardware using MATLAB’s coder toolbox. Using this tool, the
MATLAB code was directly converted to C++4 code, which could be compiled in the
smart cell hardware. This yielded to large advantages during the development process:
1) the smart cell controller could be debugged in simulation and 2) potential errors

from importing the code from MATLAB to C++ manually were eliminated.

IPhase controller stability not achieved.
2See footnote 1.
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As compared to the continuous time smart cell simulations, the discrete time
simulations performed similarly in terms of the ripple reduction and were able to reduce
the inductor’s ripple current by about a factor of 10 in all cases. The one difference
was in the 20 cell case. In the discrete time simulation, stability was not achieved. This
is because the limited sampling frequency could not decipher all of the information

necessary at all times. The following subsection discusses this in more detail.

5.1.4 Stability of the phase controller with limited sampling rate

As Sections 5.1.2 and 5.1.3 showed, the ability of the phase controller to find a stable
operating point depends heavily on the sampling rate of vy, or more accurately, the

number of samples of v, during each smart cell switching period. Define this as Ngample:

Nsample = fSET]rtnple (5 . 1)

In this subsection, an upper bound on the number of smart cells that can be put in
a series string given a system’s Ngample Will be calculated. In order to calculate this
upper bound, the processing of the v, waveform must be better understood.

Fig. 5.10 shows a schematic representation of the ADC sampling the v, waveform
during a transient event (when a smart cell is switching). Using this figure as a guide,
the process by which the smart cell algorithm finds levels and edges in the v; waveform

is described as follows:

1. A large dvy,/dt event is detected between samples 4 and 5.

2. The two samples preceding this event are used to calculated the value of the level
prior to the switching event. Thus, samples 2 and 3 are averaged to become the

“front” level calculation.
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Fig. 5.10: Schematic example of sampling the v; waveform.

3. Another large dvy, /dt event is detected between samples 5 and 6. However, since

this event came right after the first one, it is ignored.

4. The two samples following the initial switching event and its glitches are used to
calculate the value of the level. Thus, samples 7 and 8 are averaged to become

the “back” level calculation.

The number of samples used to calculate the levels (2 in the above example), and
the glitch threshold (1 in the above example) can be configured in software. See
Appendix B for more details. However, a minimum of 6 samples are required around
each switching event in order to properly sense the switching event and the levels
around it. In Fig. 5.10, 7 samples were used due to the glitch measured in the vy
waveform.

In an ideal scenario using the same smart cell controller settings of the simulations
of Section 5.1.3, where each switching event is captured with two samples, and the
switching events are evenly spaced so that there are 2 samples between each switching
event (thus the “front” and “back” level measurements will be identical), 4 samples

are required for every switching event. Therefore, keeping in mind that there are two
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switching events for every smart cell, the theoretical maximum number of smart cells

that can be sensed in a series string is:

Nsample_ 140
2x4  2x4

=17.5. (5.2)

Equation 5.2 represents the absolute upper bound on the number of smart cells
in a series string given the controller and hardware settings and is the reason why
the discrete time simulation of 20 smart cells in Fig. 5.9 was unable to find a stable

operating point. However, 5.2 does not take into account:

« Glitches: Measuring and removing glitches will effectively reduce the number

of cells in a string that can be measured.

e SOC control: During operation, the duty cycles of the smart cells may vary in
order to synchronize their SOCs. In the above idealized example, any change
in duty cycle of a single smart cell will perturb the perfectly spaced switching

events and, thus, not all levels will be able to be accurately measured.

A more generalized expression for the maximum number of smart cells in a series

string can be derived:

Nsampl
Ns i = sample 5.3
ome Nlevel + Nsw—avg ( )
where:
Nievee = Number of samples required per level, (5.4)
Nsw-avg = Average number of samples per switching event. (5.5)

Equation (5.3) limits the control scalability of a smart cell system.
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5.2 Experimental Results

5.2.1 Hardware Set-up

The theory developed in this work was tested in the laboratory with an experimental
set-up consisting of three smart cells in series, as shown in Fig. 4.1 using the parameters
listed in Table 5.1. The hardware was built around ARM’s mbed platform, where each
smart cell was implemented with the NUCLEO-F401RE board and a custom printed
circuit board (PCB) containing the power stage. The inputs of each smart cell PCB
was connected to a small pack of parallel connected 18650 lithium-ion cells, in order
to simulate battery cells of varying capacities. Table 5.5 lists the capacities of the
equivalent cell connected to each smart cell, as measured by a Neware battery tester 8
channel 5V20A-NTFA. The cells used were manufactured by Samsung, model number
INR18650-29E [111]. The outputs of the smart cells were connected in series, and
attached to a 4.8 ) resistive load. Fig. 5.11 shows a photograph of the three smart

cells built in the laboratory.

Table 5.5: Cell capacities used to test three smart cell PCBs in the laboratory.

Cell Number of 18650 Cells Measured Capacity

1 3 7.97 Ah
2 3 8.10 Ah
3 2 5.31 Ah

The NUCLEO-F401RE board was chosen for its relatively powerful micro-controller,
the STM32F401RET6, in order to focus attention on how the smart cell controller
could be implemented in hardware. The STM32F401RET6 is based on the ARM 32-bit
Cortex-M4 CPU and has a floating point unit. The analogue to digital converter of
the STM32F401RET6 was configured to its highest sample rate of 2.8 MHz while
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Fig. 5.11: A photograph of the three smart cell system operating in the laboratory. The
battery cell connections are on the left and the output is on the right. The smart cells were
connected to a variety of cells.

maintaining 12 bit sampling resolution, to capture the details of the v, waveform.
The sampling rate and resolution of the ADC determine the accuracy of the phase
controller and SOC controller, respectively. The ADC used in these experiments was
able to detect changes in phase of 2.6 degrees and 3.6 mV change in terminal voltages.
Using the same ADC, tighter phase regulation could be achieved by decreasing the

switching frequency.

5.2.2 Phase Controller Performance

A first experiment using the pre-programmed capacities of Fig. 5.2(a) was carried out
to verify the performance of the phase controller, whose role is to reduce the ac-rms

current through the series string of smart cells.
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Fig. 5.12(b) shows an oscilloscope screen shot of the three smart cells operating
and finding their optimal switching pattern. The peak-to-peak voltage ripple from the
experiments was reduced to 23 mV from 145 mV and the ac-rms L. ripple current was
reduced to 25 mA rms from 95 mA rms. The worst case switching pattern is shown
in Fig. 5.12(a), where the difference in ripple voltage and current is clearly visible.
Note that the peak to peak values calculated by the oscilloscope (shown in Fig. 5.12)
includes some switching noise, which was ignored for the peak to peak output voltage

measurements.

Fig. 5.13 shows the transient behaviour of the phase controller. Fig. 5.13(a) shows
how the ripple current in the inductor and output ripple voltage vary slowly over time
due to the small discrepancies in the switching frequencies of the smart cell hardware.
This is because each smart cell generated its own clock and there was not a global
timing signal, or any signal, running to every cell. In this figure, the phase controllers
were turned on at about 1 s and they were able to overcome the discrepancies in
switching frequencies by continually phase shifting themselves so that they all remained
in their optimal phase position within the string. As shown in the latter half of the
oscilloscope screen shot of Fig. 5.13(a), the smart cells maintained their stable switching
pattern until the end of the capture and beyond. The stability analysis of Section 4.5
assumed all of the switching frequencies of each smart cell were identical (Equation
(4.23)) which was a reasonable assumption for small discrepancies that are found in real

systems such as the experimental set-up used in this chapter as shown by Fig. 5.13(a).

Fig. 5.13(b) shows the point at which the phase controller is turned on at a higher
time resolution. The phase controller was turned on at about 40 ms and it took about
150 ms to reach a steady state value. The transition to the steady state value is

executed in a smooth manner, with a gradual reduction in output voltage ripple.
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(a) Worst case switching. (b) Controller active.

Fig. 5.12: Oscilloscope screen shots of the phase controller on and off. Averaging applied
with 8 samples. Channel 2, top green trace, is the voltage across L. of the first smart cell
with a capacity of C1. Channel 2, middle blue trace, is the output voltage ripple. Channel 3,
bottom pink trace, is the current in the smart cell inductors. Time scale: 10 ps per division.
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(a) Phase controller turned on at about 1 s. (b) Phase controller turned on at about 40 ms.
Time scale: 100 ms per division.

Time scale: 5 s per division.
Fig. 5.13: Oscilloscope screen shots of the transient behaviour of the phase controller. Channel
2, top green trace, is the voltage across Lg. of the first smart cell with a capacity of Cf.
Channel 2, middle blue trace, is the output voltage ripple. Channel 3, bottom pink trace, is
the current in the smart cell inductors.
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Fig. 5.14: The evolution of the duty cycles and cell voltages during the SOC controller test.
“Steps” in the duty cycle are generated by the SOC controller when an average string voltage
measurement cannot be obtained.

5.2.3 SOC Controller Performance

A second experiment to verify the performance of the SOC controller was also conducted.
Each smart cell was connected to a fully charged set of cells, as listed in Table 5.5.
Each smart cell began operation with a duty cycle of 0.5. It became the role of the
SOC Controller to correct the mismatch in duty cycles to ensure all three smart cells
discharged in proportion to their capacity.

During operation, the SOC controller estimated the average string voltage by
calculating the difference in levels as described in Section 4.6. Fig. 5.14 shows how the
cell voltages and duty cycles evolved over time during the experiment.

As shown in Fig. 5.14, the duty cycles vary quite a bit during operation. This

is due to the operation of the SOC controller, attempting to yield accurate voltage
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information from the string of switching smart cells. Since the controller relies on
measuring the difference between levels to measure the average string voltage, there are
moments during operation where these levels are non-existent. For example, when all
of the duty cycles sum to a positive integer. Therefore, to counteract this possibility, if
a cell senses that it has not been able to measure the string voltage for more than 2.5
minutes, it increases or decreases its duty cycle by a fixed amount. This will introduce
levels into the voltage measured across L,. and the cells will be able to measure the
average string waveform. This is exactly what is happening from about 75 minutes to
200 minutes in the experimental results of Fig. 5.14. Cell 001 was modifying its duty

cycle to get a better string measurement.

Due to the limited sampling resolution of the analogue to digital converter, each

cell implements a £10 mV dead zone [112] around its reference voltage.

At the end of the experiment, the cells were allowed to rest for 10 minutes and
their voltages were measured. The results are shown in Table 5.6 and they are all
within 50 mV of each other. This was a very good result considering there was no
communication between any of the smart cells. Furthermore, if the SOC controller had
not been operating, the string imbalance would have been much greater as shown in
Fig. 5.15, where the smallest capacity cell discharges in around 450 minutes, clearly

limiting the pack performance compared to the SOC controlled case.

Table 5.6: Cell voltages at the end of the SOC controller experiment after 10 minutes of rest.

Cell Voltage (V)
1 3.162

2 3.140
3 3.113
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Fig. 5.15: The evolution of the cell voltages when the SOC controller is disabled, and a
constant duty cycle of 0.5 is used by all cells.

5.3 Challenges

Accurate phase and SOC control is only possible through an accurate measurement of
the v, waveform. However, this waveform can be perturbed by parasitic capacitances
from every smart cell to ground.

Fig. 5.16 shows the switching actions of two smart cells connected in series. In
this case, there was a large parasitic capacitance from each cell to ground caused by
the laboratory power supply that was used to emulate each electrochemical cell. The
bottom trace of this figure shows the output of the vy sensing circuit and two things
are immediately striking: 1) the crisp “staircase” waveforms that were seen in the
simulations are no longer present, and 2) the switching action of the second smart cell
(measured by channel 1, yellow, top), is not captured by the inductor being measured
by channel 2 (green, bottom).

This parasitic effect can be greatly reduced by introducing a common mode choke
at the input of every smart cell. Fig. 5.17 shows three smart cells in series gating, each
cell connected to a channel of a ASPACE Battery Emulator. Although the staircase
nature of vy, has returned, it is not as crisp as the simulations. As a consequence, smart

cells that use a common mode choke are able to implement the phase controller, but
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Fig. 5.16: Oscilloscope screen shot of two smart cells in series gating with a large parasitic
ground capacitance between each smart cell and ground. Channel 1, yellow, top: gating
signal of the upper smart cell. Channel 2, green, bottom: voltage across Lg. of the bottom
smart cell, after the analogue sensing circuit. Channel 3, blue, middle: gating signal of the
lower smart cell. All oscilloscope probes were referenced to ground. Time scale: 10 ps per
division.

the SOC controller does not work because the voltage measurements at each switching

action are not accurate enough.

In the experimental results of this chapter, each smart cell was connected to a
small group of battery cells. The battery cells have very little parasitic capacitance to
ground. Furthermore, only differential probes were used when taking measurements.
The waveforms that were obtained from vy, in this configuration are shown in Fig. 5.18.
As shown in the figure, the voltage across L. is even more crisp than Fig. 5.17. Despite
this, the SOC controller measures the average of each level around every switching
transition and uses those two averages to determine the cell voltage that just switched
in and out of the circuit. Fig. 5.18 graphically shows how the SOC controller measures
the voltage of a transition. In this experiment, each smart cell was connected to a
small battery pack, and each cell’s input was filtered through a common mode choke.

The annotations in the figure describe how the string voltages are measured from vy,.
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M50-X 40244, Mr53110104
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Fig. 5.17: An oscilloscope screen shot of the three smart cells in series gating with a large
parasitic capacitance between each smart cell and ground, through each cell’s voltage source.
In this experiment, all three cells were connected to a dSPACE Battery Simulator, and each
cell’s input was filtered through a common mode choke. Channel 1, top yellow, is the voltage
across Lg. of the first smart cell. Channel 2, middle green, is the output voltage ripple.
Channel 3, bottom blue, is the current in the smart cell inductors. Time scale: 5 us per
division.
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Fig. 5.18: An oscilloscope screen shot of the three smart cells in series gating with a small
parasitic capacitance between each smart cell and ground. Channel 2, top green, is the
voltage across Lg. of the first smart cell. Channel 3, middle blue, is the output voltage ripple.
Channel 4, bottom pink, is the current in the smart cell inductors. Time scale: 10 ps per
division.
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Finally, the notion of parasitic capacitances has applications beyond smart cells. In
higher frequency MMC converters (switching frequencies greater than line frequency)
(113, 114], the issue of parasitic capacitances to ground could introduce losses that
could be mitigated by a common mode choke between the energy storage source and
switching network. To date, this has not been addressed, most likely because the
switching frequencies are still low (350 Hz in [113], and 1 kHz in [114]), as compared

with the smart cells (20 kHz).

5.4 Summary and discussion

The simulation results focused on the phase controller and showed how a digital system
with a finite sampling frequency places an upper bound to the number of smart cells
that can be theoretically in a series string.

The experimental results of this chapter showed that a completely decentralized
load management system is possible, paving the way towards a completely decentralized
battery management system. The experimental results of Fig. 5.14 worked well to
synchronize the terminal voltages of the three smart cells. During the mid-point of the
experiment, the duty cycles of the two larger cells, Cell 001 and Cell 002, were larger
than Cell 003, as expected.

Despite the theoretical maximum of 17 smart cells with the current hardware set-up,
the current hardware set-up was never operated with more than 4 cells. In particular,
the SOC controller operated reliably with up to three cells. This was due to difficulties
in measuring the average string voltage by analysing the v; waveform. One large
challenge with yielding good measurements of v;, was the parasitic ground capacitance
between each cell and ground.

The magnitude of the difference between the levels of the v, waveform is determined

solely by the ratio of the voltage of the cell that is switching and the number of smart
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cells in the string. Therefore, the magnitude of this signal will decrease at a rate
inversely proportional to the number of cells in the string. In a practical system, this
means that the vy, sensor could be built with a variable gain that is increased depending
on the number of cells is senses. A detailed study of the how the signal to noise ratio
of the voltage across vy, changes with an increasing number of smart cells would need
to be carried out to determine the absolute maximum number of cells that is possible
in a string with conventional hardware.

As the number of smart cells increases, the filtering requirements of L. also change.
Adding a smart cell to a string has a two fold effect: 1) it increases the filtering
inductance and 2) it increases the effective switching frequency. Therefore, in an ideal
scenario the L. should be redesigned if the same ripple specifications are required
for a different number of smart cells. This is not desirable, thus a proposed control
method of “transitions per second” is presented as future work in Section 6.2.2. In the
experimental results of this chapter, the smart cell hardware was implemented with
large inductances for L,.. In a practical system, L,. can be as small as possible as long

as it is still operating in its linear region.



Chapter 6

Conclusions

This thesis has a number of significant contributions to the fields of decentralised
battery management and battery pack design. This chapter will summarize those

contributions and conclude with areas of future work that can be explored.

6.1 Contributions

The main contributions of this thesis are grouped by the two projects presented:
the intelligent battery pack and the smart cells, and summarized in the following
subsections. The remainder of this section will discuss the scalability criteria created

in this thesis and its application to both projects.

Balancing circuit scalability

Section 1.5 introduced a scalability criteria which normalised the performance of
balancing circuits and evaluated them on their normalized kVA ratings and normalized
passives energy ratings. Within each rating, there were clear “Types” of circuits shown
in Fig. 1.5. The scalability Types for a number of balancing circuits presented in the

literature were summarized in Table 1.2. Using this metric, the intelligent battery and
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smart cell were evaluated with the same criteria, and they were found to be Type A
and Type II circuits due to the inverse cubed relationship between peak to peak ripple
voltage and number of cells.

Using this scalability criteria, circuits like the intelligent battery and the smart
cells are viable options for large battery packs. This is a good result, because these
circuits are more effective when used with many cells as there is more likely to be large

variations between series connected cells as the number of cells increases.

6.1.1 Intelligent battery pack

Hot-swappable intelligent battery pack design

Chapter 2 introduced a design of a hot-swappable intelligent battery pack, a first of its
kind.

A hot-swappable battery pack introduces the concept of battery pack maintenance.
Instead of replacing an entire pack when it fails, individual modules can be replaced as
the cells eventually fail. This type of system architecture could be useful to companies
who have many battery packs spread across a wide area that need maintenance. Instead
of equipping a maintenance team with a few new packs as part of their tool kit, they
could be equipped with few packs worth of modules, that could be used to maintain
several battery packs in the field, instead of just a few. As an example, hot-swappable
battery packs could be used as back-up power sources for telecommunication towers,

which can be spread over vast areas.

Low latency in digital control

One challenge that has always daunted distributed power electronics, is how to physically
manage the electrical signals required for sensing and control. In the intelligent battery,

most of the control was done at the module level. Each module was responsible for
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managing its own phase shift and state of charge. This was done via the low bandwidth
CAN bus and it was not time sensitive - the module could tolerate late and lost data
and still accurately manage its phase shift and SOC. The master was responsible for
current and voltage control at the output. In order to synchronize the switching events
of all of the modules and to provide a low latency, low noise signal to control the
output current and voltage, a single wire sync and control signal was developed, as
shown in Fig. 2.11. This signal provided a 2 x T} latency in the current and voltage
control loops and synchronizes all of the switching actions of the modules. In summary;,
the intelligent battery separated the real time signals from the “soft” time signals and
distributed the control tasks to better manage all of the electrical signals within the
pack.

The low latency of the current and voltage control loops meant that the intelligent
battery is closer in similarity to a dc to dc converter than a battery pack. With this
type of architecture, the intelligent battery can replace a normally two stage system of
a standard battery pack and dc to dc converter with a single, combined stage of the
intelligent battery pack. Future work involving this type of system is discussed in the

next section.

6.1.2 Smart cells

Broadly speaking, smart cells start to address the practical issues of building intelli-
gent battery packs: intelligent battery packs require a large amount of overhead to
control and monitor the entire pack. Therefore, eliminating the need for intra-pack
communication can simplify an intelligent pack’s design and implementation, further
bolstering the case for power electronics integrated into battery pack designs. Smart
cells are also a unique approach to battery management: completely decentralised

battery management.
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Multi-purpose passives

One of the key innovations of smart cells was augmenting the role of the small filtering
inductors on each cell to the role of a multi-purpose sensor. As shown in Fig. 4.2(b),
by measuring the voltage across the filtering inductor, all of the switching actions in a
series string of smart cells are captured. Furthermore, the average terminal voltage of
the cells in the series string can also be extracted from analysing the inductor’s voltage.
These two new roles of the filtering inductor enable the smart cells to synchronize their

switching actions and their terminal voltages without any inter-cell communication.

Decentralised phase control

One of the biggest challenges of a distributed power electronics architecture such as
the intelligent battery and the smart cells, is synchronizing the switching actions of the
power electronic devices. It is important to synchronize these actions in order to have
a predictable and constant output voltage ripple. Without synchronized switching, the
output voltage ripple could vary randomly between its best and worst values or in the

best case, it could vary periodically as was shown in Section 5.2.2.

The decentralized phase controller was built around the theory of Kuramoto
oscillators [102]. However, instead of synchronizing the switching actions to be in
phase with each other, they were synchronized to a pattern which minimized (4.17).
Minimizing (4.17) minimized the first harmonic voltage ripple in a series connection of

smart cells.

Section 4.5 theoretically proved the stability of the phase controller around local
minima by showing that the Hessian of (4.17) was positive semi-definite. This concluded
the thorough theoretical analysis of the phase controller, proving that, in theory, the

controller of (4.20) is a viable controller for decentralized phase control.
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The phase controller was studied extensively in simulations, first in continuous time
in Section 5.1.2, then in discrete time in Section 5.1.3. The continuous time study was
conducted to confirm the theoretical analysis of Chapter 4. The discrete time study
was conducted to evaluate the effects of using hardware with limited sampling rates
and latency on the performance of a string of smart cells. In Section 5.1.4, a method
to determine the maximum number of smart cells that is theoretically possible in a
series string was derived in (5.3). All of these results confirmed that decentralized
phase control is possible in practice.

Section 5.2.2 demonstrated the performance of the phase controller in practice with
three smart cells operating together. The phase controllers performed very well to

synchronize the switching actions of the three cells to a local minima of (4.17).

Decentralised SOC control

As a further step towards a completely decentralised BMS, a completely decentralised
SOC controller was developed in theory and tested in the laboratory. The controller
used voltage differences of the v, waveform to synchronize the terminal voltages of all
cells in a series string of smart cells. When the cells are of the same chemistry, this is
equivalent to running the cells in parallel, as shown in Fig. 2.23.

The experimental results of Fig. 5.14 showed good SOC control for the three smart
cell system that was tested, and clearly outperformed the case without SOC control

shown in Fig. 5.15.

6.2 Future work

There are many exciting avenues of research and development that can be explored
from the research presented in this thesis. The rest of this subsection will discuss future

work that has come out of both projects. Following that, project specific future work
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will be discussed. Future work on the intelligent battery focuses on how to exploit its
features in new projects. For the smart cells, future work focuses on how to augment
the foundation of the decentralized BMS presented here, to a fully-fledged BMS ready

for a real world application.

Battery models and machine learning

The SOC controller of both the intelligent battery and the smart cells relied on
synchronizing the terminal voltages of all of the series connected cells. The SOC
controller from these projects can be further developed using battery models available
in the literature. Furthermore, these models could be enhanced with machine learning

principles, so that each module or smart cell learns how the cells it is connected to

behave, in order to better predict its SOC and SOH.

Battery passport

A battery passport is the idea that every battery pack or cell contains a small microchip
which keeps track of the pack’s or cell’s history. The idea of a battery passport is not
new, but something that can be explored with the hardware developed in this thesis.
Companies such as Dukosi [115] are developing chips that can be integrated with
battery cells to track their performance over their lifetime. Both the intelligent battery
and the smart cells could be used as platforms to further develop the battery passport
idea and standards to make it a reality. Using these platforms, further research into the
type and quantity of information that should be stored can be investigated. Recording
a lot of data will yield a very accurate picture of a battery’s history, but it will cost
more to store this data. The research questions will revolve around how to minimize
the quantity of data without comprimising on the accuracy of the battery’s history

and SOH. This has large ramifications in the second life market of lithium ion cells, a
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market that is growing rapidly, because as cells leave their first application they can be

easily grouped into appropriate second life applications using their battery passport.

Decentralised phase control, centralised BMS

A project that could further develop the battery management system presented in this
thesis into a commercial product is one that takes advantage of the best aspects of the
smarts cells and the intelligent battery pack. The project could use the decentralised
phase controller from the smart cells in combination with a wireless centralised controller
for pack level battery management. Both the intelligent battery hardware and smart
cell hardware developed in this work can be used to develop this idea further.

The theory developed for the smart cells also has applicability in other areas such
as super capacitors and solar photovoltaics. In both of these applications, series strings
of devices need to be balanced and managed over time. A super capacitor application
would be similar to the smart cell application presented here. However, for the solar
photovoltaic application, further research on how the decentralised controller could be

extended to include a maximum power point tracking algorithm is required.

Transitions per second control

Both projects had very low output voltage ripple and due to their topology, the voltage
ripple would decrease as more modules were added. Therefore, an interesting research
project would involve a new control method which varies the switching frequency
inversely proportional to the number of modules or smart cells that are in the series
string. This would be similar to controlling the number of transitions, as in module or
smart cell switching events, per second.

Implementing this in the intelligent battery would be relatively straightforward

since there is a master which synchronizes all of the module PWM modules. However,
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as the number of modules increases, the frequency will decrease, and the control loop
latency with also increase. Therefore, care should be taken to ensure the desired system
performance is still met. At low switching frequencies, the sync and data signal could

send two values of d during every switching period to reduce the control latency.

The implementation of the transitions per second control on the smart cells will be
a greater research challenge. There will need to be a method or controller that can
gaurantee that all of the smart cells will end up at the same frequency. The theoretical
analysis of this system will also be very challenging, and would involve Kuramoto

analysis where each agent, or smart cell, does not have the same switching frequency.

6.2.1 Intelligent battery pack

Lifetime enhancement

The intelligent battery adjusts the energy flow through every series connected module
to ensure that each module discharges proportional to capacity. This will have a
positive impact on ageing, as weaker cells will be loaded less than healthier cells
[109, 110]. Therefore, an obvious research question to solve is to verify this hypothesis
in a real system. The research should be carried out under different prototypical
cycling profiles to determine which applications this technology is best suited for.
Using the two intelligent battery packs built for this thesis, such an experiment would
be straightforward to conduct. One of the packs could run in a “standard” mode,
where the duty cycle of each module is the same, and the other pack could run in
“intelligent” mode. Using the two identical packs with different control algorithms will
also remove the effects of the extra power electronics in the study, thus the results will
be purely an indication of the improvements in battery pack life that can be obtained

with module level management.
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Intelligent battery as part of an integrated system

As mentioned in Section 6.1.1, the intelligent battery is more closely related to a dc
to dc converter than a standard battery pack. An intelligent battery is “more than
just a pack”. Therefore, future research should investigate new applications where a
battery pack and dc to dc converter can be replaced with a single intelligent battery.
In addition to a system study, a cost benefit analysis taking into account the increased
lifetime of the battery pack would also need to be undertaken.

One such application could be in solar home systems. Typically a charge controller
is required to extract the maximum power out of a solar array. An intelligent battery
pack could easily integrate the functions of a maximum power point tracker into its

master controller and could operate as a solar charger.

6.2.2 Smart Cells

Analysis of the v, waveform

The largest computational burden on the smart cell controller is the analysis of the
voltage across Ls.. The algorithm that was used is one that is based on traditional
if{--- }else{ -} logic. As the number of cells or sample points increase, the execution
time of the algorithm also increases linearly. However, analysing the voltage across
L. is similar to analysing photographs. Through machine learning, computers are
able to identify individuals and objects in photographs. Further research should be
undertaken to determine how machine learning techniques could be applied to the
voltage across L. to extract the average SOC of the string and the switching events, or
more directly, the control signals. This research would be very interesting in contrast to
the traditional machine vision applications since the data is quite sparse in comparison

to a photograph. Instead of inputting a matrix of red, green, and blue values, the
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inputs would simply be a vector of voltages. This also implies that the computational
power required to compute such an algorithm should be reduced, which is ideal for low

power applications such as the smart cell.

Ripple reduction

The phase controller of (4.20) used only the fundamental harmonic to minimize the
output voltage ripple. However, in some applications this may not be enough. Therefore,
extending the algorithm to higher order harmonics should be considered. A short
investigation was done into this early on in the smart cell work, however a simple

controller like the one of (4.20) was not stable in simulation.

Computational smart cell algorithm improvement

The smart cell algorithm implemented for the thesis was optimised for debugging
purposes only. Therefore, further development into improving its execution time would
improve the performance and power requirements of the smart cell algorithm. Since the
controller uses the Fourier transform, the same techniques which reduce the discrete
Fourier transform algorithm from an order n? problem to an order nlogn problem

could be applied here.

Measurement of the v;, waveform

Another method to improve the analysis of the vy waveform is to further develop its
measurement hardware. In the current realization, an ADC is used to sample vy, for
an entire switching cycle, and the conversion results are analysed later to extract the
level and switch timing information. Some of this analysis could be done in hardware.

As a first iteration, an FPGA could be programmed to detect the switch timing events.
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Fig. 6.1: Artistic impression of the future of smart cell technology.

The hardware would be able to synchronize the conversion of the level information.

Together, this would greatly simplify the analysis of vy,.

Hardware

The vision of a smart cell has always been to miniaturize the electronics to a point
where is can be integrated onto the electrochemical cell itself. Fig. 6.1 is an artistic
impression of what future developments into the smart cell could realize. The rendering
depicts an 18650 cell wrapped in a package which includes a small PCB. The PCB
would house the MCU and power electronics necessary to implement the smart cell
algorithms. There are many cells on the market today which have built-in current
interrupt devices which are implemented as a small PCB integrated into the cell’s
packaging in a similar manner to Fig. 6.1. Therefore, the future of these interrupt

devices could also implement the smart cell algorithms.

6.3 Final thoughts

Until humanity develops energy storage devices that do not degrade or can become a
safety hazard, there will always be a need for high performing BMS’s. This thesis has
shown that the tight integration of power electronics can yield improved performance
out of series connected battery cells, in one case increasing the energy storage capability
of a pack by 46%. It has also introduced a new way of thinking about battery packs:

as devices that can be repaired or refurbished, not just replaced. It takes 454 Wh of
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energy to produce 1 Wh of Lithium-ion battery storage [116], therefore we should use

each cell until it is truly exhausted before it is sent for recycling.
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Appendix A

Lower Bound on I ,._ ;s

A lower bound on I74._rms Will now be derived. This will give an indication of how
well a system of smart cells will perform when their phase angles are optimized by
minimizing the total sum vector of (4.14), instead of minimizing the infinite harmonic
sum of (4.11). Throughout this analysis, the duty cycles of all of the cells are assumed

to be less than 1.0 and greater than 0.0.

A.1 Base Cases

The analysis will start by considering some base cases of smart cell systems. It is most
interesting to start with a system with at least two smart cells. For this analysis, the
duty cycles of each smart cell within each system are considered to be unique, unless

otherwise stated.

A.1.1 Two smart cells

In the case of two smart cells, there will be two switching cells. Intuitively, we expect
that the optimal switching pattern will evenly space any “on” or “off” times. Setting

M = 2, equation (4.11) reduces to:
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]’2

Lac—rms —

. 1 (Vnost 2> 4
2

27TL)Z

n=1

i {sin2 (mn.Dy) + sin? (7nDsy) +

2sin (mnD1) sin (mnDy) cos (mn (D1 — Dq) +n (61 — 62))] . (A.1)

Equation (A.1) can be minimized by minimizing the last term. This means that the
cosine term in (A.1) should be set to —1. Since only the relative phase shift between

cell 1 and cell 2 is of concern, 6, can be set to 0. Now a solution for 6; can be found:

cos(mn (Dy — Dy)+n(0; —0) = —1 (A.2)
6, = %@k+n—wuh—0g, (A.4)

where k& € 7Z. Since there can only be one solution for 6;, consider the case where

n =1:

0, =7 (2k+1) — 7 (D, — Dy). (A.5)

The solution for #; as defined by (A.5) is consistent with our intuition, for every
value of k. To prove that this value of 6; is the minimum of (A.1), substitute (A.5),

into the first and second derivatives of (A.1). For the first derivative:

d [%/ac—rms 1 Vnost 2 oo
(dﬁl) =5 ( 5T ) nz::l i [2nsin (mnDy) sin (7nDy) -

sin (7mn (D1 — Dy) +n (01 —65))]. (A.6)
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Substitute (A.5) into (A.6) and set 6, = 0:

[2nsin (mnDy) -

4

d ([%/UIC*TmS) 1 VnomTS 2 > 4
—a =5 () =

91=n(2k+1)—7(D1—D3) n=l1

sin (mnDy) sin (mn (2k +1))] = 0. (A.7)

Equation (A.7) shows that (A.5) is a local minimum or maximum of (4.11) because
the last term, sin (7n (2k + 1)), is zero for all values of n and k. Now calculate the

second derivative of (4.11):

4

2

d2 <I[2/ac—7"m5> . } (Vnost)2 io: B
dg? 2\ 27l

n=1

[2712 sin (7nDy ) sin (mnDs) -

m2n4

cos (mn (Dy — Dy) +n (01 —6,))]. (A.8)

Substitute (A.5) into (A.8) and set §, = 0:

d2 ([%/acfrms)
467

1 (meTS 2 4
2

27TL>Z

91=m(2k-+1)—m(D1—Ds) n=1

{2712 sin (mnDy) -

m2ns

sin (mnDs) cos (mn (2k +1))] (A.9)

d2 ('[12/&0—7’1’)’1,5>
63

1 VnOmTS 2 4 9 .
T2 < 2rL > Z 2t [Zn sin (mnD) -
01=n(2k+1)—n(D1—D2) n=1

sin (mnDy) (—1)"]. (A.10)
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The sign of (A.10) will determine if #; describes a local maxima or minima. The
terms sin (7nD;) and sin (7nDs) will both be greater than zero since D; and D, are
within (0, 1). Everything else in the expression is constant, therefore, we need only to

determine the sign of the infinite sum:

n" x?
= — A1l
2 12’ ( )

%

n

which is positive. Therefore, minimizing (4.14) or (4.11) will yield the same result of in
the two cell case because 0; was determined using only the first harmonic of I7,c_yms,

and has also been shown to be a local minimum of I, ;-

A.2 Three or more smart cells

In the general case of three or more smart cells, it is very difficult if not impossible,
to come up with an analytical solution. Therefore, a lower bound on (4.11) is desired
when it is minimized using only the fundamental harmonic, by minimizing (4.14). The

analysis will start with (4.11), which is repeated here for convenience:

1 Vnost 2 co M M 4
I%ac—rms:2( oL ) ZZZ

2,4

[sin (7nD;) sin (mnDj) cos (mn (D; — D) +n (0; — 6;))]. (A.12)

When (A.12) is minimized with (4.14), only the fundamental harmonic is considered.

Therefore, separate the fundamental harmonic from A.12.

72 1 (meTs)2

Lac—rms 2

[sin (7 D;) sin (7 D;) cos (7 (D; — D;) + (6; — 6;))]
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co M M 4

+ Z Z 24 [Sin (7T7’LD,) sin (WnDj) COS (7T7’L (Dz - Dj) +n(91 - 93))] (A13)
n=2i=1j=1"7

1 Vnost 2 4 /
]iac—rms = 5 ( oL ) { |UZ|2

co M M

+> > Z [sin (mnD;) sin (7nD;) cos (mn (D; — D;) +n (6; — 60;))]| (A.14)
n=21i=1 j= l

A lower bound for 7. . . can be found by assuming the transcendental functions

of (A.14) equal —1:

B > ;(VQ;LT)f||+iiﬂi [—1]] (.10
B > ;(VszT)f|—ﬂ4(g0—1)] (A7)
Boms > ;(V;TLTS)Q}U'J—M? (5-1)] (A18)

Equation (A.18) is a lower bound for I?

Fac—rms>» Which can be easily computable.

However, this lower bound is very conservative, and M? (71/90 — 1) can be larger than

g

A.2.1 Three or more smart cells, tighter bounds

The lower bound of (4.11) calculated in (A.18) is too conservative to be of use in many
situations, thus a tighter bound in derived in this subsection using a combination of

intuition and maths. This will be done by building an equivalent pack of smart cells of
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which we can easily calculate a minimum value of 12, . without the need of Fourier
Series.

First, construct an equivalent pack of M smart cells by setting all of their duty
cycles to be the same, such that the duty cycle of every smart cell in the new pack is

D.q, where:

M
MD., =Y D;. (A.19)
=1

Intuitively, an M cell pack of smart cells with the same duty cycle will have a

minimum value of 7 when the phase shifts of the smart cells are distributed

ac—rms

evenly over the switching period, namely:

2
0, = M”z ie[1,M]. (A.20)

In this situation, using the small ripple approximation technique, the inductor
current waveform will be a periodic triangle wave with a period of Ts/M as shown
in Fig. A.1. Therefore, I, . . can be easily calculated by calculating the ac-rms
value of this triangular wave. In [117], the ac-rms value of an arbitrary triangular
waveform with peaks at £1, is derived, and it is: Ipge—rms = I/ V/3. Therefore, using
the quantities in Fig. A.1, the I rms Of the equivalent system of smart cells is (note

that it is not squared):

I _ (([MDeq—l _MDeq) Vn) <(MDeq _ LMDqu)Ts> (
Lac—rms — 5

1
. o \/§> (A.21)



A.2 Three or more smart cells 197

TS _ TS
¢1 - ¢2 - V - 2 Deq
A A
4 ' N\
|
a() :
[
do(t) |
|
9, 9,

Output of ~ VaMD.,
smart cell Vour
string v/, |MD.,| -

R AN NEZAN
N NSNS N

>

({MD] MD)/ (LMDJMD)/

time | . .
H_/ Ts
(MDeu 7|.MD2qJ)Ts

M

Fig. A.1: An example of a an equivalent smart cell pack composed of two cells, each with a
duty cycle of Dey. The Ifqc—rms can be easily calculated for this pack, since the ac current
through the smart cell inductors is a periodic triangle wave, with a period of Ts/M, and for
the 2 cell case depicted here, Ts/2.






Appendix B

Smart cell code

This appendix describes all of the inputs to the smart cell controller function that was
used in the discrete time simulation results of Section 5.1.3, and in the experimental

hardware via MATLAB’s coder toolbox.

B.1 Simulink block diagram

Fig. B.1 shows the top level Simulink block diagram used in the three cell, discrete
time simulations of Section 5.1.3.The three dark green blocks represent each smart cell.
The electrical connections can be traced by following the +Vsc and -Vsc ports of each
smart cell block.

Fig. B.2 shows the Simulink block diagram of a smart cell, one of the dark green
blocks of Fig. B.1. The orange block, called SCKDCS1, contains the smart cell code,
implemented as a MATLAB function. The many inputs and outputs of this block are
used to fine tune the algorithm.

The yellow block, called Plot System Vectors, was used to visualize outputs of
the smart cell controller during the simulation. Fig. B.3 shows a screen shot of the

figure that is produces by all three of the Plot System Vectors blocks. The top row
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Fig. B.3: Screen shot of the output of a three smart cell simulation. Each Plot System Vectors
block of each smart cell, plots the cells it detects as vectors in its respective top plot, the
voltage measured across L. in its respective middle plot, and its phase shift in the bottom
plot.

of plots visualized the cells sensed by each smart cell. The magnitude of the vector
is proportional to the sensed duty cycle, and the angle of the vector is the switching
angle of Q. These vectors do not represent the transformed vectors as defined by
(4.12) and (4.13), simply because this graphical user interface was developed before
this concept was discovered. The middle row of plots shows the voltage across each
cell’s local L., as measured by each cell. The bottom plot is the evolution of each

cell’s phase shift over time.
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B.2 Inputs and outputs

The smart cell controller has many inputs, which are used to fine tune several aspects
of the controller, and many outputs, which are used for status and debugging purposes.
This section will explain each one in detail.

The function call looks like this:

function [phase, dFreq, vectorsMP, f_ncells, VcLocal, VcAvg, duty_out, int32_Status]
= SCSController (VL, NumSample, enable, duty, GPhCtrl, switchingPeriod, SCSPhase,
GlitchThreshold, SampScale, DvldtThreshold, LvlSimilar, GDutyCtrl, GIntDutyCtrl,
dphase_threshold, en_duty_ctrl, SamplePeriod_us, LevelRatioBat, minDuty, maxDuty,
Vbat, VLGain, MinLevelAvgCount, DutyDeadZoneVolts, BatCalcFlag,
int32_SenseCounterMax)

B.2.1 Inputs

VL

An array of 16 bit unsigned integers from the ADC of the sampled voltage across L.
The size of the array should be the same as MAXBUFF = 256, which is defined on line

23 of the function.

NumSample

A 32 bit integer that indicates the number of samples that were taken be the ADC.

enable

A boolean value that enables and disables the phase controller. Set to true to enable

the phase controller. Set to false to disable the phase controller.

duty

A float value between 0 and 1 that indicates the duty cycle that has been applied to

the switching network.
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GPhCtrl

A float value that corresponds to the gain of the phase controller.

switchingPeriod

A float value which defines the switching period in seconds.

SCSPhase

A float value which defines the phase angle between the rising edge of Q5 and the first
sample of the ADC, in radians. It is used to fine tune the timing between these two

events to ensure the phase controller timing is accurate. Normally set to (10/102) 2.

GlitchThreshold

A 32 bit integer that indicates the number of samples after a switching event has
been detected that must be free of switching events before another switching event is

recorded. Normally set to 1.

SampScale

A float value which is used to fine tune the number of samples in a switching period,
and is used when calculating duty cycles and phase angles from the switching events.

Normally set to 0.997. Equation B.1 demonstrates its usage.

D abs ((Index of positive transition) — (Index of negative transition))
1; =

NumSample - SampScale
(B.1)
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DvldtThreshold

A float value indicating the dVp./dt threshold at which to record a switching event.

The units are raw ADC values, and it is normally set to 192.

LvlSimilar

A float value indicating the minimum difference between two adjacent levels to ensure
that the adjacent levels are unique. The units are raw ADC values, and it is normally

set to 192.

GDutyCtrl

A float value used as the proportional gain of the SOC controller.

GIntDutyCtrl

A float value used as the integral gain of the SOC controller.

dphase_threshold

A float value indicating the maximum value of change in phase from the phase controller
that is permitted while the SOC controller is running. The state of charge controller
outputs a constant duty cycle when the change in phase from the phase controller is

larger than this value. It is normally set to 0.1.

en_duty_ctrl

A float value that enables and disables the SOC controller. Set to 1 to enable the SOC

controller. Set to 0 to disable the SOC controller.
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SamplePeriod_us

A float value of the sampling period. The units are pus. Normally set to 40/111.5, and

measured using the oscilloscope.

LevelRatioBat

A float value which determines the number of samples between switching events to
average. This average becomes the voltage values of that level. When LevelRatioBat
is less than 1, a ratio of the number of samples is used. For example, if LevelRatioBat
= 0.5, 0.5 X (the number of samples between two consecutive switching events) =
(the number of samples used in the average). When LevelRatiobat is greater than or

equal to 1, that many number of samples are used in the average. Normally set to 0.5.
minDuty

A float value between 0 and 1 that determines the minimum duty cycle that can be
output by the SOC controller.

maxDuty

A float value between 0 and 1 that determines the maximum duty cycle that can be
output by the SOC controller.

Vbat

A float value which is the voltage reading of the local battery cell. Units of volts.

VLGain

A float value which is the gain of the V. sensor. It is calculated outside of this

function, and is used to convert the raw ADC values to voltage value.
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MinLevelAvgCount

A 32 bit signed integer which indicates the minimum number of samples that must
have been averaged in order to consider a level measurement as valid. Normally set to

2.

DutyDeadZoneVolts

A float value which determines the dead zone used for the SOC controller. Units of
volts. When the difference between the local cell voltage and the average string voltage
is within +DutyDeadZoneVolts, the error fed into the SOC controller is 0. Normally

set to 0.01.

BatCalcFlag

A 32 bit unsigned integer whose bits are used as flags to determine which level
measurements to use when calculating the voltage differences between levels. There
are two level measurements (or averages) for each level: 1) a “front” measurement,
and 2) a “back” measurement. The length of the front and back measurements are
the same, and are determined by LevelRatioBat. Fig. B.4 graphically illustrates the
front and back level for one of the levels of the V.. waveform. Table B.1 lists what

the active bits control. All of the other bits are ignored. Normally set to 257.

int32_SenseCounterMax

A 32 bit signed integer used to indicate the maximum number of times the duty cycle
controller can execute without being able to make a good measurement. This is used
to adjust the time before a large step in duty cycle is introduced so that the SOC
controller can make voltage measurements on the string. Normally set to 12000, which

corresponds to about 2.5 minutes.
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Table B.1: Control bits of BatCalcFlag.

’ Bit \ Value \ Description ‘

9 1 If the transition is negative, use the front level calculation for the
level measurement before the transition.
0 If the transition is negative, use the back level calculation for the
level measurement before the transition.
8 1 If the transition is negative, use the front level calculation for the
level measurement after the transition.
0 If the transition is negative, use the back level calculation for the
level measurement after the transition.
1 1 If the transition is positive, use the front level calculation for the
level measurement before the transition.
0 If the transition is positive, use the back level calculation for the
level measurement before the transition.
0 1 If the transition is positive, use the front level calculation for the
level measurement after the transition.
0 If the transition is positive, use the back level calculation for the
level measurement after the transition.

B.2.2 Outputs

phase

A float value which indicates the phase of the PWM module. Units of radians. Its

value is restricted to the closed interval |7, —7].

dFreq

A float value which can be added to the switching frequency to synchronize the clock
signals of all of the smart cells. Due to the relatively coarse sampling of the hardware

used in this thesis, this output was not used.

vectorsMP

A MAXBUFF x 2 array of floats which stores the weighted sum vectors, as described in

Section 4.2, of all of the smart cells detected in the last execution of the controller.
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Fig. B.4: Oscilloscope screen shot of the voltage across a smart cell inductor, with the “back”
and “front” areas of the level highlighted.

The first column of this array is the magnitude of the vector, and the second column is
the phase of each vector.

f_ncells

A float value of the number of smart cells detected. This value is filtered by the
controller to yield an average.

VcLocal

A float value of the local cell voltage as measured across L., in raw ADC units.

VcAvg

A float value of the average cell voltage in the string, in units of volts.

duty_out

A float value indicating the new duty cycle for the PWM module. When the SOC

controller is disabled, the input duty is passed through to duty_out.



210 Smart cell code

int32_Status

A 32 bit integer indicating the status of the SOC controller. The possible values and

their meanings are summarized in Table B.2.

Table B.2: Summary of int32_Status values.

| Value | Description |

0 Successful execution of the SOC controller.

1 Local cell voltage is out of expected range.

2 Only the turn on time of the local cell was found, and used to
calculate the local value.

3 Only the turn off time of the local cell was found, and used to

calculate the local value.

4 Neither the turn on or turn off time of the local cell was found.

) dphase_threshold is exceeded.

6 BV_ weight = 0, the weight attributed to the local cell.

7 There are too many zero weights, cannot compute the average
cell voltage.

8 f_AvgBatVoltsWeights == 0.

9 Only the turn on time of the local cell was found, but the gain

was zero, or multiple transitions occurred.
10 Only the turn off time of the local cell was found, but the gain
was zero, or multiple transitions occurred.

11 Both transition were found, but only the turn on transition can
be used.
12 Both transitions were found, but only the turn off one can be

used.
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