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Abstract
This thesis documents the development of a novel lithium iron phosphate (LFP) battery
management system (BMS) intended for solar photovoltaic power system applications.
While lead-acid battery systems are often implemented without a BMS, lithium-based
battery systems require a BMS to provide two critical functions: cell protection and
balance. The proposed innovative BMS approach aims to enable lithium batteries to be
installed in low-voltage autonomous building blocks and treated much like traditional
lead-acid battery banks connected in series and parallel configurations. Particular
attention is paid to realizing a lithium-based approach that implements a low-cost, highcurrent protection mechanism and emulates the natural energy-dissipating balancing
behaviour of unmanaged lead-acid based cells.
Initially, cell characterization results are presented for eight series connected 3.2 V LFP
cells with a capacity of 3.7 Ah. Testing investigated imbalance up to 20% of cell capacity
within the 24 V string and compared resultant reduced string capacity to charge time,
required balance power, and charging effectiveness (time and capacity) under different
external setpoints. Practical setpoint limitations for low voltage cut-off, constant
current/constant voltage (CC/CV), and power specification for the dissipative element of
the BMS are explored.
Subsequently, a novel BMS architecture was proposed, simulated, built, verified, and
tested. The BMS implements a noncommunicating and heat dissipating cell balance
architecture combined with a low-cost fuse-based cell protection mechanism. Both
computer modelling and experimental testing of a 24 V nominal series string of LFP cells
ii

with a balance power curve emulating lead-acid battery self-balancing behavior to a
maximum power of ~0.5 W per cell shows tolerance for greater than 50% single-cell
imbalance (demonstrated to be the most difficult situation to manage on charge),
charging at 1.85 A CC per cell, and 27.2 V CV (3.4 V per cell). On-demand cell
protection using the cell’s own discharge capability to blow its own high-current fuse and
disconnect the battery from the rest of the pack is demonstrated to be effective. However,
this protection approach comes at the expense of some battery capacity (60 mAh per
parallel cell) that is required to be available to blow the fuse in a low voltage disconnect
condition.
The novel BMS system concept is ultimately prototyped in the context of a full-scale 6 V
nominal, 220 Ah (2S59P layout of 3.8 Ah/12.16 Wh 26650 LFP cells) battery in the GC2 form factor providing a functional initial prototype at a commercially viable scale.
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Chapter 1

Introduction

Lithium-ion batteries are a growing market. They are considered the most advanced
batteries currently available and are widespread in markets including mobile computing,
electric vehicles, power tools, and high-power energy storage systems. In a 2018 report
on the period from 2018-2025, Research and Markets estimated the compound growth
rate of the lithium-ion battery market at 14.9% [1]. The updated 2019 report adjusted that
growth rate to 15.2% [2]. It valued the market at 23.5 billion USD in 2017 and expected
growth to 71 billion by 2025. Allied Market Research estimated a market of 30.2 billion
in 2017, growing to 100.4 billion by 2025 at a compound growth rate of 17.1% [3]. The
category includes numerous chemistries with a lithium-compound positive electrode
(cathode) and, typically, a graphite negative electrode (anode) that can store and deliver
electricity more efficiently, reliably, and quickly than alternatives such as lead-acid
batteries. Lithium-ion batteries also feature better specific energies (energy per unit mass)
and energy densities (energy per unit volume) than lead-acid [4], which has led to their
use as energy storage technology within electric vehicles. As a result of increasing
production, improving cycle lives, availability of materials and scale of production in this
market, several varieties of lithium-ion battery are now being considered for commercial
or grid-scale energy storage [5], [6]. As society moves towards low-carbon, renewable
energy sources in the face of climate change, inexpensive battery storage can help enable
increasing renewable penetration. Within Canada, rural electrification efforts that rely on
polluting diesel generators have an opportunity to convert from that technology to more
environmentally friendly, safer, and less economically volatile generation methods. Other
applications for fast-responding chemical battery storage include frequency and power
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quality management, peak shaving or other load shifting activities, and smaller-scale
grid-scale storage under 10 MW [7]. Lithium-ion batteries are representing an
increasingly large proportion of newly installed chemical battery grid storage year-onyear [6].
Within off-grid solar PV and PV-hybrid power systems, a market previously dominated
by lead-acid batteries, the lithium-ion battery is now considered by many the most costeffective chemical battery storage in the market based on lifetime cost and useable
capacity [8], [9]. These batteries, however, enter a market where more basic lead-acid
batteries have been the de facto solution for years, and they replace a technology that is
fundamentally different in its operation; most critically that it requires external
management to operate safely. Lead-acid cells maintain consistent states of charge across
a series string of multiple cells and can equalize their state of charge independently of
individual batteries, meaning they can operate autonomously. They achieve this by their
ability to fully self-balance at so-called “equalization” charge voltages, that take
advantage of the batteries’ secondary reaction. Lithium cells, however, are unable to do
so, and require external battery management systems (BMS) to function safely and at
maximum capacity. Partly because of the ubiquity of lead-acid based systems, and the
continued market presence of advanced lead batteries [5] there is value in creating
lithium batteries that can interface with existing technology built around lead-acid battery
chemistries. In an effort to bring commercial products into the residential solar PV space
based on better performing and now-less-expensive lithium batteries, more and more
manufacturers, both lithium-focussed and previously solely lead-acid based, are releasing
batteries that attempt to replace the incumbent lead-acid technologies. Many of these
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batteries incorporate continuous bilateral communications to charger hardware and/or
rely on packs that can only be connected in parallel [10]–[13]. Currently, marketed
solutions do not allow for these cells to drop-in as retrofits with existing lead-based
banks, and until recently, [10] have been unable to operate in series circuits with other
batteries. The voltage characteristics of lithium cells introduce challenges to their
implementation especially when variables like manufacturing tolerances, ageing rates and
external damages are considered. These combined factors make it nontrivial to maintain
balanced cells, specifically, when arranged in series strings. While commercial BMS
attempt to maintain this balance, there is evidence that some currently available
implementations are far from optimized.
To solve this challenge of maintaining balanced cells, various circuit topologies based on
resistive dissipation, capacitor-based switching, transformer-based switching, boost
conversion and resonant switching, among others, have been proposed in the literature
and implemented into production BMS technologies [14]–[19]. These may be packaged
into complete battery solutions or sold individually as consumer products [10]–[13]. To
attempt to reasonably emulate the simplicity of lead-acid battery banks, a BMS must be
made that interfaces each cell individually, lacking additional communications or
connectors. Higher-power balancing solutions like many of those listed, typically rely on
some sort of energy transfer between cells, or otherwise require access to all cells’
voltage information, and sometimes control over charging infrastructure. These are
inherently more difficult to maintain both through software and via additional cell-to-cell
connections (beyond the main current carrier) and require compatibility with numerous
separate chargers. They are effective at maintaining balance, however, at the cost of
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complexity. By developing a battery management system that better emulates the
behaviour of lead-acid batteries, the intent is to produce a system that is simpler, more
robust, and easier to maintain.
With all BMS, to protect the cells and batteries from unsafe voltage, current, or
temperature conditions, a method to disconnect cells is critical within each battery. For
the battery to achieve the current requirements demanded by the marketplace, these cell
protection mechanisms can be expensive and increase the cost of the overall battery
system. To reduce costs, a novel cell disconnect architecture that results in substantial
cost savings may be appealing to manufacturers and consumers.
To achieve a system whose balance and cell protection meet the goal of being
noncommunicating, the balancing strategy developed in this thesis emulates lead-acid
gassing behaviour. The BMS should also implement an inexpensive cell protection
mechanism that enables safe operation, as previously mentioned. With these goals in
mind, an initial characterisation for the cells was performed to inform future design
decisions. A pack-cycling apparatus was constructed that can cycle charge an eight-cell
series string. This 24 V nominal pack is charged and discharged under different
conditions of artificially implemented imbalance, using constant current/constant voltage
(CC/CV) charging and discharging via a resistive element. This process is further
discussed in section 3.2. Subsequently, these initial characterizations were used to inform
the development of a novel BMS architecture that meets the above criteria; namely,
autonomous cell balance and protection. To further evaluate the viability of the BMS and
various control methodologies, the theory of operation of the BMS was tested in
simulation using PSIM electrical simulation environment, under conditions like those that
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were initially used to characterize the cells. Several control methodologies were
evaluated in the simulation environment before selecting a balancing control scheme that
emulates a lead-acid battery secondary reaction. The selection of control scheme
informed several prototype PCB design decisions. The BMS performs two major
functions within the battery: cell protection and balancing. For evaluation of the
balancing performance in the same 24 V nominal series string, nine of the BMS boards
were produced, eight implemented in the 24 V test environment and the other used for
fuse testing, to verify the PSIM model and ensure their performance within the original
cycling apparatus. Performance of the fuse-based disconnect was also evaluated. Based
on the results of the fuse-blowing cell protection testing, several design revisions were
considered after this initial version. The updates to the control architecture were
incorporated into a final PCB revision that was then used to construct a 6V battery in the
standard GC-2 form-factor implementing the developed BMS architecture.

1.1 Problem Statement
Lithium batteries, due to the chemical reaction that drives their energy storage ability,
also require additional management, compared to lead-acid batteries. This additional
complexity in the pack architecture of a lithium battery brings several challenges to the
development of a commercial solution for the off-grid solar PV market. This is especially
true when these batteries are used as “building blocks” i.e. lower voltage batteries that
can be combined and scaled into larger packs. The shortcomings of existing solutions in
terms of ease of setup and broad compatibility become evident in these applications. The
goal of this project is to develop a novel BMS architecture for the safe LFP battery
chemistry that allows the battery to be used without external management, appearing no

5

more complex than current lead-acid batteries to an external device. The BMS should
enable the cells to deliver high current discharges in the typical range of off-grid power
system reliability and safety, and be combined into packs of similar lithium batteries, but
also function in existing lead-acid retrofit applications based on 24/48 V charge controller
hardware.

1.2 Project Objectives
Lead-acid batteries have remained the de facto solution for solar PV-based microgrids
(small, isolated electrical grids) that may be grid-tied or off-grid and other applications
for energy storage where weight and volume are less of a concern since the inception of
the grid-forming inverter. These batteries are relatively easy to connect and manage,
working only via knowledge of the external voltage of a pack of batteries connected
either in series, parallel or a combination of both. Critically, they can be combined in
these different configurations with concern only for maintaining consistent capacity at
each voltage level (level of series string). Lithium batteries do not share the same
characteristic, they cannot be combined in the same manner, and this additional
complexity required additional components, collectively referred to as a battery
management system (BMS), that keep cells safe and performing optimally.
The immediate objectives of this research over the course of this project are as follows:
•

To prove a battery management system which is:
o Flexible in its connection requirements
o Modular in that it enables low-voltage building-block batteries
o Robust in its high availability and rapid balancing
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o Autonomous in its noncommunicating architecture
•

I.e. a lithium-ion battery management system similar in implementation to leadacid technology, while minimizing additional costs associated with this
additional BMS system.

Longer-term, this project aims to:
•

Development of a market-ready autonomous “building-block” voltage lithium-ion
battery solution

•

Promote replacement of Lead-acid batteries in the Solar PV market

•

Improve performance of Solar PV power systems

To achieve this, several milestones have been proposed in the original funding proposal,
Table 1-1.
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Table 1-1: Project Milestones from original proposal.

Milestone

Description of Activities

Lithium cell testing and

Construction of a scaled-down experimental battery setup.

characterization

Experimental characterization of four single battery cells in
series under typical solar-based partial state-of-charge cycling
and worst-case conditions applicable to solar ‘off-grid’
applications.

Initial 1 kWh battery

Design and prototyping of a manufacturable full-size 6V

module prototype and

battery module. Worst-case-scenario testing and

testing

characterization of the initially unprotected battery module.
Investigation of see if the characterization of activity one
scales with parallel cells.

Investigation of new cell Adaptation of the initial four-cell experimental setup for ‘leadbalancing and protection acid emulation’ cell balancing and fuse protections. Cell
techniques

balance and protection control techniques investigated,
modelled, and tested.

Second battery module

Second iteration of a full-size 6V battery module incorporating

prototype and testing

the newly developed cell-balance and battery protection
technology. Investigation to verify the technology developed in
activity three scales to parallel cell within a battery module

Upon review of the original proposal, cell string size was changed from four cells to eight
cells (12 V to 24 V). This change represents a more common voltage among solar PV
power systems and presents an opportunity to scale more easily to 48 V using a 6 V
building block size. The third objective was considered unnecessary due to material cost
and possible waste if cells could not be re-used in final prototype. Parallel cell
performance is well documented, so evaluating this was deemed unnecessary. This
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milestone was replaced with an integration of a PCB-based BMS prototype into the
original cell characterization testing apparatus. These changes are reflected in Table 1-2,
below.
Table 1-2: Updated project milestones.

Milestone

Description of Activities

Lithium cell testing and

Construction of a scaled-down experimental battery

characterization

setup. Experimental characterization of eight single
battery cells in series under conditions of artificially
controlled imbalance.

Investigation of new cell

Adaptation of the initial eight-cell experimental setup for

balancing and protection

‘lead-acid emulation’ cell balancing and fuse protections.

techniques

Cell balance and protection control techniques
investigated, modelled, and tested.

Implementation of BMS

A prototype BMS is produced and integrated into the

balancer circuit into eight cell eight-cell series string testing apparatus introduced in
string and evaluation of cell

milestone one, this is used to evaluate the simulated

protection

balance performance. Cell protection is also investigated
using the prototype BMS.

6V battery module prototype

Implementation of BMS within a full-size 6V battery

and testing

module incorporating the newly developed cell-balance
and battery protection technology.
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1.3 Organization of Thesis
The thesis is organized into chapters following the major sections of the background
work and of the realization of the research project. Chapter 1 contains the introduction
and project objectives. Chapter 2 presents necessary backgrounds information and a
literature review covering existing technologies for Solar PV systems, lead acid and
lithium-ion batteries, battery modelling, estimation, and battery management systems.
Chapter 3 discusses the process by which the LFP cells were chosen (Section 3.1), how
cells were evaluated (Section 3.2) in cycling and the results of testing under balanced and
imbalanced conditions (Section 3.3). This testing at varied external parameters and
conditions of imbalance informed the selection of external charger setpoints for the BMS
(Section 3.4). The battery charge profiles developed through the pack testing were then
used to develop a battery model in PSIM simulation environment (Section 3.5). This
information was necessary to implement a battery management system to control the
newly understood battery technology.
The architecture and parameters for this battery management system are proposed in
Chapter 4 Section 4.1. Early prototypes for one cell individually are presented in 4.2 with
constraints on future designs presented in 4.3. Section 4.4 highlights testing of balance
and protection for a single cell. The battery management system was then scaled-up to a
24 V pack of 8 series-connected cells with testing results in Section 4.5. This represents
the fully realized scaled down prototype of the autonomous balancing architecture.
Chapter 5 provides an overview of the design and build procedure for the full-scale 6 V
prototype based on the BMS technology developed in previous chapters. The project is
concluded in Chapter 6 reviewing the original project objectives and proposing
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opportunities for future work on this and similar technologies. Appendix A contains an
overview and teardown of an existing battery, which has some autonomous features
enabling 12 V batteries to be connected without communication up to 48 V. Further
information on the selection of lithium iron phosphate cells is summarized in Appendix
B, with more information about the testing apparatus in Appendix C. Finally, initial tests
summarized in Section 3.3, are further defined in Appendix D.
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Chapter 2

Background and Literature Review

This section details useful background information for the project and thesis. Context
surrounding energy storage and chemical battery technology, solar PV microgrid
systems, and rural electrification in Canada is explored. Lead-acid and lithium-ion based
battery technologies are compared on performance and safety. The concept of a lithiumion battery management system is introduced. Lithium-ion battery electrical models for
ageing, performance, and safety under varying conditions are introduced. Functions of a
battery management system especially cell protection and cell balancing are covered
introducing several different established methods for balancing cells.

2.1 Chemical Batteries for Energy Storage
Chemical batteries are energy storage devices that can deliver electrical energy via
chemical reaction. To deliver their stored energy as electricity, batteries use an oxidationreduction (redox) reaction. Batteries are classified into primary and secondary cells.
Primary batteries deliver energy with a non-reversable chemical reaction, which
gradually consumes reagents until the battery voltage decreases below the useful range.
Primary batteries are typically higher in energy density than secondary cells, however the
limitation of their chemical composition makes them ineffective for renewable energy
applications. Secondary batteries implement a reversable reaction that can enable energy
storage on-demand, not just through their manufacture. The ability to store electricity on
demand is a critical component of integrating renewable energy technologies that are
inherently intermittent, such as wind and solar photovoltaics, into a reliable power
supply.
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Within secondary chemical batteries, one of the oldest and most widely adopted chemical
battery for isolated electrical systems, motor starting, fleet vehicles and uninterruptible
power supplies (UPS), among others, is the lead-acid battery. The technology was
originally invented over 150 years ago by French physicist Gaston Planté [20]. These
batteries have been the de facto solutions for new off-grid solar PV installations with
storage due to their availability and price. More recently, new and refined chemistries
based on lithium-ion reactions have enabled lighter, cheaper and longer-lasting batteries,
contributing to efforts to electrify vehicles and the proliferation of battery-powered
mobile devices. These batteries (based on lithium-ion) are now being marketed as a
cheaper lifetime option compared to incumbent lead-acid batteries for solar PV
applications [21].
Overall, lithium is considered a valuable candidate for primary and secondary chemical
batteries as the lightest metal. Refinement of component chemistries and understanding
of the internal mechanisms of ageing in these cells continue to be developed. Notable
chemistries, named typically for their positive electrode, include Lithium Iron Phosphate
(LFP), Lithium Nickel Manganese Cobalt Oxide (NMC), Lithium Nickel Cobalt
Aluminium Oxide (NCA) and Lithium Cobalt Oxide (LCO), among others. Within these
categories, specific manufacturers will offer different chemical compositions of the
anode, cathode, electrolyte, separator, etc. These changes mean lithium cells across
chemistries are continuing to improve on their energy densities (energy per unit volume),
specific energies (energy per unit mass), specific power (energy per unit power) and
cycle lives (the total energy throughput the battery can withstand) [22] for a broad range
of applications.
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Within batteries, there are several metrics for which they are evaluated. Energy density
and specific energy represent the amount of energy than can be stored in a battery
technology per unit volume and unit mass, respectively. Energy density is typically
measured in Wh/m3 and specific energy is typically measured in Wh/kg, though joules
may be used as well. Power density and specific power are also used to measure the
maximum power output for a battery technology per unit volume, and mass measured in
W/m3 and W/kg, respectively. In terms of battery lifetimes, typically these are divided
into two categories, life, or calendar life and cycle life. Calendar life refers to the lifetime
of the battery regardless of how it is used, the amount of time it will last if left unused, at
a certain state of charge (SOC) or in a cycling application. Cycle life refers to the amount
of energy throughput a battery can withstand before reaching a reduction in capacity. For
example, a battery may withstand 2 000 cycles before reaching its end-of-life if
discharged to 80% of its original capacity (this 80% is referred to as depth of discharge
(DoD)). Battery cycle life improves if cycled to a lower DoD.
Other aspects of terminology used include series strings of batteries, referring to battery
cells that are connected in series where there is only one cell in parallel. Series-parallel
strings represent a combination of cells in series and parallel. These series and parallel
strings are abbreviated to 𝑛𝑆𝑛𝑃 notation. For example, a 2S15P configuration represents
two series-connected units of fifteen cells, which are themselves connected in parallel.
The different levels of a system are the cell; the individual cylindrical cell or lead acid
cell, the battery; the combination of parallel and series cells in a single case, the pack; the
arrangement of self-contained batteries into series and parallel arrangements. A pack may
be composed of batteries, or cells.
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2.2 Solar PV Power Systems in Canada
Historically, Canada’s efforts to achieve rural electrification have been successful. The
World Bank reports that 100% of the rural and total populations have access to electricity
[23]. Many of these electrification efforts have, relied on older technologies such as
diesel generators, and small hydro turbines where the geography permits. The
government of Canada has recorded 292 remote communities across the country that fit
the following criteria: Are not connected to the North-American electrical grid, nor to the
piped natural gas network, and are a permanent or long-term (5 years) settlement with at
least 10 dwellings. These communities represent 194 281 Canadians, the vast majority of
which are powered by fossil fuel generation; 251 communities representing over 450
MW of installed capacity. There are 46 communities with installed hydro capacity (some
communities have both generation sources) representing over 150MW of installed
capacity [24]. Consistent with movements to less polluting energy sources, here is
interest in increasing the number of hydro-powered plants or implementing other forms
of renewable energy.

2.3 Solar PV-Based Rural Electrification
Recently, the falling prices of solar PV, wind turbines and supporting technology have
meant that efforts are underway to implement these renewables in rural Canada where is
has not been so readily adopted previously [25]–[27]. Further, the scalability of solar PV
technology has enabled islanded residential installations to move from demonstration
[28] to commercially viable systems [29] within the same community. The
implementation of renewable energy benefits remote communities in additional ways;
decentralized systems improve energy security by diversifying supply and reducing
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demand on transmission, reducing negative environmental and health impacts of fossil
fuels, while also being faster to install and develop, offering cheaper generation and
promoting opportunities for job creation. The market for residential solar PV installations
has also moved into the realm of consumer technology, where lead-acid batteries, flooded
and valve regulated lead acid (VRLA) are the de facto solution. A basic system for a
solar PV power system with storage, to serve an AC load is shown in Figure 2-1.

Figure 2-1: Solar PV/Power Converter/Battery Storage flowchart, note bidirectionality from
battery.

The solar panel may be controlled by a maximum power point tracking (MPPT)
controller, or a more basic pulse width modulation (PWM) controller. These may be
integrated or separate from the inverter/charger; together they are represented by the
power converter and connect the solar panel, or series string of panels and attempt to
extract the most power they can from the panels, depending on the irradiance. The grid is
simply connected to the AC output of the power converter. The same is true of the
batteries, which are connected in series, typically up to a maximum of 48V and connected
to the power converter via the current carrying conductor, like the other components.
This is one major advantage of lead-acid batteries that will be discussed in 2.5. Recently,
however, lithium batteries [10]–[12] have been released that are positioned to challenge
lead-acid technologies in the off-grid renewable energy tied space. These are entering this
market now due to the decreasing capital expense of lithium batteries, coupled with
increasing cycle lives and several inherent improvements in performance over lead-acid
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batteries. The lithium-ion battery, however, cannot be integrated into a power system as
shown in Figure 2-1, due to the voltage characteristic of the lithium-ion battery and the
increased safety concerns associated with various lithium chemistries compared to leadacid batteries [30]–[36]. Within these systems, lead-acid batteries are combined in series,
to reduce the required conductor size, in doing so, they require no management. Lithium
batteries, however, require some sort of management solution, a battery management
system (BMS) that regulates the cells’ behaviour, keeping them within safe operating
ranges and at the same state of charge. This and other challenges of replacing lead-acid
batteries with lithium batteries in this application are discussed previously in 2.11.1.

2.4 C-Rate
Batteries are often described in terms of their C-rate. The C-rate is the rate of charge or
discharge as a function of the rated AH capacity of the battery. The higher the C-rate, the
higher the rate of charge of the battery and in some cases, the rate of ageing, or the
available capacity. C-rate is especially important with Lead-Acid batteries, as the
available energy varies greatly with the rate of discharge. For example, the available
energy of a Surrette S-290 is presented in Table 2-1:
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Table 2-1: Surrette S-290 effective capacity at various charge rates.

C-Rate

Specific Gravity

Capacity (Amp-Hours)

Current (Amps)

C/100

1.280

294

2.94

C/50

1.280

274

5.47

C/20

1.280

230

11.5

C/15

1.280

219

14.57

C/10

1.280

202

20.24

C/8

1.280

198

24.73

C/4

1.280

161

40.25

C/3

1.280

150

49.83

1C

1.280

92

92

As demonstrated, the available capacity decreases by almost 70% between discharges at
C/100 to 1C. In terms of labeling, the C/20 rate of 230 AH is the rated capacity of the
battery. The C-Rate can be calculated following Equation 1, below.
(𝑅𝑎𝑡𝑒𝑑𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦)

𝐶 − 𝑅𝑎𝑡𝑒 = (𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒𝐶𝑢𝑟𝑟𝑒𝑛𝑡)

(1)

While lead-acid cells are highly variable in their capacity as a function of discharge
current, lithium-ion and specifically LFP cells are far less impacted. The K2B12VG27, a
111 AH (at C/5) rated battery discussed in Appendix A has capacity loss described by
Table 2-2.
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Table 2-2: Effective capacity of the K2 Battery K2B12VG27, 12V LFP-based battery.

C-Rate

Capacity (Amp Hours)

Current (Amps)

C/5

111

22.2

C/2.3

111

48

1.16C

113

96

1.75C

112

192

2.6C

109

288

The capacity is obviously far less impacted by C-Rate, as indicated by the nominal
capacity being based on the C/5 rate instead of C/20. The lithium battery even
demonstrates slightly increased capacity around 1C.

2.5 Lead-Acid Based Batteries
Lead-acid batteries (LABs) take advantage of a reduction-oxidization reaction between
lead oxide plates and sulfuric acid electrolyte. LABs are sold in various standard form
factors such as GC02, L16, etc. and are especially valued for their ability to deliver rapid
bursts of power at low temperature, used for starting motors on vehicles. They are also
valued for their acceptable reliability, resilience to under- and over-charge and low initial
cost in cycling applications. Beyond motor start applications, UPS systems, industrial
fleet vehicles, golf carts, telecommunications backups, and traffic signals are applications
of LABs. In LABs, the application has considerable impact on the construction of the
cells. Lead-acid batteries made for starting applications tend to have thinner plates,
enabling them to produce more short-term current, at the expense of their deep discharge
capability and capacity. Batteries intended for deep discharge, then, have thicker plates,
improving deep cycle performance and longevity. Further improvements to batteries are
possible with tubular plate designs, however these are typically not available in consumer
scale devices [37]. These lead-acid batteries come in packages divided into Flooded
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(FLA) and Valve-Regulated (VRLA) varieties, with the VRLA batteries being further
divided into Advanced Glass Mat (AGM) and Gelled electrolyte varieties. AGM and
Gelled batteries are generally more expensive. However, they are touted by
manufacturers as offering better performance compared to flooded cells, and their sealed
nature means they will filter any gassing back into the battery, decreasing maintenance
requirements compared to flooded batteries. In high-vibration environments, they offer
improvements in stability. They are not without their drawbacks, however; the sealed
nature means they are less tolerant of overcharge and varied storage SOC. AGM and
gelled batteries are also generally more expensive [38]–[40].
To store energy, the lead-acid battery uses a chemical reaction that creates a voltage
potential at the positive (𝑃𝑏𝑂2) and negative (𝑃𝑏(𝑚𝑒𝑡𝑎𝑙) ) plates. The reversable reaction
follows the following Equation 2 overall, with 3and 4 representing the reactions at the
positive and negative plates, respectively:
𝑃𝑏(𝑚𝑒𝑡𝑎𝑙) + 2𝐻2 𝑆𝑂4 + 𝑃𝑏𝑂2 ⇌ 2𝑃𝑏𝑆𝑂4 + 2𝐻2 𝑂

(2)

+
−
𝑃𝑏𝑂2 (𝑠) + 𝐻𝑆𝑂4(𝑎𝑞)
+ 3𝐻(𝑎𝑞)
+ 2𝑒 − ⇌ 𝑃𝑏𝑆𝑂4 (𝑠) +𝐻2 𝑂(𝑙)

(3)

+
𝑃𝑏(𝑠) + 𝐻𝑆𝑂4−(𝑎𝑞) ⇌ 𝑃𝑏𝑆𝑂4 (𝑠) + 𝐻(𝑎𝑞)
+ 2𝑒 −

(4)

The energy density and specific energy of these cells are less than lithium-ion at 0.220.27MJ/L and 0.11-0.14 MJ/Kg compared to 0.32-0.47MJ/L and 1.20MJ/Kg for the LFP
chemistry. The nominal voltage of a typical lead-acid battery is 2.1V, based on the
chemical equation in (2). The cells are susceptible to substantially reduced capacity when
subjected to high current loads. They have a cycle life of approximately 800-1000 cycles
to 80% depth of discharge (current capacity with respect to the initial manufactured
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capacity of the battery) [41], however this varies based on the specific battery plate
construction used, and based on the maximum discharge of the batteries. Discharging
batteries to only 50% of their capacity is recommended for these applications. This is
compared to LFP batteries, which can reach over 5000 cycles. Additionally, lead-acid
batteries are highly susceptible to degradation at elevated temperature, and can see their
cycle life decrease by half if stored at temperatures above 33 °C [42]. Their performance
in partial states of charge, characteristic of solar-powered off-grid applications is
discussed in Section 2.5.2.

2.5.1 Charging Regimes of Lead-acid Batteries
Commonly, lead-acid batteries are charged using basic three- or four-stage charge
regime; in order, a constant current (CC), constant voltage (CV) an optional equalization
stage, and final float stage. In this method, batteries are charged at a high current, as their
voltage increases from low to high SOC, known as bulk charging. Subsequently, when a
voltage is reached, the battery is kept at that so-called absorption voltage until the current
tapers down to some desired rate, usually expressed as a fraction of battery C-rate. Once
the current tapers sufficiently, the cell voltage is reduced, and it enters float charge,
where a very low current keeps the voltage at an elevated level, used to maintain battery
life. The optional fourth charging stage is known as equalization or gassing wherein the
battery is elevated to a voltage above the previous absorption voltage. At this stage, the
electrolysis reaction will begin, which physically agitates the electrolyte, produces
hydrogen and oxygen gases, and can be used to recover lost battery capacity. Most
modern chargers will follow this standard charge routine and will allow the user to input
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these setpoints based on the specific cells they are using and program an equalization
charge if one is required.
Historically, a simple transformer-based charger would be used to set the voltage of the
battery at an elevated voltage to bulk charge the battery, then enter constant voltage
charging, which tapers the current to enter absorption mode, however, these chargers will
leave the battery in absorption mode for an indefinite amount of time. When leaving the
battery in absorption indefinitely, the life of the battery may suffer. These transformer
chargers can also be regulated to prevent this sort of behavior if the battery is left on the
charger. Power electronics components, which are now inexpensive, allow for costcompetitive chargers that exert more control over the charging regimes. Constant current
and constant voltage chargers use power electronic switches to maintain consistent
current into the battery, and then to maintain consistent voltage. Many companies have
also developed proprietary charging curves that they use in their battery chargers to
optimize charging for various criteria, including cycle life, speed of charging, control of
sulfation, etc. These chargers may control for specific current profiles, as well as
implement high frequency “pulse” charging [43]–[45], among other strategies [43].

2.5.2 Partial State of Charge Performance of Lead-acid Batteries
Previous research activity carried out by the author as an undergraduate summer research
assistant demonstrated the poor performance of Lead-Acid batteries in partial state of
charge (PSOC) operation. This is defined as a series string continuously cycling between
external voltage setpoints, without the ability to become fully charged. This testing
demonstrated that the cells would undergo substantial capacity loss, as much as 30 %
after 5 cycles over 5 days, under this condition. It was also shown that the capacity could
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be regained by taking advantage of the secondary reaction of the cells, gassing them, that
is agitating the electrolyte and overcharging the cells. This simple mechanism was
demonstrated to recover the lost capacity quickly. The secondary electrolysis reaction
produces hydrogen gas by the following half-reaction in Equation 5:
2𝐻 + + 2𝑒 − ⇌ 𝐻2(𝑔𝑎𝑠)

(5)

It was shown that a cycle of charging at elevated voltages, gassing the electrolyte was
able to recover the capacity lost during PSOC operation, restoring the full capacity of the
battery. In the case of the flooded batteries, the recovery could be performed quicker, as
compared to the VRLA batteries, of which an AGM pack was tested. However, the AGM
pack exhibited less severe capacity degradation [29]. This PSOC condition is more likely
to occur in solar and other off-grid applications compared to UPS systems or fleet
vehicles where power may not be readily available all the time. It is also difficult to
rectify, as cells must be charged for a longer period at lower power. This renders
available dispatchable generation methods, i.e. diesel generators, inefficient, meaning the
cells cannot be sufficiently overcharged.

2.6 Lithium BMS Requirements
A lithium BMS, depending on its application, may be required to control battery
characteristics, monitor characteristics of the environment or control external systems, if
present [31], [46].
1. Cell Protection: Cells are maintained within ranges that are safe and promote
long lifetimes
a. Current measurement
b. Temperature – pack or cell level
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c. Cell voltage – each series cell must be monitored.
2. Cell Balance: Balanced cells allow for the highest possible energy storage for a
given arrangement of cells and reduce the risk of unsafe conditions.
3. Communication: Communication my be between cells or to charger
infrastructure.
4. Coolant Systems: Liquid cooling, or air cooling may be based on temperature
input.
5. State of Health (SOH): A metric describing the evolving battery capacity and
performance
For the BMS in this application, only the first two criteria, cell protection and cell
balance, will be implemented. Communication is avoided by design, no coolant systems
are present and due to the lack of communication, an internal knowledge of SOH would
be useless.

2.7 Lithium-Ion Based Batteries
Lithium-ion batteries typically include a graphite anode and various cathode chemistries
that impact the performance, longevity, and safety of the battery. Electrolyte chemistries
are also varied. In the case of lithium iron phosphate batteries, the overall reaction is
shown in Equation 6, the cathode is LiFePO4 and follows the reactions in Equations 7
and 8. The anode is graphite and follows Equation 9.
𝐿𝑖𝐹𝑒𝑃𝑂4 + 6𝐶 → 𝐿𝑖𝐶6 + 𝐹𝑒𝑃𝑂4

(6)

𝐿𝑖𝐹𝑒(𝐼𝐼𝐼) 𝑃𝑂4 + 𝑥𝐿𝑖 + + 𝑥𝑒 − → 𝐿𝑖𝐹𝑒(𝐼𝐼) 𝑃𝑂4

(7)

𝐹𝑒𝑃𝑂4 + 𝐿𝑖 + + 𝑒 − → 𝐿𝑖𝐹𝑒𝑃𝑂4

(8)
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𝐿𝑖𝐶6 → 𝐿𝑖 + + 𝑒 − + 𝐶6

(9)

While lithium-ion batteries function on a similar chemical energy storage principle as
lead-acid, however, they have several advantages. Lithium-based cells are more energy
dense, have higher voltage stability under load, better performance in PSOC, and far
greater cycle lives. Different standard form factors are available based on the different
types of lithium chemistries. Among these, lithium iron phosphate (LFP) cylindrical cells
are a stable readily available chemistry, that offers impressive safety [17], [33], [42] and
cost/kWh [47], [48]. For LFP cells, the standard form-factors are cylindrical, for
example, 18650 and 26650, which have a height of 65mm and are 18mm and 26mm in
diameter, respectively. These cylindrical packages are produced from continuous sheets
of each of the components. The components are the carbon and intercalated lithium
anode, which is sandwiched between a LiFePO4 cathode and an insulation layer. This
assembly is then wrapped around itself and packaged into a cylindrical can, with a
positive contact on one end, an electrically insulating layer surrounding that positive
terminal, and a negative terminal made up of the entire cylindrical casing. These cells are
then wrapped in an electrically insulating material to further insulate the negative
terminal, reducing the risk of short circuit and easing pack construction. They have a
nominal cell voltage of approximately 3.2V. This voltage is useful for low power
applications, such as microcontroller and mobile technology applications, however, it is
not enough to supply higher power requirements such as solar PV systems at 4.8 kW due
to the required conductor size to meet the current requirement. So, cells must be
assembled in series connected blocks to be more widely applicable. In these series
configurations, issues with LFP management are created. Packs will be limited in their
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recommended voltage and temperature operating ranges. Further, in pack configurations,
cells are managed independently of one another most commonly using a method called
top balancing. In this topology, if an individual cell reaches a determined setpoint in
either SOC or voltage, the cell will begin to dissipate power into a bleed resistor. This
will allow the remaining cells to increase their voltage levels without the first cell
reaching a dangerously high voltage. These BMS cause additional development costs to
systems, and when poorly implemented may cause accelerated wear on the individual
cells and reduce system performance.

Figure 2-2: Cell Voltage versus state of charge during 1.85A CC charging (C/2). (Taken as
an average of 8 individual cells.)

2.7.1 State of Charge Estimation
There is difficulty in estimating state of charge of LFP cells from battery terminal voltage
and current alone. Existing sensing technologies have been developed for LFP and the
similar LCO (LiCoO2) chemistries based only on terminal voltage by Chun et. al. [49],
[50]. For flooded lead-acid cells, a hydrometer can be used to measure the specific
gravity of the electrolyte for an ideal measurement of SOC. But for all lead-acid batteries,
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sensing SOC can take advantage of the steeper slope of their voltage vs. SoC curve, i.e.
their voltage varies more with increasing SoC both in terms of open circuit voltage and
voltage during charging. This allows for more accurate measurements during charge and
especially discharge, where knowledge of SoC is also more important. However, for LFP
cells, SOC estimations of similar accuracy require more advanced sensing technologies.
These can range from accurate AH counting with Kalman filtering [50], [51] to
estimations based on voltage profiles and electrochemical modelling [52]. This difficulty
comes both from the hysteresis present when the LFP cell becomes unloaded, making its
open circuit voltage (VOC) difficult to approximate quickly, and the stability and
consistency of its voltage for much of its state of charge. A VOC/SOC plot is shown
above in Figure 2-2, to demonstrate the difficulty in using such a measure as an
indication, especially between 20% and 80% SOC.

2.7.2 Lithium Cell Form Factors
Various cell form-factors are available for lithium cells. They are shown below in Figure
2-3. Cylindrical cells are especially common in EVs, consumer “mobile battery banks”
and existing lithium iron phosphate batteries for solar PV power systems and cordless
power tools. Prismatic cells are also common in EVs and batteries for solar PV power
systems. Medical devices also often use prismatic cells. Pouch cells are perhaps the most
widespread, as they are used in mobile devices including cell phones, smaller “mobile
battery banks” and other low power electronics applications such as GPS units, cameras,
wireless speakers, and, increasingly, laptops.
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(a)

(b)

(c)

Figure 2-3: The various commercially available lithium cell form-factors (a) cylindrical (b)
pouch and (c) prismatic.

Manufacture of these battery technologies is based on layering cathode and anode,
separated by separator layers (insulation). These layers are typically folded or further
layered to reach the desired size and capacity. Different orientations of layers, layer
thicknesses and geometry choices will lead to cells optimized for higher power or higher
capacity. Manufacturers of individual cells will offer both options [53]. Cylindrical cells
and prismatic cells are noteworthy because they feature a rigid, protective exterior can
(cylindrical cell) or box (prismatic cell). Figure 2-4 provides a look at the internal
structure of these cell types.
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Figure 2-4: Internal construction of a cylindrical cell lithium-ion battery. Used with permission
from [54].

2.8 Comparison of Lead-acid and Lithium-ion Cells
In this section two of the main competing technologies in the small-scale renewable
energy storage market are compared; previously introduced lead-acid and lithium-ion
batteries [5]. The former was originally developed over 150 years ago by Gaston Planté
[20], while the latter was far more recently commercially developed by a partnership
including SONY in 1991 [55]. Characteristics of lead-acid and lithium-ion batteries are
presented in Table 2-3, below, comparing various important performance metrics.
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Table 2-3: Comparison of Lead-acid Batteries and Lithium-ion Batteries

Metric

Lead-acid

Lithium-ion (LFP)

Cycle Life

<1500 cycles [56]

<2 000 cycles [4], [31]

Efficiency (C/4)

80% [4], [56]

80 %-90 % [56]

Energy Density

80-130Wh/L [4], [57], [58]

390 Wh/L [22]

Energy to Produce

0.6 MJ/Wh [59]

1.7 MJ/Wh [59]

Price/kWh (2016)

147 USD/kWh [56]

578 USD/kWh [56]

Self-Discharge Rate

3-20 %/month [4], [56]

0.35%-2.5 %/month [60]

Specific Energy

30-4 5Wh/kg [4], [57], [58]

200 Wh/kg [22]

Specific Power

180 W/kg [61]

1000 W/kg [4]

Within the world of lithium batteries, especially beyond consumer electronic devices,
into high performance application such as EVs, there is considerable investment in
development of cells with increasing cycle lives, decreasing manufacturing costs, moving
away from rare and conflict materials, and decreasing weight [22], [62], [63].
Increasingly, this means that while it is a safer chemistry compared to many other
chemistries like LCO [30], LFP cells are increasingly avoided by EV manufacturers due
to their relatively low specific power and mass energy density [22]. Within the Solar PV
space, however, the most readily available lithium chemistry is LFP [53], [64]–[70].
Table 2-4 lists various companies using LFP cells and their associated product lines.
These cells are of the “building block” variety and require a separate charge controller or
inverter to form an AC grid. Alternatives such as the Tesla Powerwall [71], LG Chem
ESS [72], and Samsung ESS [73] offer integrated inverter charger technology.
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Table 2-4: Manufactures of Lithium Iron Phosphate batteries for stationary applications
including solar PV power systems.

Manufacturer

Lithium Iron Phosphate Product Line(s)

Battle Born

All product lines [64]

Discover Battery

Advanced Energy Systems (AES) [65]

K2 Battery

All product lines – Standard Batteries and Cylindrical Cells [53]

Power Sonic

PSL, PSL P/C Series, Hypersport [66]

Relion

All product lines [67]

Renogy

Lithium Iron Phosphate 12V Range [68]

Simpliphi

All product lines [69]

Trojan Battery

Trillium (Trojan Intelligent Lithium) [70]

2.9 Lithium Cell Electrical Models
Modelling lithium cells is an important part of understanding how they function.
Modelling has allowed improved understanding of the ageing and failure modes that have
negatively impacted battery lifetimes, safety and performance for many different very
specific criteria from SEI growth [74], [75] to dendrite formation [76], [77]. In the
context of a battery application, the mechanism of degradation is typically less important,
and the degradation can be considered a single metric; the sum of all the contributing
physical deteriorations (some of which are discussed in section 2.10). More simple
models based solely on energy throughput and efficiency are useful within the solar PV
modelling space especially for modelling battery performance within microgrids in the
interest of speed, or more complex models when accuracy is preferred. HOMER
Microgrid Simulator, for example, uses both a basic battery model that sets defied limits
for current, depth of discharge (DoD) and lifetime and a more advanced model
considering usage-dependant ageing. The voltage is assumed to stay constant (reasonable
for a lithium-ion battery) for the duration of the charge and discharge curves, the SOC
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model is a simple input output, with the lifetime throughput modelled as a simple
integration of the throughput [78]. A more complex Kinetic Battery Model (KiBaM) in
the Advanced Storage Model. The more complex KiBaM implements the model
described in [79], [80] which incorporates calendar ageing effects and capacity as a
function of temperature, and models the battery as a series of tanks, the first of which is
available energy and the second is energy that must be released by a chemical process; a
redox reaction, and is thus delayed, modelled as a capacitance. The tanks are then
modelled with a series resistance and include a thermal component based on I2R losses,
improving accuracy over the more basic efficiency-driven calculation. HOMER models
battery degradation in terms of calendar ageing and cycle ageing [81]. These accumulate
of the life of the battery until it reaches its designated end-of-life, usually 80% of its
initial capacity.
The more complex model implemented by HOMER can be critical when evaluating the
overall performance of a microgrid system especially when multiple years of data are in
use, however when considering the requirements of the proposed BMS; cell balance and
cell protection, a less sophisticated model is preferred. The BMS, in this context is not
concerned with the overall state of health of the battery, it requires only that batteries
operate at a consistent state of charge and that no cell reaches an unsafe voltage
condition. With these requirements in mind, more simple equivalent circuit models are
preferred. These, and more complex modelling options are presented below.

2.9.1 Equivalent Circuit Models
Several equivalent circuits are in widespread use to model lithium battery technology.
The majority feature a VOC term and internal resistance that are dependent on battery
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SOC. These may be applicable only on charge, discharge, or both; incorporate one or
more terms based on battery dynamics, ageing effects, etc.

2.9.2 Rint model
The Rint model is modelled, simply as a voltage source and a series resistance. This series
resistance, the internal impedance of the cell, can be used to quickly approximate the
SOC of a cell. In terms of a BMS, accurate current measurement is critical to determine
the value of RCell, and the value of RCell is dependent predominantly on the battery SOC,
on the external temperature, and whether the battery is in charge or discharge. The Rint
model is presented below, in Figure 2-5.

Figure 2-5: Rint battery model, VOC and RCell are dependant on the SOC of the battery.

Because of differing characteristics on charge and discharge, RCell may be replaced with
RCharge and RDischarge, to represent this difference. A possible equation for VBatt is shown in
equation 10, below as a function of time. The series resistance implies a reduction in
efficiency over an idealized voltage source or SOC-dependant voltage source model.
𝑉𝐵𝑎𝑡𝑡 = 𝑉𝑂𝐶(𝑆𝑂𝐶) − 𝑖 ∙ 𝑅𝐶𝑒𝑙𝑙

(10)

2.9.3 Thevenin Model
With the addition of an RC pair in series with the RCell resistance, the model is now able
to describe the voltage relaxation and some dynamics of the cell.
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Figure 2-6: Thevenin Model, VOC is dependant on SOC of the battery, other RC terms are
similarly SOC dependant.

The addition of the RC pair to this model results in the battery being solved by equation
11. To determine the resistor and capacitor values for a given cell, testing under various
external conditions are required.

𝑉𝐵𝑎𝑡𝑡 = 𝑉𝑂𝐶(𝑆𝑂𝐶) − ∫ [−

𝑉𝐵𝑎𝑡𝑡 − 𝑖 ∙ 𝑅𝐶𝑒𝑙𝑙
𝑖
+
] 𝑑𝑡 − 𝑖 ∙ 𝑅𝐶𝑒𝑙𝑙
𝑅𝑇ℎ𝑒𝑣 ∙ 𝐶𝑇ℎ𝑒𝑣
𝐶𝑇ℎ𝑒𝑣

(11)

2.9.4 n-RC Model
The n-RC model is a further expansion of the Thevenin model which aims to further
incorporate battery dynamics, ageing, temperature, and current effects, even the nature of
the load can be considered. These models continue to be refined and adapted to more
modern cells, different electrolyte chemistries, and a more complete understanding of
battery ageing performance. These models, with additional RC pairs are both more
accurate and more difficult to determine.
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Figure 2-7: n-RC Model, showing n RC pairs, all of which are dependant on the SOC,
temperature, and various ageing effects of the cell.

2.9.5 Empirical and Electrochemical Models
Electrochemical models attempt to model the physical chemistry of the battery. These
models [52], [82]–[85], may be more accurate than the equivalent circuit models in
determining the state of charge and state of health of a battery, however they typically
employ complex differential equations that can be computationally intense and are
excessive for this application. However, effort to reduce model complexity and
computation time is ongoing [52]. The time required to develop a BMS that implements
one or more complex empirical models is outside the scope of this project. Further, these
models generally offer more performance and safety improvements to high current
operation, characteristic of EV batteries. In these applications, secondary reactions, and
safety concerns associated with higher currents are more prevalent.

2.10 Lithium Cell Failure Modes, Safety and Performance
Although LFP is considered as one of the safest lithium chemistries, they are not without
risk. When working with lithium cells, there are several operating conditions shown to
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increase the risk of failure, sometimes catastrophic [31], [32], [35], [86]. Further,
continued use of lithium-ion (and all modern batteries) contributes to wear that gradually
reduces either the storage capacity of the battery or its ability to deliver energy. Figure
2-8, produced by Birkl et al. shows various possible degradation modes for lithium
batteries [87].

Figure 2-8: Degradation mechanisms in Li-ion cells, Birkl et al. 2016 [87], reproduced under
Attribution 4.0 International (CC BY 4.0) license.

2.10.1 Calendar Ageing under Recommended Conditions
The solid electrolyte interphase (SEI) is a layer that is naturally formed in the creating of
a lead-acid battery on contact between the alkali metal (lithium, in the case of lithiumbased batteries) originally modelled by Peled in [88]. The layer is composed of the
various products of this reaction, that form a gradient from the electrode to the
electrolyte. The electrode side is a layer permeable to Li+ ions dependant on electrode
chemistry, and the electrolyte side is an organic structure permeable to both Li+ and
electrolyte, variable based on the specific electrolyte chemistry. Previously, a lack of
understanding of this interphase has led to problems with battery development, however
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more recent efforts to determine its interaction with different cell chemistries [89] and to
map its structure in 3D [75] have been successful, however the scale of the challenge and
the variables at play in this ongoing chemical reaction within the cells are difficult to
fully model. Detailed and accurate models are thus still in development for the SEI,
however substantial progress has been made [74]. Manipulation of the SEI and
understanding of its growth, permeability, reactivity has contributed to modern batteries
manufactured with a SEI layer added by the manufacturer, enabling high coulombic
efficiency and even self-healing [90] or are designed to develop their SEI layer over time
[91] as the electrode and electrolyte react [77], [92]. The SEI itself, while permeable to
Li+ ions, does resist their movement. So, as cells age at room temperature, the SEI
changes, growing over time and, critically, consuming lithium as it does so. Over time the
continued growth of the SEI reduces the available lithium and with it, the capacity of the
cell.
Once a battery is produced, variables such as temperature, and charge/discharge rate can
contribute to the rate of SEI growth. Elevated temperatures lead to increased rate of
reaction at the electrode of the battery, increasing the rate of loss of lithium. Charging or
discharging faster than the recommended rate can cause Li+ moving through the
electrolyte to fail to intercalate. These lithium-ions can then be used to form compounds
within the SEI [92].

2.10.2 Cycle Ageing under Recommended Conditions
As cells are cycled; charged and discharge, they age at a rate dependant on many factors.
These include the charge or discharge rate, cell temperature, voltage endpoints, cell
chemistries. The rate of cell ageing is variable as the cell ages and is largely non37

recoverable, as the secondary reactions responsible for the ageing process are typically
irreversible [93]. The development of lithium based batteries that continue to increase the
useful cycle life is a widely studied research topic amongst secondary batteries [22], [35],
[94]–[96]. A useful BMS must keep cells under the conditions that enable these high
cycle lives.

2.10.3 Effect of Cold Temperature Operation
Cell temperature is one external factor a BMS can measure that has a substantial impact
on both performance and cell cycle lives. High temperature operation can lead to thermal
runaway, and operation at low temperatures can introduce substantial long-term safety
risks, even if the cell only operates under these conditions for a short time. Operating
cells at these unsafe temperatures should therefor be prevented at the BMS level.
2.10.3.1 Low Temperature Performance
Cell performance, i.e. current and energy delivery, are negatively impacted by the
temperature of the cell. This phenomenon is due in part to the conductivity of the
electrolyte, which increases with temperature and reduces substantially below 0°C. [97]
demonstrated substantial reduction in energy delivery in a 100 Ah hybrid-electric vehicle
(HEV) LiFePO4Mn battery from 302 Wh at 25 °C to 183 Wh at -20 °C for a cell
discharge at 50 A (C/2). This represents a capacity reduction of almost 40% between
tests. They further demonstrate that the low-temperature cell has greatly increased
internal resistance, and that this resistance can contribute to self-heating of the battery,
improving performance over the course of a charge/discharge cycle. The previous study
was centered around electric vehicles and environmental concerns in colder climates
using LFP cells, however substantial decreases in capacity are common for similar cell
38

chemistries [98]–[100]. These concerns associated with low temperature operation are an
important area of research for batteries in space applications. [101] shows cells degrading
to less than 5% of their room temperature capacity at extreme low temperatures of -60
°C. The manufacturer recommended limits on temperature have substantial impact on cell
performance.
This concern is not limited to lithium batteries, however, as discharged lead-acid
batteries, for example, do experience similarly reduced capacity compared to room
temperature discharges, including experimental results suggesting capacity at a C/10 rate
and -18 °C of 71% of the 20 °C rated capacity [102]. LABs can also experience reduced
capacity because of frozen electrolyte at decreased temperatures. Especially in the case of
discharged batteries, as sulfuric acid concentration decreases with SOC, reducing the
freezing point of the solution to as high as -7 °C [103]. This has been demonstrated to be
recoverable in some cases [29].
2.10.3.2 Low Temperature Aging
Cycling at low temperatures also has a negative impact on cycle life [76], [94], [97], [98],
[100], [104]–[109]. Cycling in temperatures below 0 °C increases the rate of lithium
deposition on the negative plate and the formation of lithium dendrites. Theses dendrites
take two forms, needles and bushes and can reduce the active area of the negative plate
[87] causing reductions in the available power from the cell, and in cases of severe
dendrite growth, cause short circuit failure of the cell [76], [77]. This phenomenon is
greatly reduced at higher temperature and existing consumer batteries will limit
operation, especially charging at decreased temperatures [11], [13].
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2.10.4 Effect of Overvoltage and Overcharge Condition
The impacts of overvoltage and overcharge vary greatly by cell chemistry, mostly in the
severity of the failure mechanism. Several failure modes are modelled by Figure 2-9. For
all cells, elevated voltages lead to accelerated wear. As the cell is charged, lithium is
intercalated into the anode. Once the cell reached full SOC, indicated by increased
voltage, the available reagent has been used. Like operation at reduced temperatures,
attempting to intercalate additional lithium leads to a buildup of ions that cannot be
intercalated into the cell anode. These ions plate themselves on the anode as lithium
metal. This irreversible plating reduces the overall lithium inventory and thus the overall
capacity of the cell. Like low temperature operation, prolonged overvoltage operation and
lithium plating can result in the formation of lithium dendrites, possibly leading to an
internal short circuit of the cell.
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Figure 2-9: Effect of temperature and voltage on lithium battery chemistries, noting several
catastrophic failure modes. Reused with permission from [30].

2.10.5 Effect of Undervoltage and Undercharge Condition
Under conditions of extreme over-discharge, cells can experience short circuiting due to
copper shunt formation in as few as 10 cycles. [36] demonstrates cell failure of a
commercially available LFP cell in just 2 cycles at up to 120% DoD (i.e. Discharged to
20% below what would be considered a “fully discharged” battery). Under these
conditions, cell voltages were brought negative, allowing for copper oxidation to occur at
the reduced cathode potential promoting the creation of copper shunts. They further
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demonstrate that this is not possible under recommended operating conditions, as the
cathode potential does not decrease sufficiently to allow for copper oxidation [34], [35].

2.10.6 Effect of Operation at High Currents
Cell operation at high currents, especially the extremely high currents of a short circuit
condition are typically difficult for cells to maintain. Extreme overcurrent can bring cells
to very low cell voltages, which may allow for other negative effects. Rapid discharge
also results in rapid temperature rise within the cell, contributing to internal pressure
increases that may lead to swelling or venting. Some chemistries may exhibit thermal
runaway due to this condition, however LFP is not demonstrated to do so [31]. Swelling
is especially common among pouch cells, which lack a rigid casing. Safety features on
cylindrical lithium cells (hard cased) that allow for venting are single-use, and the venting
of any active material will negatively impact cell performance in the future[33]. The
gases that are released may also be toxic, especially HF [110].

2.10.7 Cell Protection
As stated in section 2.8, lithium-based batteries are susceptible to several negative
consequences as a result of improper charging or discharging. One fundamental function
of a lithium BMS is the protection of cell: maintaining their characteristics within the
manufacturer’s safe limits. Currently, sensing the voltage of each battery cell (1S𝑛P
“cell”) is the de-facto way to ensure the individual cells stay within their safe voltage
range, with disconnects for the entire battery if they are brought outside those safe
setpoints. Operating above the voltage setpoints can lead to severe capacity degradation
of the cell and premature failure [35]. While operating below voltage setpoints can lead
to formation of copper dendrites and internal short-circuiting of the cell [36]. Cell
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temperature is also a concern, with the risk of dendrite formation in sub-zero charging at
elevated currents, and thermal runaway of the battery when operating at high
temperatures, leading to venting of the cell and possible combustion [33]. BMS
temperature monitoring is thus critical for the long-term safety of packs. Temperature
monitoring varies in implementation, with some BMS systems monitoring temperature at
the control board, and others monitoring points interspersed within the cells, the latter
offering better protection. These systems are usually more concerned with charging
above a certain temperature and will often not limit charging at low temperatures.
However, charging at a fast rate at lower temperatures is not recommended, and can lead
to cell failure [31], [77], [97], [107].

2.10.8 Cell Balancing
Due to tolerances in manufacturing, different storage history or other practical issues,
individual cells, as manufactured, perform differently. They may have different internal
resistances or different capacities from the factory or may develop these differences over
time. As a result of this and the voltage characteristic discussed in 2.7, the safety
concerns of over or under voltage discussed in 2.10.4 and 2.10.5, respectively, the BMS
must maintain cells in their safe limits, while stull extracting the maximum power
possible from a pack. We may categorize balancing into three distinct methods; top
balancing, bottom balancing and balancing based on SOC and SOH [111]. The most
prominent balancing theory in consumer devices is “top-balancing” wherein cells are
balanced as they approach full state of charge (SOC). This method is simpler to
implement than the alternatives, especially those based on SOC and SOH, as these
evolving metrics are dependant on many internal and external factors. The most
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prominent top-balancing circuit architecture in consumer technology today is the
relatively simple shunting dissipator. The dissipative element is, practically, the only
class of balancing circuit that can be used in packs connected only via a single current
carrying lead. Figure 2-10, below, shows three series-connected cells charging, each with
different capacities. The top cell has the “rated” capacity, the middle cell is smaller than
intended and the bottom cell has a larger capacity. If all cells are charged with the same
current, we see that if the first cell is fully charged, the small cell has been overcharged,
possibly leading to further degradation, and the bottom cell has not been fully charged.
Something must be done to prevent the middle cell from overcharging. This is where
balancing comes in, taking charge from that cell and either dissipating the energy or
moving it into another cell. If the cells suffer from permanent imbalance, this will be
repeated each cycle, but if the imbalance effect is transient, the cells will recover capacity
after being re-balanced.
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Figure 2-10: Visualization of "top balancing" without appropriate management, cell C1 would
enter an overcharge condition during charge, introducing a safety risk, due to it starting at a
higher SOC than the other cells. Cell images by Google Inc. reused under CC BY 4.0 license.
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2.10.9 Passive Balance Methods
As previously stated, passive balance methods cannot be used by the LFP cell, nor any
other lithium chemistries. The cells need to be controlled, as there is no ability to
overcharge, and no voltage behavior that would allow for a passive balance method to be
implemented. Lead-acid batteries, as mentioned previously in Section 2.5, use passive
balance methods extensively to balance on the high end of their state of charge.

2.10.10

Active Balance Methods

Various methods for active balance have been proposed, however one of the most
implemented in industry are based on individual cell bypass, where each cell is controlled
individually, and maintained within its desired voltage by one of three methods:
Current is shunted from the cell, into a resistor connected in parallel. The switch
controlling this resistor can be controlled by PWM to allow for more fine control, or a
transistor may be used in the linear region to allow for full control over the current out of
the cell. These methods, of course, reduce the efficiency of the battery when cells become
out of balance. The final bypass method simply disconnects the cell from the pack,
allowing the pack to continue to run at a lower voltage. This method is less widely
applicable, however as it is limited to lower power applications.
There are more complex topologies that have various improvements to these cell balance
methods, mostly in efficiency, and effective pack capacity, at the expense of cost and
complexity of systems. They fall in four distinct categories; cell to cell, cell to pack, pack
to cell and cell to pack to cell [17].
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2.10.10.1

Cell Dissipative Balancing

Several methods of battery balancing use a dissipative element to control the SOC of an
individual cell. Typically, when the whole battery system is known, these are described
with a central controller, as in Figure 2-11: Example BMS with individual battery cell
dissipative balancer and centralized control. . In these cases, the cell may be connected to
a dissipative element such as a resistor or semiconductor, which can be turned on, either
via a slow switch, with PWM or by controlling the RDSon of the semiconductor to control
the power dissipation. Some single-cell-dissipative balancers rely only on the difference
in cell voltage; and the associated difference in the

𝑉2
𝑟

power dissipation to balance the

cells. Due to the practical limitations of heat dissipation within a BMS, this method may
be slow, however, and a voltage -dependant dissipator is more appealing for this
application. The speed of the dissipator is dependant on the battery capacity, resulting in
less of the overall energy being removed by the dissipator, increasing balance time. The
upper power limit of the dissipative element is typically based on the available heat
dissipation through the heat sinking on the BMS board or the battery case.
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Figure 2-11: Example BMS with individual battery cell dissipative balancer and centralized
control.

To avoid the need for microcontrollers and other digital devices, analog components may
be used. Depending on cell chemistry, diodes may be used when the voltage permits as
an analog switch to ensure that cells dissipate once the forward voltage of a diode is
reached, or an op amp comparator circuit could be used to a similar effect.
All these single-cell dissipative options rely on individual voltage information taken from
the cell and then used to dissipate from that same cell. No interaction is then required
with the other cells in the pack, or the main charge controller. This inherent lack of
communication makes these balance options applicable for this application.
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2.10.10.2

Cell to Cell and Cell Bypass Balancing

Other methods take energy from one cell, store it in an intermediary energy storage
device and deliver the energy to another cell. In these topologies, energy is transferred
between adjacent cells only. For example, the switched capacitor method uses a method
of current shunting to, first, charge a series of n − 1 capacitors, where n is the number of
series cells, which are placed in parallel with each cell. Then, once the capacitors are
charged, a controller switches the capacitors to be in parallel with the cells in the next
position, allowing them to discharge their energy into these cells. They then return to
their original position. This method can be implemented without knowledge of the
voltages of the capacitors or of the cells, as after enough cycles the cells will eventually
balance over time [19]. Other similar methods use a second layer of capacitors, the
“double-tiered switching capacitor” method, or more complex control systems; the Cûk
converter, PWM controller and resonant converter.
Many more complex cells balancing techniques can be implemented when a controller
has voltage or state of charge information for and control of multiple cells in a string.
With this, current can begin to be shuttled from one higher SOC cell to a lower one in the
string (in a top balancing scenario). Methods include switched capacitor circuit, which
uses capacitors between cells to shuttle charge from one cell to the cell next to it (Figure
2-12). This can be optimized as well, reducing the number of capacitors to just one,
which can accept and deliver energy to any of the cells in the pack. Using just one
capacitor and proper control strategy allows for an increase in balancing speed, as charge
from the highest cell can be shuttled to the lowest cell directly, instead of passing through
each cell along the line. Using a single capacitor for multiple cells increases the number
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of switches required, 1-2 per cell, however the cost of a capacitor will likely be more than
the cost of the additional switches.

[b]

[a]

Figure 2-12: [a] Switched Capacitor BMS diagram. [b] Single switched capacitor BMS diagram.
In both architectures, a controller requires knowledge of all cells. [a] can, however, be operated
with each capacitor having only knowledge of the two adjacent cells.

When specifying components for a capacitor-based balancing circuit, considering energy
moving from a higher SOC cell to the capacitor, finally to the lower SOC cell, the
balance of switching time, capacitance, and equivalent series resistance (ESR) is critical.
The time constant of the practical capacitor circuit; a capacitance (𝐶) and series resistance
(𝑅), is determined by equation 12, where the series resistance 𝑅 is the sum of the ESR
and internal impedance of the cell.
𝜏 =𝐶∙𝑅

(12)
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For a given capacitance value, the switching frequency must be sufficient for the
capacitor to charge, otherwise the additional capacitor size is unnecessary. To charge the
capacitor a reasonable amount, a switching frequency between of approximately four
times the time constant may be used. The standard equation for charge (𝑄) of the
capacitor is shown in equation 13, below. When considering the capacitor switching, the
capacitor is not charged from 𝑄 = 0, and the amount of energy which can be delivered
is based on the difference in voltage from cell to cell (𝑉𝐷𝑖𝑓𝑓 ). [112], [113] provide the
derivation for equation 14, which denotes the energy charged into the capacitor starting
from the lower voltage. As a result of the differential voltage driving the speed of
balance, as cells become more balanced the speed of the balance is decreased.
𝑡

𝑄 = 𝐶𝑉𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 [1 − 𝑒 − ⁄𝜏 ]
𝐸𝑛𝑒𝑟𝑔𝑦 = 𝐶 ∙ 𝑉𝐷𝑖𝑓𝑓 ([

𝐷
𝑉𝐷𝑖𝑓𝑓 − 2𝐷
𝑉𝐷𝑖𝑓𝑓
∙ 𝑒 𝜏∙𝐹 − 𝑉𝑓 ∙ 𝑒 −𝜏∙𝐹 ] − [
− 𝑉𝑓 ]) ∙ 𝐹
2
2

(13)
(14)

Certain applications, such as UPS systems, may charge each cell individually, to ensure
the cells are always available in the event of an outage. Because the UPS is not a cycling
application, the availability of input power is assumed during charging, and the UPS has
control over is charge/discharge circuit and cells internal to the unit. This is not a viable
option for solar PV power systems.
2.10.10.3

Cell to Pack and Pack to Cell Balancing

Using more advanced control such as boost converters allow a controller to increase the
voltage of a single cell to reach the pack voltage and reroute the energy to charge the
pack, allowing one overcharged cell to redistribute charge to the whole pack. This
additional complexity may be beneficial, as the boost converter is relatively (> 80%)
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efficient compared to other solutions and may allow for very fast balancing in a small
(low voltage) pack. These converters, such as the diagram in Figure 2-13, can quickly rebalance packs in the voltage ranges of typical solar PV power systems (less than 48 V),
however they are limited when voltages reach the 1000 V range due to the voltage limits
of semiconductors in the circuit. Further, boosting voltages at these ratios requires very
high switching frequencies limited by the duty ratio of the components [114]. Similarly,
buck converters may be used to charge a single cell below average pack SOC from the
full pack voltage.

Figure 2-13: BMS based on a DC/DC converter. This topology takes energy from a single cell,
boosts the voltage, and applies it to the pack.
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The general procedure for components selection of a boost converter is presented in
[115]. Boosting the voltage 𝑛 times, where 𝑛 is the number of series-connected cells may
be used as a guide for the boost converter requirements.
Several architectures based on transformers have been proposed in [116]–[118] however,
the implementation of these is far more complex than the previously discussed balance
schemes, and like others, rely on voltage measurement and control of the entire pack. The
options for these rely on changes to the reactance of the cells to determine the cells that
provide and receive energy via the transformer. These may be optimized similarly to the
capacitors, by reducing the number of transformer windings in use by the controller. In
the example in [116] Abronzini et. al. propose using smart transformers [119], [120] as a
balance method, the transformer is used to boost the battery voltage like the method
reliant on boost conversion introduced above. This avoids the inherent limitation on the
voltage multiplication present in boost conversion, however the increase in complexity of
these systems has made their adoption less common. Nevertheless, the requirement that a
controller have voltage information for all cells makes any cell to pack, or cell to cell
balance scheme unsuitable for this application – where communication between cells is
not possible.

2.11 Application Challenges
The incumbent lead-acid battery (LAB) market is extensive, ranging from starter motors
in personal vehicles and trains, to deep cycle applications in fleet vehicles such as
forklifts, floor scrubbers, and golf carts. They are also used extensively in backup power
applications, such as uninterruptible power supplies (UPS), telecommunications, and
emergency lighting and have historically dominated off-grid and grid-tied solar
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applications. Cost-competitive lithium-based batteries have made it possible for these
technologies to penetrate several of these markets, where lead-based batteries have
traditionally dominated [47], [48].
Growing economies of scale and improvements to the manufacturing process of LFP
cells, as well as lithium-based cells more broadly, comes as a result of the proliferation of
electric vehicles and portable electronics, which both require the higher energy density
and specific energy of lithium solutions. These growing marketplaces also benefit from
the form factors available in lithium-ion pouch-based packs, and the increased safety of
the cylindrical LFP cell. However, along with improvements in energy density, voltage
stability under load, cycle life and PSOC performance, these lithium-based cells also
require more management than their lead predecessors.

2.11.1 Challenges of replacing Lead-Acid with Lithium-Ion
Once a lead-acid battery reaches full SOC, it begins to divert more of the power it
receives into a secondary gassing reaction, Equation 5, in which hydrogen and oxygen
gases are produced from the liquid electrolyte, vented in the case of flooded batteries, and
filtered and reconstituted in the case of both AGM and gelled electrolyte cells. This
gassing reaction begins to take an increasing percentage of the input current, until all the
current is driving the gassing reaction, and none is left charging the battery. This reaction
can be continued indefinitely though should be monitored, as the consumption of water
and heat generation within the cell may lead to cell damage or thermal runaway. Thus, if
a battery comprising several cells is left gassing for long enough, all the cells will reach
100% SOC. By this mechanism, series connected lead-acid cells can equalize their
voltage without interaction with the other cells in the pack. The user can also know
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nothing about the pack internally but be confident that if equalized, all the cells will have
reached the same voltage at the top of their state of charge. This phenomenon of
overcharging lead-acid batteries is necessary to maintain effective capacity of the battery,
especially critical in off-grid, solar based, or any other deep cycle applications.
Manufacturers recommend performing an equalization charge at various intervals, from
monthly to semi-annually or annually [121]. As stated previously, LFP cells do not
exhibit this behavior, and in the cylindrical form factor will begin to build up pressure,
increase in temperature, and risk explosion and thermal runaway, respectively.

2.11.2 Existing Limitations on Pack Building within Consumer Batteries
When construction a system based on lithium chemistries, consumers have the option to
purchase complete batteries, with cells and BMS, or cells on their own. These cells may
be manually managed or more likely, integrated with an external BMS purchased
separately. Consumers may also choose to integrate multiple modules sold individually,
for example, if the BMS from their chosen producer lacks a critical feature, like low
temperature disconnect, or to integrate additional balancing hardware for more rapid
capacity recovery.
Traditionally, lithium battery manufacturers have sold batteries that can only be
connected in parallel [11], [12]. This limitation is based on the BMS architecture and the
previously introduced lithium voltage characteristic. These BMS cannot manage the cells
without knowledge of the battery voltage of each of the cells. So, each battery has its own
disconnect features, and a fully contained BMS. Often, these will require communication
with the other (parallel) cells in the pack to ensure the whole system functions as
intended. These batteries are sold in voltages which are matched to common inverter
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hardware battery voltages; 12 V, 24 V and 48 V (nominal). With this architecture,
attempting to increase cell voltages by putting cells in series will cause the BMS to fail.
Recently, batteries have been marketed that allow users to construct their own packs
without intercommunication, and in series. Each of these batteries still has its own BMS
and disconnect hardware, however the BMS do not need to communicate with the rest of
the pack to stay in balance.
As investigated in Appendix A, the balance architecture and power for these seriescapable batteries may be slow, or the batteries may be quick to disconnect in cell
protection mode. However, the market interest in cells that are simple to connect appear
to reflect recent releases of non-communicating batteries [70]. Interest in batteries
without external management speaks to the value of projects like this one.
For these residential solar PV power systems based on building-block batteries, typically,
the limitation of inverter technology is based on safety – specifically, DC voltage limits
imposed by government bodies such as the United States’ Occupational Safety & Health
Administration standard number 1910.303 [122] limit unguarded systems to below 50volts. However, there is no electrical detail preventing the implementation of higher
voltage systems. Especially with the smaller form-factors achieved by lithium-ion cells,
and higher voltage semiconductors, containerized higher voltage systems is a possible
future for residential systems. Such systems are the standard for commercial energy
storage systems (ESS) implemented today [72], [73].
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Chapter 3

LiFePO4 Series Cell Characterization and
Testing

Understanding the cell characteristics is critical to develop an effective strategy for both
cell balancing and cell protection. Cell chemistry is selected (Section 3.1), and a charge
cycling apparatus is constructed based on NI-cRIO datalogger (Section 3.2 ). Due to the
apparent stability and consistency of the cells while cycling, relative to each other,
changes in SOC from cell to cell were not observed. To create conditions of imbalance
between cells, cells were artificially imbalanced by charging and discharging them
separately so that imbalance could be artificially achieved. Different levels of imbalance
are evaluated up to 20% deviation (in amp-hours) from the pack median to identify the
impact of an imbalanced cell (or several) on a pack (Section 3.3). External charging
setpoints are compared, especially voltage and current setpoints charging under constant
current/constant voltage charging. In this charge regime, the current remains constant
throughout the charge until a voltage setpoint is reached, at which point the voltage
remains constant at that level. The current is then allowed to decrease until an end
condition is met, such as a time limit, current, change in current, etc. Understanding the
response of a series string of cells to imbalance is critical to developing and effective cell
balance mechanism.
Once the cells have been evaluated, the results of testing under artificial imbalance are
used to inform several design decisions surrounding the BMS (Section 3.4). Further, the
understanding of the cell behaviour is used to develop a model in PSIM circuit simulator
(Section 3.5) that is used to evaluate different control schemes for a resistive balancer.
This resistive balancer is a switchable resistance that is controlled with only the voltage
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information from the cell it is attached to, it can then dissipate energy as heat to keep
cells balanced in the simulation environment.

3.1 Selection of LiFePO4 Cell Chemistry
A critical decision early in the project was selecting a cell chemistry. Of the numerous
lithium secondary battery chemistries, Lithium Iron Phosphate (LFP), Lithium Nickel
Manganese Cobalt Oxide (NMC), Lithium Nickel Cobalt Aluminium Oxide (NCA),
Lithium Cobalt Oxide (LCO) and Lithium Titanate (LTO) were considered for testing.
Despite all being based on lithium-ion technology, these cells have drastically different
characteristics. For example, while LFP cells are typically charged to a voltage of 3.65 V,
LTO cells are charged to a voltage of only 2.65 V. These varied cell chemistries typically
offer trade-offs in terms of cost, cycle life, specific power, specific energy, energy
density and safety. For the solar PV application, the specific energy and energy density
are less important, because battery packs are immobile, and typically space is not at a
high premium. This is contrary to EVs, in which low weight and volume are critical.
Specific power is also less important, as cells are typically charged and discharged at low
C-rates in this application, due to the requirement to oversize storage for off-grid
systems, compensating for availability of renewables, again contrary to EVs. Safety is of
critical importance, as this application is intended to function attached to a residence, and
without constant monitoring. Cycle life is also important as it relates directly to the
competitiveness of the product considering the total energy throughput. Other criteria
include availability of mass-produced cells, form factors, and market solutions already
implementing the technology. Cells that are both mass-produced and readily available
indicate an existing desirability on the marketplace along with being more easily
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accessible for prototyping. Within form factors, the most desirable factor is cylindrical, as
they enable the cells to be more easily arranged into a given form factor (with a full-scale
prototype in mind) and existing solutions implementing the technology will enable
comparison to other BMS. A weighted decision matrix (Table 3-1) was used to arrive at
the desired cell chemistry; LiFePO4. Cells were evaluated on the following metrics:
•

Specific Power: Lower weighted due to the application.

•

Specific Energy: Lower weighted due to the application.

•

Cycle Life: Long cycle life corresponds to favourable price and performance in
solar PV.

•

Safety: Are the cells safe? How severe are the risks associated with unsafe
operating conditions? Will cells enter thermal runaway?

•

Availability: Can bulk cells be purchased?

•

Comparable Batteries: Are there products on the solar PV market implementing
this cell chemistry?

•

Form Factors: Are form factors (pouch/cylindrical/prismatic) available for this
chemistry?

Table 3-1: Weighted Decision Matrix comparing cell chemistries on the basis of the identified
criteria. Background information for the ratings is presented in Appendix B.

Weighting

LFP

NMC

NCA

LCO

LTO

Specific Power

1

8

7

7

5

6

Specific Energy (volume)

1

5

9

8

9

6

Cycle Life

3

7

6

2

4

9

Safety

5

9

4

4

2

9

Availability

4

8

8

6

8

8

Comparable Batteries

3

10

0

5

0

5

Form Factors

3

10

10

10

10

10

Total (Weighted)

-

172

102

106

100

156
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3.2 Methodology
To test the baseline performance of the cells, a 24 V pack was selected, based on the
standard cell voltage levels for solar PV systems introduced in Section 2.3, 24 V and 48
V. For a small-scale test, to reduce component size and charge and discharge powers, the
smallest sized pack was constructed from the available cells. The smallest pack size is
based on a single parallel cell, and eight cells in series to arrive at the intended voltage
level. This series-string of eight cells is also known as an 8S1P pack (for eight Series
cells and one Parallel cell). was constructed. Due to its size and impressive energy
density, the 26650 cylindrical-cell package was chosen. These cells are also applicable to
a planned 6 V module based on their physical size and form factor; their scalability and
straightforward manufacturing process have led them to become popular for pack
building by hobbyists and industrial producers alike. During testing, the cells,
representing a 24 V nominal battery pack with 3.7 Ah (94.72 Wh) of capacity, were
equipped with individual voltage and temperature probes, as well as current measurement
for the pack through a series-connected shunt resistor. The batteries were charged using
standard constant current/constant voltage charging (CC/CV) at a current limit of 1.85 A,
corresponding to a C/2 rate for the cells, and an absolute voltage limit of 4.1 V, consistent
with recommended values. The testing was performed using cells purchased from K2
Energies, specifically, their 26650 Energy cells (LFP26650E-3700-TB), with 3.7 Ah
(11.84 Wh) capacity (later updated to model LFP 26650E-3800-21, 3.8 Ah capacity for
the final prototype).
To better characterize the batteries’ performance in unregulated cycling applications, as
well as when monitored by the planned BMS, it is critical to develop a test plan that is
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repeatable and applicable to the planned 6 V module (drop in lead-acid replacement).
Based on initial expectations of what the battery performance would be, this test plan was
intended to demonstrate that the cells will diverge substantially from one another when
unmanaged, negatively impacting available pack capacity and long-term cell health.
When cycling pack setpoints, it was also intended indicate precisely how the batteries
diverge, possibly revealing insights into variations based on pack position or
environmental factors, with the intention to accommodate that behavior in the planned
BMS. However, the cell behavior was far more consistent than anticipated, and little to
no initial imbalance or difference in available capacity was detected in the cells as
received from the factory. End of life cells and longer duration testing may reveal the true
extent of any manufacturing inconsistencies, as the smallest deviations in ageing are
compounded over the cycle life of the batteries. However, this analysis is outside the
scope of this project.
Unless otherwise stated, cells were initially subjected to a balancing cycle when received
from the manufacturer. This constant voltage charge cycle brought the cells, in a 1S8P
configuration, to 3.65 V, allowing the current to decrease to less than 5 mA/cell. This
ensures all cells begin testing at an equal state of charge. For testing with a prescribed
initial imbalance, the procedure for achieving consistent imbalance results is described in
Section 3.2.3.

3.2.1 Test Apparatus
Cells are connected in series with a plastic cell housing, that allows the cells to be easily
accessed individually and replaced, as necessary. Fused voltage sensing electrical
connections are wired to the terminals of those cell holders. The pack is charged using a
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BK Precision 9115 power supply that is capable of constant-current/constant-voltage
charging (CC/CV) up to a power limit of 1200 W. Cells are discharged using a variable
10/20 Ω load, that discharges the cells at approximately 2/3C for most of its state of
charge at the lower resistance. Due to the relatively flat discharge curve of the LFP cells,
this provides a sufficiently consistent current draw from the battery. A balanced pack
discharge is shown in Figure 3-1, below.

Figure 3-1: Previously balanced pack, charging at 1.85A CC and 32.8V CV; cycling between
single cell measurements of 2.0 and 4.1V.

They are then outfitted with voltage sensors at ground, as well as differential, 10 V 16bit, voltage measurement of each cell through a 4:1 voltage divider (Figure 3-3). Voltage
probe connections are individually fused and soldered at the interconnect wiring between
each cell, minimizing current through the voltage probe. At the positive connection to the
battery, a 1 mΩ shunt resistor was used to measure current using a ±200 mV 16-bit
differential voltage sensor. All readings were taken from a National Instruments cRIO
9045, setup with 1 Hz sampling of all datapoints and voltage setpoint switching
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capability. Voltages were measured using a NI 9206 module. Temperatures were
measured with a K-type thermocouple, read by the NI 9213 thermocouple module,
allowing for 24-bit resolution, and acceptable accuracy to -50 °C. Each cell was
instrumented with a thermocouple, as well as ambient temperature, both to characterize
this behaviour and for safety purposes. The ambient temperature was kept within the
desired range for each test by forced air cooling within the enclosure. Equalizing
temperature with the lab temperature ensures cell temperature fluctuations are caused by
the cells internally and not heat from nearby dissipative elements. The test apparatus was
housed in a 6U lockable server cabinet. The test apparatus, laid out on the bench for
easier viewing, is shown in Figure 3-2.

Figure 3-2: LFP Cycle Charging Apparatus, (a) BK Precision Power Supply, (b), NI CRIO with
installed modules, (c) cells in holders, thermocouples taped to cell bodies, (d) voltage division
board.
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Figure 3-3: Circuit diagram for cell testing. Shown in more detail in Appendix C.

3.2.1.1 Safety Considerations
Cell holders allow ample space for cells to get adequate cooling and stay within
recommended temperature ranges for safe operation. When cycling within recommended
values, many of the more catastrophic failure modes can be avoided, especially with LFP
cells [31]–[33], [36], [86], [108]. However, research has shown that even cycling in the
recommended temperature and voltage ranges can lead to failure if the cells have
previously been used under nonideal conditions, especially extreme over discharge [31].
A system of cell tracking was implemented to ensure if any cells were subjected to
testing outside of safe ranges, especially undervoltage events, those cells are
subsequently flagged and prohibited from undergoing unmonitored testing.
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All voltage sense wiring is fused to ensure no damage to the sensing equipment. All cell
holders and cell strings are also fused, ensuring safety in the event of a short circuit. Clear
labelling of positive and negative contacts is used to prevent a reverse polarity
connection. Care was always taken, consistent with standard operating procedures (SOPs)
for both the lab environment and test apparatus when preparing cells or using the device.
3.2.1.2 Cell Operation Outside Voltage Limits
LFP cell voltage curves are characterized by a sharp “spike” or “knee” in their voltage
curve at a full state of charge (approaching 100 %), as well as at empty. This charge
profile is shown in Figure 3-4 for a balanced pack (shown as an average), demonstrating
one cycle, between 2.0 V and 4.1 V for a balanced pack, at 1.85 A. When operating
within the manufacturer’s maximum voltage setpoints, the battery is not allowed to go
beyond the knee, into substantially lower or higher voltages. These extremes lead to rapid
capacity degradation and can also lead to an unrecoverable cell, or one of several safety
concerns previously highlighted in Section 2.10.

Figure 3-4: Experimental LFP Charge profile.
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3.2.1.3 Ballast Resistor Requirement
Due to the voltage limitations of the NI 9206 module available in the lab, a voltage
division was required for the 24 V testing. To ensure consistent and balanced loading on
each cell, a ballast resistor (RB1 to RB7) was added in parallel with each voltage divider
circuit. Input impedance into the measurement hardware was reported at >10 GΩ,
corresponding to an average power dissipated at 3.2V of 10nW and thus, was ignored.
The power dissipated by the voltage divider is 7.7 μW, and insignificant for only one cell.
Unlike the input impedance, this power dissipation is not consistent cell to cell. Each
additional cell corresponds to an increase in current seen by the first series cell. This
unequal power draw on each cell may exacerbate or create balancing issues with the cells
over long-term testing.
The ballast resistor value required for each cell, assuming each cell, C0, C1, C2, etc. is at
an equal voltage, is calculated with the following formula, where n is the number of the
cell.
2

𝑅𝐵𝑛 = (𝑅𝑉𝐷 𝑛(𝑛+1))

(15)

Results of this calculation are shown in Appendix C. The following circuit diagram was
used in the derivation, Figure 3-5. A voltage dividing op-amp circuit would have been
capable of achieving the same result with negligiable difference in dissipation cell-to-cell.
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Figure 3-5: Resistor with ballast calculation.

3.2.2 Artificial Imbalance Testing and Results
As stated, cells may arrive from the factory at various states of charge. So, part of pack
construction includes an initial balancing step for all cells. From there, maintaining that
balance is the responsibility of the BMS. By testing cells with some initial imbalance, we
hope to better characterize the behaviour of the cells in packs and answer several
questions:
•

How will the elevated and lowered voltages the cell is subjected to impact
performance?

•

How will different charge voltages effect capacity at various levels of imbalance,
further, how will this effect charge time, as CV voltage will be entered more
quickly?

•

How much opportunity exists to identify and compensate for out-of-balance cells
at varied CC and CV external setpoints?

•

At what point are we able to detect SOC imbalance and activate balancing?
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•

What limitation is most important when a BMS is unable to compensate for
imbalance and a cell leaves safe operating conditions?

These answers will inform the design of the BMS system to be developed in Section
Chapter 4.

3.2.3 Achieving Consistent Imbalance
To achieve a consistent imbalance of cells for each test, the cells are initially brought to a
balanced state. The standard method of achieving a balanced pack, that is CC/CV
charging a 1S8P configuration at 1.85 A CC, 3.65 V CV, allowing the current to decrease
to less than 5 mA/cell, is used first, to prepare the pack. The same cells are then
configured in the 8S1P configuration within the test apparatus. A simple program was set
up in LabVIEW, that uses an amp-hour counter to track the power out of the pack. This is
manually set to dissipate twice the intended imbalance from the pack. Once power has
been dissipated, the cells that will be put out-of-balance are taken individually and
charged at 1.85 A for a set duration, to achieve the imbalance required due to the
additional discharge time, without risking those cells reaching a voltage limit.

3.3 Results of Artificial Imbalance Testing
3.3.1 Series-Connected Cell Characterization
Initial testing was performed for a balanced pack by first charging at 1.85 A CC, and 29.2
V CV, allowing current to decrease to less than 5mA/cell. This initial testing (Figure 3-6)
showed impressive results for the consistency of the manufacturing process. Cells
remained within 10mV for most of their charging curve, and only began to diverge in any
substantial way at the extremities, spreading out between 3.64 V and 3.67 V at the height
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of their SOC, and 2 V and 2.48 V at the low end of SOC. This is even more impressive
than initial expectations of the consistency of these cells. This confirms that the real issue
occurs later in the cycle life of the cells, when one cell may reduce capacity, accept less
charge, or reduce in efficiency sooner than the rest, and thus present imbalance.
Increasingly consistent and precise manufacturing techniques may have reduced the
severity of initial imbalance, however due to the low number of cells tested to date, the
prevalence of initial capacity difference for these cells cannot be accurately determined.
All tests performed, including a detailed list of setpoints and parameters can be found in
Appendix D.

Figure 3-6: Test 1: Balanced pack, two cycles, 1.85A CC, 29.2V CV, cutoff at 0.1A
during CV.

3.3.2 Effect of Imbalance on Series-Connected Cells
Subsequent testing is intended to determine the effect of cell imbalance on the pack
without rebalance hardware. This is performed at different imbalances and different
charge voltages, to better understand several factors; the balance power necessary for a
reliable pack, the amount of capacity lost at lower CV voltages, and the additional charge
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time required to reach 100% of the available SOC, which is lower for imbalanced packs,
due to the resulting reduced capacity. The initial imbalance testing of +2.5% could
discharge 3.52 Ah from the pack after charging to 29.2 V, with an exit current of 0.1 A.
This is compared to the balanced pack at 29.2 V and 0.1 A exit, that was able to draw
3.62 Ah from the pack. Subsequent testing at 0.1 A exit, 28.2 V and 27.2 V which drew
3.54 Ah and 3.51 Ah, respectively. The results of these tests are shown graphically in
Figure 3-6 through Figure 3-9, below.

Figure 3-7: Test 2: Cell 2.5%(+) (92.5mAh) artificially out-of-balance, CC: 1.85A, CV: 29.2V,
cycle terminated early as out-of-balance cell reaches HVC.

Figure 3-8: Test 3: Cell 2.5%(+) (92.5mAh) artificially out-of-balance, CC: 1.85A, CV: 28.2V ,
cycle terminated early as invdividual cell reaches HVC.
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Figure 3-9: Test 4: Cell 2.5%(+) (92.5mAh) artificially out-of-balance, CC: 1.85A, CV:
27.2V, cycled once current reaches 0.1A during CV.

Based on these initial tests, it appears that the packs are only reduced in capacity by the
associated imbalance, and not the CV charge setpoint. However, it should be noted that
the lower CV voltages mean that the cells require more time to charge; 2.00 times longer
for the 27.2 V CV setpoint, compared to the 29.2 V setpoint. Further, this demonstrates
that the longer CV duration is not effective at increasing available storage from the cells,
and little difference is observed between the voltage setpoints. However, there is an
additional benefit to the lower CV voltage; more time to identify imbalance while
charging and subsequently balance the cells. In the higher CV charge schemes, using
only cell voltage and current as indicators, the out-of-balance cell shows the same voltage
for most of its state of charge then quickly deviates and enters the knee. This has led to
those cells reaching the HVC in both the 28.2 V and 29.2 V CV Charge conditions.

3.3.3 Impact of CV Charging Setpoint
Further testing was performed at the lowest initially tested charge voltage to determine if
the lower CV voltage would impact effective capacity. Testing with one cell 5% (not
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shown) and 10% out-of-balance demonstrated a reduction in pack capacity to 3.43 Ah
and 3.33 Ah, respectively. It also demonstrated that the charge setpoint of 27.2 V would
not have cells reach the HVC, even when cycled with one cell 10% out-of-balance and no
pack management. The test for the 10% out-of-balance cell is shown below, in Figure
3-10.

Figure 3-10: Test 6: Cell 10%(+) (370mAh) out-of-balance, CC: 1.85A, CV: 27.2V, cycled
once current reaches 0.1A during CV.

Tests were then repeated, achieving similar results at various levels of SOC imbalance for
cells below the pack SOC. Test 7 features one cell 2.5% out-of-balance below the mean
pack SOC, shown in Figure 3-11. It is also worth noting that the 2.5% imbalance, both
below and above pack SOC, resulted in an effective capacity of 3.51 Ah in each test,
further confirming that the effective capacity is driven by the imbalance.
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Figure 3-11: Test 7: Cell 2.5%(-) (92.5mAh) out-of-balance, CC 1.85A, CV 29.2V, cycled
once current reaches 0.1A during CV.

Figure 3-12: One Cell 2.5%(+) imbalance, CC: 1.85A, CV: 27.2V, timed CV charging (6 hours,
one cycle shown)

Subsequent testing was performed with a timed current taper during CV charging, to
determine if the cells would be able to increase their effective capacity with additional
charging time. This did not influence tests at 29.2 V and 28.2 V (Tests 12 and 13) as
these packs reached the HVC for the out-of-balance cell before completing the CV
charging. Test 14, at 27.2 V CV showed a minimal increase in pack capacity for the
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additional CV time; 3.52 Ah for the timed test versus 3.51 Ah for the shortened, shown
on the previous page in Figure 3-12. Further testing for different levels of imbalance
showed similar results; increases in charge time, with no increase in effective capacity, at
5% and 10% imbalance (tests 15, 16).
Tests 16-20 featured one cell 10% out-of-balance with the rest of the pack. Testing was
performed with the same imbalance for at a range of CV voltages, comparing the charge
times and the amp-hour capacity of the pack after charging. The comparison of pack
capacity and charge time for the various CV setpoints used is shown in Figure 3-13.

Figure 3-13:Charge Time and subsequent discharge capacity of cells charged at 1.85A (C/2) rate
and discharged at approximately 2.5A, varied CV voltages were used and a 10% single-cell
imbalance was maintained. Voltages less than 27.7 did not trip the HVC of 4.1V.

This testing demonstrated the consistent pack capacity charging at higher CV voltages
(those deemed reasonable based on nominal cell voltage), and the subsequently reduced
charge time. It appears that these CV limits do not have a substantial negative impact on
the pack capacity until a sufficiently low voltage is chosen, which causes a reduction in
effective capacity.
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3.3.4 Consideration of Imbalance of Multiple Cells
It was anticipated that the highest risk of a cell tripping the HVC was during charging
with only one cell out-of-balance with the pack. Subsequent testing (tests 21-31) with two
and four cells out-of-balance confirmed this suspicion. These tests were more tolerant to
imbalance than the packs with one cell out-of-balance. These results can be seen below in
Figure 3-14 and Figure 3-15, with two and four cell, 2.5% out-of-balance packs charged
at 29.2 V, tests 21 and 24, respectively.

Figure 3-14: Test 21: Two-Cell 10% (370mAh) out-of-balance, CC: 1.85A, CV: 29.2, timed CV.

Figure 3-15: Test 24: Four-Cell 10% (370mAh) out-of-balance, CC: 1.85A, CV: 29.2, timed CV.
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3.3.5 Rudimentary Balancing Testing
After testing these pack configurations with no balancing, a rudimentary setup was
constructed, which mimics the shunt resistor method of active balancing. Controlled
using LabVIEW, a single cell was connected in parallel with a 68 Ω resistor, which
dissipates 53 mA at 3.6 V. This value was chosen because it will scale accurately to a
2S110P configuration, applicable to a future 6 V pack design, which incorporates 20 W
of balancing power for each 2S110P “cell”. The 2S110P configuration was later changed
to 2S59P due to the form factor changing from L-16 to GC-2. This was later changed to
1S59P; however, the confirmation of the principle remains useful for this smaller battery
size. The control scheme uses a straightforward voltage probe, which reads the cell
voltage, and applies the shunt resistance when the voltage of the cell surpasses 3.48 V,
chosen based on being the beginning of the knee behavior of the cell. The chosen
imbalance was 20%; selected as it corresponds to 80% of original battery capacity, which
represents end of life for many applications. Results of the first cycle (Figure 3-16)
showed that the resistor could compensate for most of the imbalance of the cell, shunting
the charge current in its entirety once the CV limit was reached, as anticipated. At this
relatively low level of power, and the high level of imbalance, the process lasted
approximately 13 hours.
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Figure 3-16: Test 39: Results of cell characterization with one cell 20%(+) artificially out of
balance, 10 minute timed CV charge, 32 Ω shunt resistance, active if cell voltage over 3.4 V.
Note that cell does not reach HVC despite substantial imbalance.

Test 36 was followed by a small change in the shunt voltage setpoint, to 3.4 V, which
represents 12.5% of the intended charge voltage; 27.2 V, which demonstrated similar
results. Only the first cycle of this test, number 37, is shown in Figure 3-17, below.
These results demonstrate the theoretical tolerance of this sized shunt resistance to an out
of balance cell; it would be able to repair the associated imbalance over approximately 13
hours of balancing. Further, the voltage would not risk tripping the high voltage cut-out
for the set voltage. This gave an indication of the balancing hardware necessary to keep
the cells within stable limits in the worst-case one cell imbalance for the pack.
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Figure 3-17: Test 37: Results of cell characterization with one cell 20% out of balance, timed CV
charge, with a 68Ω shunt resistance, active if cell voltage surpasses 3.4V.

3.4 Implications of Test Results on Battery control
In previous testing using an 8S1P configuration, initial characterizations revealed the
characteristic behavior of the LFP cells. The most useful information from this
characteristic, is the voltage behaviour at the extremes of the SOC. The LFP cells enter a
knee, wherein voltage begins to decrease (in discharge) and increase (in charge) rapidly.
In this knee behavior, the increase at high SOC is more severe than at low SOC. The cells
do not experience substantial change in voltage for the midpoints of their SOC, as
indicated by Figure 3-4. It was also determined that the impact of different CV voltages
was only in the overall charge time, and tolerance to imbalance. Changing this variable
did not have a substantial impact on effective pack capacity, until a substantially lower
CV setpoint was used, reducing capacity dramatically. It was confirmed that one out-ofbalance cell (at higher SOC than the rest of the pack) represented the worst-case scenario,
when using external voltage setpoints to judge charge completion.

77

3.4.1 BMS Details and Requirements
Due to the relatively flat voltage curve both in discharge and in charge of the LFP cells,
(little difference between the voltage of a cell at high and low SOC), it is difficult for the
BMS to estimate SOC in the range of 20-80% SOC based on an individual measurement
of the cell voltage. This limitation on the sensing hardware means it is critical to develop
either a reliable method of SOC estimation for the cells in situ or consider only SOC in
the range that is easily measured based on voltage. To implement a measure of SOC that
can accurately estimate SOC from 20-80% would need to use a method like amp-hour
integration that can accurately consider ageing factors of the cells in a reliable manner
based on a complex cell mode, further discussed below. Alternatively, considering only
the extremes of the cell voltages requires only a method of cell balancing that is rapid
enough to rebalance cells that are out of balance before they reach the HVC. Given that a
single-cell BMS cannot communicate with others in the string, it would be unnecessary to
measure SOC except in these extremes.
In terms of a reliable SOC estimation, various authors have proposed methods reliant on
the correlation between the cell’s VOC, [123] and its state of charge, frequently adding
other parameters to attempt to arrive at a reliable measurement. However, difficulties
arise in measuring VOC for practical purposes because of hysteresis in the measurement
when load is taken off the cell. The cell may take longer than 30 minutes to arrive at an
accurate VOC when removed from either charge or discharge conditions. These issues
and others must be compensated for in the chosen algorithm for SOC evaluation. The
difficulty of developing such a system is described by Huria, et al. [51] .
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The above solutions, however, do not lend themselves well to a battery intended to work
with lead-acid batteries, as it will be subjected to the charge currents applicable to these
batteries. Further, the added complexity of these detection methods is not desirable for
reasons of complexity, so the BMS must be able to function based on the terminal voltage
of the cell. With the intention being to emulate the gassing of the lead-acid cell, this
would be done on the high end of the SOC by bleeding off the additional capacity of the
out-of-balance cell, as demonstrated by the previous test results, specifically tests 36 and
37.

3.4.2 BMS External Setpoints
The external setpoint of 27.2 V represents a charge voltage that will not bring a 20% outof-balance single cell above the 4.1 V high voltage cut-out in an unmanaged pack. This
value is based on cells being “end of life” at 80% of its original capacity. So, if a cell that
is end of life is combined with other cells, this would compensate for all cell imbalances
until end of life of the pack. In the case of the Rolls/Surrette S-290 6 V battery [58], the
equalization voltage range, measured in volts per cell (VPC) is 2.58 VPC - 2.67 VPC for
the three cell, 6 V nominal battery, which corresponds to 3.87 - 4.005 VPC for the twocell LFP equivalent. With this knowledge, the battery string can be set up in two ways.
First, based on a simple calculation relating the number of lithium cells in the string to
the number of lead-acid cells. The user can choose to decrease their equalization voltage
if they add a lithium battery, and it will dissipate the current at a lower voltage,
dissipating less power. It should be recommended that external charger setpoints for CV
be altered when adding a lithium replacement. Second, they can leave the setpoints as is,
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and the lithium battery would have to account for the additional power, at the higher
battery voltage, so as not to damage the other cells, by pushing them to a higher voltage.
The low voltage cut-off should be set to 21 V, 3 V/Cell equivalent. This should prevent
tripping the individual cell LVC for imbalance up to -10%, while only losing 150 mAh of
capacity for a 2.5% imbalance, or approximately 60 mAh with a balanced pack. It also
improves the performance of the low voltage disconnect, discussed in 4.4.1.
From the cell characterization results, several attributes of an imbalanced pack are most
relevant. Firstly, the major negative impact aside from risk of over or undercharge (that
should be separately managed by protection hardware) is the loss of capacity of an
imbalanced pack. Secondly, the main determinant of whether a cell will enter an unsafe
condition is the voltage setpoints, either on charge or discharge, which determine how
much a cell voltage is able to diverge. Thirdly, reducing cell CV setpoints increases
charge time, though not drastically. Finally, the impact of an out-of-balance cell is most
dangerous on charge when the cell is at a higher SOC than the pack median.

3.5 Investigative Simulation of Proposed BMS using Modelling
For more rapid evaluations of varied balance curves, a PSIM evaluation was performed,
reconstructing the 24 V pack previously used for testing, and implementing individual,
non-communicating balance resistors, like Figure 4-1, which can be altered and iterated
on rapidly. Further, using the PSIM Li-Ion battery model, the batteries could be
accurately tuned to the performance of the real-world cells. The PSIM circuit is shown in
Figure 3-18.
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Figure 3-18: PSIM Simulation used to evaluate various control strategies with external control
setpoints. (Resolution limited by PSIM export options).

81

3.5.1 Battery Model Validation
To evaluate the performance of the PSIM Battery model, the model was compared to the
real-world cells following a straight discharge curve. As this would be the
charge/discharge regime for the tested balance control schemes as well. A comparison of
the evaluated battery model to the true cell is presented in Figure 3-19.

Figure 3-19: Simulated charge profile versus real charge discharge profiles (Taken as a pack
average from the 8S1P configuration).

Some variation in the extremes of the cell performance are present in the model, however
these were considered acceptable. The model arrives at higher voltages earlier than the
true cell, resulting in a marginally more difficult to manage situation.

3.5.2 Simple On/Off Control [Single Resistance]
This system involves a voltage sense that would turn on balancing with a constant purely
resistive load. This method would equalize cells at a given voltage; shown 1/8 of the lowend of the intended CV voltage range. The power as a function of voltage for this system
is shown in Figure 3-20, below.
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Figure 3-20: Simple on/off Power Dissipation as a function of voltage (per 3.7Ah cell).

In this scenario, to make the balancing robust and to account for any variations in cells is
difficult, as the system only accounts for a single resistor value. This system is highly
susceptible to poor efficiency, as the trade-off between being able to compensate for outof-balance cells while also dissipating low power at idle must be considered. Cells would
all reach steady state on their own at the set point, just over the specified CV voltage.
However, all cells will remain under full balance power when they reach steady state, due
to a CV voltage that is set too high, above the per cell voltage that would activate
balancing, wasting energy. If the “on” voltage for the control scheme is brought above
the CV voltage, to avoid unnecessary power dissipation, heat generation and efficiency
concerns, any cells above the average pack voltage will be balanced, but cells below that
value will never reach the necessary voltage to balance, as shown in Figure 3-21, on page
84. This would lead to substantial lost capacity, as the lowest SOC cell will dictate the
pack capacity.
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(a)

(b)

Figure 3-21: (a) Increased CV limit (28.2V) above recommended CV, leads to increased power draw at idle; (b) Pack CV below Balance
level (27.2), leads to undercharged cell not being balanced.
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3.5.3 Hysteretic Control
A control method with hysteresis was also introduced for testing but experienced similar
issues to the simple on/off control. Performance for cells below the pack state of charge
was especially poor, as these cells often were not balanced in simulation. Additionally,
this control method did not improve on the relatively slow balancing of the previously
considered control methods. Issues of controlling cells resulting in cells going further out
of balance were also presented with exceptionally high-power dissipative resistors.

3.5.4 Proportional Resistance
Increasing resistance proportional to voltage allows us to balance cells below the pack
median while taking advantage of a lower idle power draw when at CV. Initially, the
chosen setpoints were ramping from no dissipation to maximum from 3.35 V to 3.7 V,
shown below in Figure 3-22. Adjusting the high end setpoint to allow the resistance to
remain constant from 3.7 to 4.1 V would give better balance performance at the expense
of efficiency once cells were closer to being balanced.
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Figure 3-22: Single Slope Ramp Power Dissipation as a function of voltage (per 3.7Ah cell).

Additionally, the tolerance for inconsistency in the sensing or balancing hardware is
taken care of by the ramp itself. This control scheme is tolerant to a range of CV
voltages. However, it will begin to dissipate substantial power in steady state, as shown
in Figure 3-23. Therefor it would be preferable to combine the higher bulk dissipation
power of this control scheme with reduced low power dissipation, allowing less
dissipation at lower levels of imbalance.
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Figure 3-23: Cycle Charging of 8 cells, one cell 25% over pack median, other 25% under pack
median. On/Off balance scheme with on state at 3.35V-3.7V, 27.2V CV, 1.85A CC.

3.5.5 Lead-acid-Emulating Reduced Power Partial Ramp
Another proposed solution was to add a separate ramp, which would allow low power
balance and high-power balance separately. (this may be the implementation of a mild
form of balance that can slowly bring the out-of-balance cell back into equalization with
the rest. This topology would mimic the natural behavior of a lead-acid battery gassing
reaction, shown in Figure 3-24, an implementation that is in effect similar to the droop
slope motor control method used in electrical grids to maintain motor synchronicity.
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(a)

(b)

Figure 3-24: (a) Lead-acid Emulating Ramp Power Dissipation as a function of voltage (per
3.7Ah cell) compared to natural lead-acid current dissipation as a result of the secondary
reaction within the cell. (b) Experimental Data for Secondary Reaction within Lead-acid Battery
(scaled to single-cell LFP voltages).

Considering the balance hardware separately from the series cells, working in “parallel”
towards the goal of a balanced pack, the balancers function much like the droop-slopecontrolled generators. Implementation of a similar ramping control scheme means that
each cell will not be fighting with the rest for balance power and will instead equalize to
the same balance power along the slope. This control method wastes less energy over a
range of external CV voltages, because of the slower speed of the balancing at these
lower voltages. However, it is still able to balance cells, due to the differences in voltage
at high CV, and more rapidly than simply turning balancing on or off, based on the
ramped balance power.
A comparison between the proposed control methods is presented in Table 3-2, below.
The methods proposed are not able to meet all criteria effectively, so we must look to a
new control scheme that can meet them without compromise. Alternatively, these
methods could be combined with some sort of external control to better meet all
situations.
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Table 3-2: Comparison of Proposed Control Schemes

On/Off
Proportional
Resistance
Hysteretic
Two-Stage
Ramp

Idle
Power
Draw
Poor

Speed of Balance

Speed of Balance

(cell above in SOC)

(cell below in SOC)

CV Voltage
Tolerance

Good

Good

Poor

Poor

Good

Good

Okay

Good

Poor

N/A

Good

Good

Good

Poor

Good
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Chapter 4

Proposed Lead-Acid-Emulating LiFePO4
BMS Design

The LFP cells considered for the prototype have been tested under various conditions of
artificial initial imbalance to better understand their response to different CV voltages,
and CC currents, as well as different numbers of out-of-balance cells and different
charging schemes. A set of tests was compiled using these cells, in 8S1P configuration
using a CC/CV charger and a resistive load to match the modelled data to experimental
results. These results informed the decisions surrounding CV voltage setpoints, and the
selected balancing activation setpoints. The proposed control schemes were simulated
and evaluated in a PSIM simulation environment that models the real-world equivalent
circuit. The simulated balancer uses a look-up table to determine the dissipation power
and is driven by current; this represents a linear approximation of the actual power that
would be dissipated; however, the difference was considered negligible (4mA at worst)
and ignored. The PSIM “lithium-ion battery” model was tuned to experimental results for
the K2 LFP 26650E-3700-TB cells tested previously, with a preference for performance
in charging versus discharging as charging is the more important state. It was wired to a
CC/CV charger and a purely resistive load, to represent the experimental architecture.
Based on the requirements of such a system, several criteria are used to evaluate the
preferred control scheme; susceptibility to tolerances in sensing hardware or external
equipment, functionality at a range of CV voltages, speed of high-power balance, power
dissipation at steady-state and lost capacity as a result of lower SOC cells. These have led
to the selection of a “Two-Stage Ramp” that attempts to emulate the secondary gassing
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reaction of a lead acid battery. This is implemented into a battery balancer that uses a
resistive element to dissipated excess energy as heat, balancing cells.

4.1 Theory of operation
As previously stated, the balancers attempt to solve the problem introduced in Section
1.1; that existing solutions are expensive (bi-stable contactor) or generate heat (solid-state
switches), slow to balance, unable to be connected in series and/or require some sort of
communication amongst series cells or to inverter/charger hardware. The lead-acid
emulating LiFePO4 BMS is intended to improve on these characteristics in the following
ways:
•

Improved cell balancing speed and control scheme

•

Inexpensive circuit protection design

•

No communication between individual “battery blocks” in series
o A lithium solution that installs in the same manner as lead-acid

•

Low voltage building blocks (3 V or 6 V)

The selected battery management system must implement the two requirements identified
in Section 2.6:
1. Cell Protection: Cells are maintained within ranges that are safe and promote
long lifetimes, required measured variables are:
a. Current
b. Temperature – pack or cell level
c. Cell voltage – each series cell must be monitored.
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2. Cell Balance: Balanced cells allow for the highest possible energy storage for a
given arrangement of cells and reduce the risk of unsafe conditions.

4.1.1 BMS Overview
The preliminary block diagram and circuit diagram for the cell are shown above in Figure
4-1. The proposed BMS would be capable of dissipating a sustained 20 W from each
1S110P cell, with the option of providing increased shunting power for short periods of
time. It would take three inputs; cell and transistor temperatures, and cell voltage, while
controlling only two outputs; the switch controlling the HVC resettable circuit breaker,
and the transistor responsible for dissipation. It is recommended to instrument the FET
with a temperature sensor if it is to be used for increased dissipation for short periods of
time.

Figure 4-1: Originally proposed BMS circuit diagram.

4.1.2 Cell Protection Methodology
The testing carried out previously was not intended to identify the impact of cells that
were imbalanced in terms of actual capacity, but instead in terms of SOC. It did not
demonstrate imbalance occurring during the normal use of the cells, occurring because of

92

small changes in the manufacturing process. Imbalance spontaneously developing is not a
scenario that could be demonstrated with the cells in typical cycling applications. So,
cells going out of balance was based more upon an artificial condition of imbalance. In
this condition, the major contributor to cells experiencing overvoltage while imbalanced
was the external CV setpoint. So, if the setpoint is controlled, cells will not enter a
condition requiring cell protection to activate unless their imbalance is more than the
20% that was the limit of the evaluations.
Because of the expected infrequency of the cell protection use, the opportunity to use a
cell protection mechanism that meets the requirements of this project but is not
implemented in any consumer solutions is possible. The fuse-based disconnect uses the
fuse that all existing consumer batteries should have and use it as a cell disconnect
mechanism. Cells can be short circuited, developing the current required to fuse the fuse,
resulting in the battery (and pack) being disconnected. The current developed must be
less than the current limit of the cells while still activating the fuse protection quickly.
This method is reasonably simple to implement and is shown below in Figure 4-2.

Figure 4-2: Simplified BMS Circuit diagram highlighting fuse-blowing short circuit portion.
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A switch is used to short circuit the cell through a circuit of the resistance required to
cause the fuse to disconnect the cell. This fuse disconnect is compared to the two
existing, widely-implemented disconnect methods, commonly in use in consumer
batteries and BMSs: the bi-stable switch and the transistor switch, in Table 4-1, below.
Table 4-1: Comparison between cell protection mechanisms: bi-stable switch, transistor switch,
and fuse disconnect.

Bi-Stable Switch

Transistor Switch

Fuse Disconnect

Cost

High ($100USD)

Low ($10USD)

Low ($10USD)

Current Delivery

High (Full Cell

Medium (limited by

Medium (some Cell

Potential Available)

heat generation)

potential reserved)

None

None

Manual Intervention

Maintenance if
Disconnected

Required

Based on the application, cell discharges are in the range of C/20, due to the battery size
required for a solar PV setup. The LFP cells, however, can be discharged at over 10C,
especially in short bursts, while remaining in their safe limits. Therefore, the higher fuse
blowing current was not required for the typical operation of the pack, and thus, the pack
would be rated below the summed cell current delivery capability.

4.1.3 Balance Control Methodology
The lead-acid emulating two stage dissipative ramp selected in the Section 3.5 is
implemented using a switchable resistor. The resistor is switched using either a PWM
signal during the ramp or is fully on in the high-power state.
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Figure 4-3: Simplified BMS Circuit diagram highlighting resistive balancing element.

A circuit diagram for the initial prototype balance circuit is shown in Figure 4-4 on page
96. This schematic was used to make the perf board prototypes discussed in Section 4.2.
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Figure 4-4: Second Prototype of balancer circuit. Multiple FETs used to short circuit cells, using semiconductors for fuse blowing was
considered initially, but was later revised due to several shortcomings.
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4.2 Early Prototyping
The schematic, Figure 4-4, was created as the initial prototype. It is based on an
ATTINY85-20PU microcontroller. Notable specifications of this component are
highlighted in Table 4-2, below.
Table 4-2: Notable specification informing choice of ATTINY85-20PU microcontroller for
prototyping.

Specification

Value

Comment

Supply Voltage

1.8-5.5 V

Wide voltage range encompasses safe
battery voltage range

Available I/O

5 (6 if RESET used)

Pins

I/O used for: Cell temperature, voltage,
current; fuse and balance switches

ADC

10-bit (overcurrent

10-bit ADC; 1024 voltage steps, used

Resolution

measurement through 20x

through a 4:1 voltage division, 4.4V

gain amplification)

full scale resulting in 4.4mV/div

300μA @ 1.8V

Low power consumption

1.52CAD [124]

Low cost componentry is project goal

Power
Consumption
Cost (QTY100)

Initial prototypes are shown in Figure 4-5 [a] represents the initial prototype that was able
to crudely validate balancing and offered an opportunity to experience programming the
microcontroller and its performance reading consistent voltage and current. This
prototype, while it was able to validate fuse blowing through a bench power supply, was
not enough for battery-based testing at the applicable higher currents. It also lacks a
temperature probe.
The subsequent prototype, Figure 4-5 [b] implements a transistor-based fuse blowing for
cell protection, temperature probe in addition to the same balance switching, and voltage
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and current measurement as the previous prototype. This prototype was used to test
blowing external fuses and was successful in balancing based on the voltage read by the
microcontroller and implementing cell protection in situations of overcurrent and
overtemperature. These prototypes were meant as proofs-of-concept and the testing
performed was meant only to validate the core functionality, using a single external
voltage source.

[a]

[b]

Figure 4-5: [a] Initial prototype of BMS based on the ATTiny85A microcontroller, fuse
disconnect and resistor-based balance control. [b] Second iteration to evaluate higher current
disconnect. Both solutions implement expensive high-side FET driver (later removed) and FETbased cell protection.

Several revisions were made after these prototypes. The first was to remove the high side
driver LTC1982-ES6, shown in the schematic Figure 4-4, which was too expensive. Nchannel FETs would be driven low-side on future revisions. Additionally, during a
concurrent lab project surrounding golf-cart batteries, investigating the discharge
characteristics of this application, a near end-of-life 8 V lead-acid battery (5+ years of
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operation) entered an open circuit condition on one of its internal 2 V cells while doing a
high current discharge on the course. This event led to the negative pack voltage being
applied to the open circuited cell. This led to the subsequent realization that if the battery
balancer module was to use parallel FETs as the fuse blowing mechanism, the FETs
would have that negative pack voltage applied, and the body diode of the FET would
allow that cell to be bypassed and the pack would continue to function. However, with
the full battery current passing through the FET, traces, and PCB. Therefor, the
previously shown FETs have been replaced with relays for prototyping purposes. The
FET based fuse-blowing technique is therefor also incompatible with the final 6 V battery
prototype as well, as the FET would prevent the 6 V unit from being used in any series
string. These revisions informed the change to relay-based fuse-blowing and a lower cost
FET-driving solution for the resistive balancing element, which is now connected before
the fuse, so it cannot complete the circuit in the case of a previously blown fuse.

4.3 Single-Cell PCB Prototype Design Constraints
The two main goals when moving to a PCB-based prototype were to take advantage of
less expensive SMD components, prioritizing elimination of purpose-built ICs, and to
quickly produce enough balancers to experiment in the 24 V environment. Testing the
practical performance of the distributed battery balancer hardware is based on the
following schematic, Figure 4-6 (Page 101), which is intended to deliver the appropriate
balance power to each cell in an artificially imbalanced scenario, and effectively topbalance the cells in a short period of time. For testing purposes, this schematic (Figure
4-6) and board do not include the necessary hardware to also perform cell protection with
fuse-blowing, allowing the focus to be on the performance of the balancing and reducing
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the cost and time to produce multiples for a full series string. However, it is able to be
retrofitted efficiently to add fuse-blowing with the addition of a daughterboard
(connected via FUSE_HEADER_1 in Figure 4-6). In order to test the robustness of this
control scheme, potentiometers were included to alter the calibration of the cell voltage
sensing to rapidly test with different calibration errors in order to determine the
compatibility of the system with various component tolerances. Further concerns with
robustness regarding cell over-voltage were investigated, and the maximum imbalance
for different CV charge voltages was implemented. Additionally, the speed of the system
scaled down to 8S1P was tested with similarly scaled-down balancing power.
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Figure 4-6: Initial PCB based prototype (Version 0.3) Intended only as balance controller to
evaluate balance hardware performance seperately from fuse-disconnect performance. Use in 24
V cycling application.

4.4 Testing of PCB-Based Balancer prototype
4.4.1 Fused Circuit Protection Testing
The fused disconnect offers several design advantages over a traditional bi-stable switch,
or over a transistor-based control scheme, as previously noted. Two test setups were
constructed to evaluate the performance of the fuse-blowing based disconnect. The first,
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shown in Figure 4-7 was intended to demonstrate that the fuse-blowing trigger could be
the balancer PCB prototype. This also allowed for evaluating the performance of the cells
in fuse-blowing discharges scaled to the full-size battery.

Figure 4-7: Fuse-based disconnect test bench version 1, uses the PCB based balancer to control
a separate relay and cell module. Testing is based on 58V Mini-Blade fuses in an in-line fuse
holder. Testing is intended to evaluate relay and fuse performance with one or two parallel cells.

A subsequent prototype (Figure 4-8) was intended to evaluate cells in higher current
discharges. With the additional cells, the discharge currents could be tuned to both the
limit for the cell and for the relays, to evaluate their performance. The addition of a
precision current shunt meant that the current could be more readily verified. Cells in this
example are connected in parallel, with up to eight cells in use at a time.
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Figure 4-8: Fuse-based disconnect test bench version 2. Once PCB disconnect was validated,
subsequent testing could be scaled up and matched to the final pack requirement. Most
importantly, this testing was a more accurate representation of the final current demand on each
cell.

During testing, the cell and shunt voltages were read and recorded by a Tektronix
MDO3024 oscilloscope. Testing parameters to emulate a 250 A Littelfuse MEGA 70 V
0998400.x (x representing different part numbers with the same electrical characteristics
but different physical characteristics) at the full-scale pack are presented below, in Table
4-3. This scaled-down test represents the GC-2 prototype described in Section Chapter 5,
a 2S60P cell layout.
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Table 4-3: Fuse testing parameters for 250A Littelfuse MEGA 70V 09984300.x

Percent of Rated

200%

350%

600%

Time to Blow (min/max)

1/15s

0.5/5s

0.1/1s

Current (A)

500

875

1500

Current/Cell (A)

8.33

14.58

25.00

8-Cell Current (A)

66.67

116.67

200

Scaled Fuse (A)

33.33

33.33

33.33

To tune the current, a length of wire was used to increase the resistance of the overall
circuit. To determine the existing circuit resistance, the voltage drop was measured using
a constant current source. The resistance was subsequently increased until it reached the
required resistance according to Table 4-4.
Table 4-4: Required resistances for the various fuse blowing voltages and currents.

Fusing Voltage

66.67 A

116.67 A

200.00 A

Required resistance at 4.10 V

61.50 mΩ

35.14 mΩ

20.50 mΩ

Required resistance at 3.00 V

45.00 mΩ

25.71 mΩ

15.00 mΩ

Required resistance at 2.75 V

41.25 mΩ

23.57 mΩ

13.75 mΩ

Required resistance at 2.50 V

37.50 mΩ

21.43 mΩ

12.50 mΩ

Required resistance at 2.00 V

30.00 mΩ

17.14 mΩ

10.00 mΩ

In testing the fuse blowing performance, it became quickly clear that for the lowest
voltage thresholds, 2.0 V and 2.5 V, the increased current delivery caused the cell voltage
to sag below the minimum voltage to power the microcontroller. The phenomenon of
voltage sag is well known and is most severe at the lowest states of charge, when the
internal resistance of the cell begins to have a larger impact on the overall circuit. The
solution to this issue was to have the relay latch, allowing the fuse to be blown while the
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microcontroller is disconnected. However, if the voltage can sag, turning the
microcontroller off, there is substantial risk that the fuse will be blown again immediately
once the next fuse is installed. Therefor if this is the case, the microcontroller must have
some sort of persistent memory or remain powered on during the discharge. So, the
voltage must remain above that threshold, 1.8 V.
For fuse-blowing trials at 28.8 Ω, an initial voltage of 3.00 V results in a current peak of
120 A, settling approximately 110 A; the 350% of rated for the 40 A fuse. The fuse fuses
in 1.0 seconds, with the voltage sagging to a minimum of 1.9 V. This is shown in Figure
4-9, below.

Figure 4-9: Fuse Blowing Trial - 28.8mΩ circuit resistance, 3.00VInit, 1S8P or approximately
15A/cell, 40A fuse

Lower initial voltages result in longer fuse-blowing times and, below a given voltage, the
cell cannot deliver the required current due to the extreme voltage sag present. Figure
4-10 shows testing at 2.75 V and Figure 4-11 shows testing at 2.5 V, which did not result
in a successful fuse-blowing. Additionally, these lower initial voltages and corresponding
lower SOC result in the cells being brought to lower voltages during the discharge, below
the acceptable minimum voltages. So, these lower initial voltages are also unacceptable.
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Figure 4-10: Fuse Blowing Trial - 28.8mΩ circuit resistance, 2.75VInit, 1S8P or approximately
15A/cell, 40A fuse. Note lower current compared to Figure 4-9.

Figure 4-11: Fuse Blowing Trial - 28.8 mΩ circuit resistance, 2.50 VInit, 1S8P or approximately
15A/cell, 40A fuse. Unsuccessful, cell voltage reduced below 1 V.

At the reduced currents in Figure 4-10 and Figure 4-11, the time to blow the fuse is
increased. Based on Table 4-4, the resistance for these initial voltages and the voltages
the cells reach should be lower, resulting in higher current. Figure 4-12 shows the voltage
reduction below safe values, however the fuse is successfully activated in a short period
of time. Selecting a higher LVC such as 3.0 V ensure cells remain in safe ranges and
quickly blow the fuse. This comes at the expense of capacity; in the C/2 discharge (1.85
A) the reduction in capacity is approximately 60 mAh.
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Figure 4-12: Fuse Blowing Trial - 16.3 mΩ circuit resistance, 2.75 VInit, 1S8P or approximately
15A/cell, 40A fuse. Cell voltage under load remains below 2 V threshold (1.5 V)

These trials validate the initially proposed LVC setpoint of 3.0 V, the cells’ ability to
deliver the required current for the pack current limit of 250 A, as well as the relay ability
to handle the short peak discharge.

4.4.2 Balance Performance
To determine the effect of the balance performance of the BMS, the most reliable metric
is the overall pack capacity in discharge. Previously, Figure 3-13 showed the impact of
CV voltage on available capacity for very low CV voltages, however a similar impact
occurs with out of balance cells, as previously demonstrated by testing under artificial
imbalance. A balanced pack will have the most available capacity of the cells, as
integrated by the cycling controller. Increasing pack capacity is tied directly to amp-hour
dissipated in balancing by the BMS, and a balanced pack has the maximum available
capacity of the balanced pack.
The PCB based balancers were installed in the original NI-based testing device, Figure
4-13, so that the balance hardware could be tested in the same way as the unbalanced
cells were originally characterized. All other aspects of the original test setup are
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maintained and there is no communication to the balance hardware. This 24 V pack
would also allow the performance to be verified against the simulated 24 V pack.

Figure 4-13: NI Cycler with additional balancers for each cell. Each cell is connected to an
independently controlled balancer.

Initial results of the cycling test with the PCB based balancer identified one unexpected
battery characteristic. While the overall architecture was working as designed, some
aspects of the battery dynamics were not working as previously modelled. Specifically, as
the cells were reaching CV, with current tapering to zero, the cells were experiencing
voltage sag because of the load of the balance resistor. The model does not account for
the impact of these small balancing load on the cells or improperly models the voltage
stability effects of the external charger on battery cells. Even when cell voltages are
elevated, these small loads drag the battery voltage down to below the threshold for
lower-power balancing. It was initially thought that voltage may be dropping across PCB
traces while the balance circuit was active, due to the current drawn by the balancer, but
after experimentation with different component additions and bypassing the PCB, these
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factors were eliminated and identified as the result of the battery dynamics. The resulting
sawtooth pattern is shown in Figure 4-14. The result is reduced balance power during this
phase of the balancing, leading to increased time required to balance. This phenomenon
is likely something the manufacturers of the K2 G27 battery discovered during the
development of their BMS, informing their decision to implement a sort of hysteretic
control scheme. The operation of that battery and BMS is further discussed in Appendix
A.
While hysteresis is one method to improve the inconsistent balance power, three other
possible solutions to the battery voltage sag during balancing were discussed: increasing
the time the dissipative resistor switches off during the battery voltage reading (allowing
cell voltage to relax), adding a compensation factor to the analog reading based on
experimental data for voltage sag and subsequent rebound, or changing the voltage
setpoint to reduce the effect. The setpoint of 3.7 V is based on a wide CV voltage range
of 27.2 – 29.2 V for a 24 V pack, or 3.4 V – 3.65 V per cell. When a smaller CV range is
considered, the option to reduce the balance threshold is preferred, as there is no sacrifice
in balanced pack power dissipation. This change sacrifices balanced pack power losses at
CV voltages above the recommended setpoints for improved balance speed and
consistency.
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Figure 4-14: Sawtooth-type pattern that appears at approximately 3.75 volts, as the balancer
load reduces cell voltages to below 3.75 V, reducing the balance power causing the voltage to
rise above 3.75 V, repeating.

An interesting note that supports reducing the voltage setpoint to a lower value, that was
not previously obvious during simulation or testing– as the effect was less pronounced
with the model - was a rapid change in battery voltage as the cells became closer to being
balanced. During initial cell characterization, it became clear that even cells that were
marginally out-of-balance would experience substantial changes to their voltage when the
CV voltage was reached, as a range of different voltages. Further, this would quickly lead
to an overvoltage scenario at elevated (above 27.2 V) CV setpoints. It was shown through
the PCB testing that the lead-acid emulating balance scheme, with less power dissipation
during the low power balance was able to rapidly decrease the voltage of the cells during
CV. This is compared to the high-power balance, above 3.7 V, which was responsible for
most of the bulk balance, but less of the change in cell voltage. Despite the balance power
being reduced by at least a factor of 10, the voltage equalization effect was more than the
initial bulk balance, and more effective than the model suggested.
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Due to the increased balance power required to permit charging and discharging at CV
voltages above even 27.2 V, the necessity of the balancer to remain in low power balance
mode at 3.7V (corresponding to an 8-cell pack CV of 29.6V) to reduce the steady state
dissipation of the system is no longer as necessary. As such and enabled by the rapid
change in voltage discussed above, it was determined that lowering the setpoint to enter
high power dissipation mode was the most effective option. This coupled with a short
time to allow for voltage recovery was able to reduce the amount of lost balance time and
the severity of the sawtooth.

4.4.3 Validation of Simulation Results
In the “worst-case” balance scenario (one cell at a SOC above the rest of the pack) the
BMS performs as expected, except for the sawtooth pattern present. Figure 4-15 shows
the experimental results, while Figure 4-16 shows the simulated charge and discharge
curves. While the reduced speed because of the sawtooth pattern is evident, the overall
shape is like the simulated results. In testing with a serial output, it was revealed that the
sawtooth balance pattern was active half of the time for this test, as it would oscillate
from high power to low power (10% of high power) each time. This is compared to the
two figures below, which show the simulated results completing the high-power balance
phase in 2 cycles instead of 4 cycles for the practical trial.
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Figure 4-15: Experimental results of one cell 40% out of balance, being rebalanced by LAE
resistive balance hardware, 24 V pack with independently controller balancing PCB-based
BMSs.

Figure 4-16: Simulated results of one cell 40% out of balance, being rebalanced by LAE resistive
balancer, 24 V pack with independently controller balancing PCB-based BMSs.

By reducing the setpoint, however, we can reduce the impact of this cell characteristic,
while still reducing the power dissipation at idle. Figure 4-17 shows the results of this
updated trial and Figure 4-18 repeats the simulation results from Figure 4-16 with timed
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CV matching the hardware trial (15 000 seconds). Except for some minor impacts to cell
dynamics, this comparison is far more consistent with the simulated results due to the
reduced prevalence of the sawtooth balancing.

Figure 4-17: Experimental results of one cell 50% out of balance, being rebalanced by LAE
resistive balance hardware, 24 V pack with independently controller balancing PCB-based
BMSs. Reduced full-power balance setpoint to 3.55V.

Figure 4-18: Simulated results of one cell 50% out of balance, being rebalanced by LAE resistive
balancer, 24 V pack with independently controller balancing PCB-based BMSs.
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It is clear that cells with SoC below the pack average are far slower to balance as
previously simulated, however this is not unlike what is seen by the performance of the
consumer batteries that do not appear to have an SoC estimator, despite having several
series cells internally, such as the BMS on the K2B12VG27-U3 or consumer BMS
options such as the MiniBMS (Figure 4-19). Both the K2B12VG27-U3 and MiniBMS
are “noncommunicating” in the sense that they do not
transmit battery information externally. The controller
on the K2 BMS has knowledge of the cells in each 12 V
battery, while the MiniBMS connects to each cell with
only a “on” or “off” signal for each cell. Both these
solutions implement an individually controlled balance

Figure 4-19: MiniBMS
daughterboard.

resistor.

4.5 Final Setpoints and 24 V Results
Different from the MiniBMS and K2 BMS previously examined, the lead acid emulating
balance curve enables autonomous balancing that is inherently faster than the other
examples. Modifications based on initial experimental results and deviations from the
simulated results informed the decision to reduce the setpoint for maximum balance
power from 3.7 V to 3.55 V. The final balance curve per 3.7 Ah cell is shown in Figure
4-20, below.

114

Figure 4-20: Final balance setpoints, balancing beginning at 3.35 V up to 10% of full power at
3.55 V at which point full power dissipation begins.

During this test, the cells were kept at varied SoC, beginning with each cell spread 2% in
SoC from the next, i.e. 50%, 52%, 54%, 56%, etc. In this case, the balancing is relatively
fast for the first cells, above pack average, however the speed decreases for the cells
below pack average. This result is anticipated based on the simulation results discussed in
Section 3.5. Figure 4-21 shows an example of this slower balancing behavior once the
cells below pack SoC start to balance.
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Figure 4-21: Testing with 24 V series string, cells SoC spread out 2% from Cell 1 to Cell 8.

4.6 Insights from 24 V Series String Testing
The system is demonstrated to be working as simulated, except for the sawtooth present.
By reducing the voltage setpoints, the sawtooth is mitigated. This also improves the
overall balancer performance and improves balance speed compared even to the
simulated results.
As we look at the market for purpose-built packs, it has proven far more difficult to build
a battery that can act as a “building block” like how the existing lead-acid batteries
operate. These purpose-built packs with integrated BMSs will remain a necessary and
lucrative business for many high-power or space-concerned segments of the market
including full-size EVs, e-bikes, scooters, golf carts, rental batteries, or those part of
larger ecosystems. Off-grid power systems, applications when the size of the battery is
far greater than the load, and applications where weight is not a concern will likely
continue to see the value of these smaller building blocks, until a manufacturer creates a
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serious improvement on the product. Some are attempting to do so, as discussed in
Section 2.11.2, however these fully integrated batteries do not necessarily offer
significant improvements over the external 24 or 48 V systems (many of these are 24 or
48 V internally) and so, suffer from the inherent issues with system expansion and are
similarly limited in their performance. However, by integrating, they may take advantage
of some of the more rapid balance techniques introduced in Section 2.10.8.
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Chapter 5

Prototype LiFePO4 6V GC-2, 220Ah
Lead-Acid-Replacement Battery

As introduced in Section Chapter 2, Canadian rural electrification has been successful
and widespread, predominantly served by hydro and diesel generation. The latter
contributes to climate change concerns and can have negative consequences on the
communities in question and is mot a favourable solution long-term. Solar PV microgrids
are one possible solution to moving some diesel-generation-based communities away
from that technology and towards clean energy generation. The solar PV market has been
dominated by lead-acid batteries and numerous components are available that are built
around these batteries. Lead-acid batteries are inherently easy to connect, control and
combine, and are robust to operation outside of their limits. They are also relatively
inexpensive up-front. Lithium batteries are becoming cost-competitive with these
technologies and are becoming more and common within the marketplace. Often, these
batteries come with voltage and current limitations that prevent the batteries from being
connected in series, require additional connections to external hardware, either system
power converters or external BMSs and are more complex to manage overall. This
additional complexity can make the integration of lithium-ion batteries, which have
numerous advantages over lead-acid batteries, more difficult and more expensive. With
the project goal in mind of creating a robust and flexible lithium-ion BMS that can
emulate some of the beneficial aspects of lead-acid batteries, a BMS has been developed
that has been demonstrated to balance cells in up to 24 V packs and implements a tested
cell protection mechanism. A final presentation of that BMS that combines the two
functionalities in the context of a full-size battery has been the final milestone of this
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project. Building this BMS in a standard lead-acid form-factor typical off a solar PV
power system, is valuable, and demonstrates the flexibility of this BMS as replacement
for lead-acid batteries that are the same form factors, voltage levels, and are connected in
the same, simple, way. To construct a device that meets these criteria, the 26650
cylindrical cell form factor is used, integrated with an update BMS board that controls
two cells using two separate controllers, two separate dissipators and a combined
disconnect for the whole pack. These components are assembled into the form factor of a
GC-2 lead-acid battery and integrated into and existing GC-2 case to demonstrate the
BMS performance in this application.

5.1 Overview
The goal for the 6 V GC-2 replacement is to take an existing GC-2 case and modify it for
Lithium hardware. The goal when modify is to maintain some of the characteristic
aspects of a flooded lead-acid case, such as watering caps and the original contacts and
handle attachments. The standard lead-acid 6 V GC-2 is shown in Figure 5-1. This
render shows the middle watering cap cut out and replaced with a panel to access the cell
protection fuse. The actual case used was the “tall” version of the battery, however this
extra vertical space was not used to house components – the additional space was taken
up by ribs in the bottom of the case, which allows any particulate that comes loose from
the lead plates in the battery to settle below the plates in an actual lead-acid battery, while
also improving case stiffness.
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Figure 5-1: Rolls Surrette GC-2 Battery, modelled after the S-290 flooded model. This case was
used in the construction of the prototype after modification to allow access to the fuses externally.

5.2 Design
5.2.1 Electrical Updates
Small adjustments were made to the cycler. The individual microcontrollers with their
components were altered for the new ATTiny-84A microcontroller, and the low cell was
changed to remove its current sense – as only one current reading is required for the full
battery (using the fuse). Further, an op-amp comparator was added to the circuit to allow
for the updated 6V relays to be triggered by the full cell voltage, while the FET was
updated to accept a higher logic level gate pulse. The updated schematic is shown below,
in Figure 5-2.
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Figure 5-2: Adjusted schematic for the GC-2 6V prototype, independent controllers are used for
each internal battery cell.

The completed PCB for the dual balancers (with only one relay installed) was used to
ensure fuse-blowing cell protection could be maintained. Firmware was updated to the
new microprocessor and loaded onto the boards, shown in Figure 5-3.
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Figure 5-3: Final 6V PCB prototype, 1/5 relays installed.

5.2.2 Mechanical Design
Considering the top of the case, one of the prototype goals was to reuse an original
Surrette S-290 flooded lead-acid case, including the base and top plate, which were
available from Surrette. This was beneficial in terms of production, but at the expense of
time designing for and altering the existing structure. Working around the existing
structures, an access plate was required for the externally resettable fuse, however the rest
of the top plate could be left as is. Several options were considered beyond that for
enabling increased balance power, which, as discussed, would enable increased
imbalance tolerance at higher CV voltages. However, the usefulness of this is
questionable. Figure 5-4 shows several of these design options. The additional sealing
required around option [b] and failure points and sealing required in [c] were not
considered favourable for a consumer. An external balancing port, in [a] may allow for
the addition of an overcharged battery to replace another with the quick addition of an
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external balance resistor. However, given the increased complexity, it may be easier to
simply install an external balancer including electronics on the standard terminals.

[a]

[b]

[c]

Figure 5-4: Various designs enabling higher power balance (>20W) based on the flooded leadacid GC-2 form factor top plate [a] and external resistor port is proposed. [b] Heat sink is added
to the top of the case. [c] Smaller heat sink and fan are added.

These options were rejected, however and power dissipation will be done internally,
radiating out of the case bottom itself. The only modification to the top plate is the fuse
access panel.
Typical of cylindrical cell pack construction, the 6 V prototype uses nickel strips,
resistive welded to the cell terminals. Two design options were considered for this
application: metal cell grids and plastic cell grids. The metal cell grid (Figure 5-5) is
constructed first by CNC routing or water jet cutting a sheet of material such as brass or
aluminum. Nickel strips are then welded to the sheet metal, which are welded to the cell
terminals from the underside. This method was originally proposed but was rejected due
to the available welding capability and cost of materials. The welding power available in
the lab restricted the material selection to brass, which was considered too expensive.
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[a]

[b]

[c]

[d]

Figure 5-5: Construction method using sheet metal backing. [a] Shows cut and bent sheet metal
[b] Adds nickel strips fused with resistive welds [c] shows first cell, resistance welded from the
underside, [d] detail of welded nickel (cell terminal is below).

The alternative option, which could be easily prototyped given the large format 3D
printing available on-site, relies on plastic cell holders, which have channels in the base
allowing the same nickel strips to be welded to the cell terminals. A middle section is
then placed on top of the first section of cells, with strips welded in place, and the
original backplate then reattached. Due to the mirroring of cells, this option allows the
same panel to be used on both sides. Details of this cell construction are shown in Figure
5-6. Because these hold the cells from the sides as well as at the terminals, they offer
more support to the cells, especially as they are horizontal in the battery case.
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[a]

[b]

[c]

[d]

Figure 5-6: Construction method using nickel strip and [a] plastic cell holders, these molded (3D
printed for prototype) cell holders [b] hold cells independently, [c] stacking cells using a middle
plate, then [d] a symmetric plate holds the second layer.

The cell configuration shown in Figure 5-6 [d] can then be integrated with the BMS and
top panel in the larger pack. Figure 5-7 shows a render of the cells placed in the case.
Note the cells are orientated for symmetrical loading of all cells within the pack, the
additional cut-out for the fuse holder and the BMS board in the rear.
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Figure 5-7: Render of final prototype with transparent case, showing [a] BMS board, [b] fuse and
[c] cells (oriented for symmetrical loading on all cells). Cell wiring draw over image.

The mechanical structure in Figure 5-6 offers no electrical connection. In this prototype,
a pair of nickel strips are used for each cell connection. These are arranged in columns,
with each of the 8 cell rows connected by two nickel strips. For the proposed 250 A
current limit, each cell row must deliver 31.25 A at maximum, therefor each strip is
responsible for delivering 15.63 A.
To confirm the strips are pure nickel, as false listings are common on various
marketplace websites, strips were tested for their corrosion resistance and electrical
resistance under load. Strips were abraded and left in water for 7 days, at which point
they exhibited no oxidization, consistent with pure nickel (highly corrosion-resistant).
This is compared to commonly sold and mislabelled nickel-plated strips, which have a
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steel core. These are both lacking in corrosion-resistance and are higher resistance than
their pure nickel counterparts, so ensuring strips are pure nickel is critical. Figure 5-8
shows the results of 7 days in salt solution and the resistivity testing setup. Based on
simple resistivity calculation from Equation 16, where 𝑅 is the resistance, 𝜌 is the
resistivity of the material, 𝐿 is the length and 𝐴 is the cross-sectional area. The resistance
of the 150mm of nickel strip with measured cross-section 8.00mm x 0.20mm is
calculated below.

𝑅=

𝑅=

𝜌𝐿
𝐴

(16)

(6.99 ∙ 10−8 Ω𝑚) ∙ (0.15 𝑚)
= 6.66 𝑚Ω
1.6 ∙ 10−6 𝑚2

So, the expected voltage drop at 5 A over the 150 mm length is 32.77 mV. The actual
voltage drop was 36 mV.

[a]

[b]

Figure 5-8: [a] Nickel strips abraded and placed in salt water solution, corrosion is expected if
material is plated. [b] Testing of nickel strips for resistivity, nickel plated steel will have a higher
reissitance than the equivalent pure nickel strip.

The actual resistivity of our material, then, in terms of length is 48 𝑚𝛺/𝑚 and the cross
sectional are of the strips is 1.6 mm2 (1.6x10-6 m2), therefor the resistance of length
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26mm (0.026m) (the length of strip that carries the maximum current of 15.63 A) is 1.14
mΩ. Calculated as follows:
𝑅 = (48.06 mΩ/𝑚) ∙ (0.026 𝑚) = 1.25 𝑚Ω
So, we expect a maximum dissipation of 15.6mW at the full load of the battery (200 A),
and a total of 1.22 W of dissipation per 7-cell column, of which there are 16 within the
battery, for a total dissipation of 19.5 W. Each strip is internally connected via 1/0 AWG
wire, rated for 245 A. Based on the dissipation within the strips, a continuous current
rating of C/5 would be appropriate for this prototype to avoid excessive internal heating.
Due to off-grid application typically requiring more than one day of autonomy, discharge
rates below C/20 are far more common.
Based on these calculations, a fuse size of 200A was used for the battery, as these were
both easier to procure and more conservative for chassis wiring, given the internal
heating within the case.

5.3 Prototype Build Progress
Unfortunately, due to the shutdown of operations at UPEI due to the COVID-19
pandemic, this prototype was not able to be completed and tested. The in-progress build
is presented below, with the intention to complete this work once it is safe to do so.

5.4 Modifications to existing case
The base of the case, due to it being designed for a 6 V flooded lead-acid battery, has
three distinct sections corresponding to the three series-connected 2 V nominal cells, and
keep them electrically isolated from each other. The resulting two separators should be
removed from the case. The case also has ribbed sections at the base, which serve as
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structural rigidity, and may also be helpful for the battery itself, in terms of allowing any
settling lead oxide to clear the bottom of the plates. On the top of the case, a cut-out for
the fuse access panel, and the four screw holes should be made, position and dimensions
of these modifications are shown in Figure 5-9.

Figure 5-9: Modifications to existing case top plate.

5.5 Cell Assembly
Cells are assembled using nickel strips spot welded to
their terminals and housed in a plastic casing as
previously noted. Each cell is welded in 6 spots, as
there are two nickel strips being used for each cell. The
welds are dispersed as much as possible on the terminal
of the battery and are aligned by the plastic cell

Figure 5-10: Cell spot welding
close-up. These positive terminal
welds are more closely packed
due to the smaller terminal.
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housings. Further progress of cell welding is shown below, with cells before and after
spot welding in the cell frames in Figure 5-11. Cells assemblies are then combined into
one 6 V nominal assembly, shown in Figure 5-12. Finally, cells will be wired to the BMS
and prepared top plate.

(a)

(b)

Figure 5-11: (a) Cells prior to spot welding, in lower frame. (b) Cells after spot welding,
prepared for assembly.

Figure 5-12: 6 V cell assembly, ready for assembly into case and BMS connection.
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Once operations resume, the assembly can be completed. The new BMS board has been
tested with a power supply with cell balancing response and fuse blowing shown to be
functioning when attached to a DC power supply.

5.6 Impact of Typical Solar PV System Components
Typically, solar PV power systems implement a system converter which charges batteries
in a constant current (current limited) constant voltage (voltage limited) charge regime,
with optional end conditions, equalization charge ranges and other systems. If energy is
available from external PV panels, the energy charging the battery system is equal to or
lower than these limits. Considering voltage relaxation of the batteries, additional energy
may be able to be input if the charge is intermittent, however by setting limits in the
charge controller, the changes to the external system brought about by changing the
charger are not anticipated to impact safety, however if cells cannot be fully charged
under the available solar energy, balancing performance may be reduced, as less time will
be spent at the voltage limit.
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Chapter 6

Conclusion

This project has been an investigation into methods of reducing the cost and the
complexity of a BMS system, using the inherent characteristics of lead-acid batteries as
inspiration. This project has revealed the characteristics of imbalanced cells from the
impacts of external CV voltage setpoints, to the impact of additional balance power (this
may be possible with more high-powered cell-to-cell of cell-to-pack balance
architectures). The limitations of constructing a pack without communication among
cells, or to charge controller hardware is clear. A non-communicating BMS based on this
design is limited in it’s method of balancing and slower to balance (though not compared
to other non-communicative solutions) compared to those that can communicate and
those with SOC estimation, as these can balance longer during the entire duration of the
charge and discharge cycle. The fuse-disconnect requires cells to sacrifice a small amount
of capacity to avoid reaching too low a voltage during the fuse blow, and ensuring
enough energy remains in the cells to blow the fuse.
The BMS is demonstrated to be effective at its initially stated goals: to be low-cost, noncommunicating, effective at balancing various cell imbalances and function as a lowvoltage (3 V) building block. It is demonstrated in testing to maintain cell balance, and to
tolerate an imbalance up to 50% in the ideal conditions, and rapidly lowering imbalance
levels at higher CV voltages. The fuse-based cell disconnect method is low-cost and
effective especially at high SOC, temperature and current-based disconnect triggers. Low
SOC voltage protection requires the sacrifice of capacity as previously stated. The small
sacrifice in capacity compares favourably to the saved costs in the cell protection
architecture compared to the bi-stable contractor. The successful implementation of the
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BMS in both the small scale 24 V pack and the full-size 6V GC-2 prototype demonstrate
the success of the approach.

6.1 Summary of Objectives
Project objectives are presented in Table 6-1, below. These have been successfully
completed at the conclusion of the project.
Table 6-1: Initial project milestones.

Description of Activities

Lithium cell testing and

Construction of a scaled-down experimental battery

characterization

setup. Experimental characterization of eight single
battery cells in series under conditions of artificially

Status

Complete

Milestone

controlled imbalance.
Adaptation of the initial eight-cell experimental setup

balancing and protection

for ‘lead-acid emulation’ cell balancing and fuse

techniques

protections. Cell balance and protection control

Complete

Investigation of new cell

techniques investigated, modelled, and tested.
A prototype BMS is produced and integrated into the

balancer circuit into eight

eight-cell series string testing apparatus introduced in

cell string and evaluation

milestone one, this is used to evaluate the simulated

of cell protection

balance performance. Cell protection is also

Complete

Implementation of BMS

investigated using the prototype BMS.
Implementation of BMS within a full-size 6V battery

prototype and testing

module incorporating the newly developed cellbalance and battery protection technology.

Complete

6V battery module

The milestones identified at the onset of this project were:
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•

Test and characterize lithium ion cells

•

Investigate new cell balancing and protection techniques

•

Implement a BMS on a small-scale series string

•

Construct a 6 V full-scale prototype in a common lead-acid form factor

The first objective, cell characterization in a 24 V series string to investigate how those
cells behave under normal cycling operations and under conditions or imbalance up to
20%. It was demonstrated that cells under imbalance are limited in their capacity based
on the imbalanced cell. Tolerance for imbalance was most dependant on the external
charger settings for CV, in a CC/CV charging regime. Higher imbalance could be
tolerated under higher CV voltages, but only if the balance hardware could shunt all
current away from the cell. The characterization informed the implementation of a battery
model in simulation, which could be validated against the existing cell characterization
data. This was completed and cell balancing with a resistive balancer for each cell was
simulated under different control schemes. A control scheme, which emulates the natural
self-balancing behaviour of a lead-acid battery was selected. This was implemented in
physical hardware for a scaled-down prototype at the same 24 V level as the original cell
characterization and tested under similar conditions to the simulation environment,
comparing the results. Changes were made to the control setpoints based on observed
differences between the simulation and the real-world cell performance. The cell
protection mechanism was also tested to evaluate the voltage limits of the cell and the
resulting lost capacity of a selected voltage setpoint that accounts for the voltage sag at
low SOC under the load of the fuse-blowing. The BMS was finally packaged into a 6 V
battery at scale implementing the balancer circuitry and cell protection mechanism. This
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completes the milestones of the project as laid out at the project inception. The goal was
to produce a BMS that is flexible, easy to connect, low cost and simple in its operation,
especially to the user. The BMS delivered was low cost compared to other options,
flexible in voltage limitation, easily connected, and requires no user intervention when
properly controlled. The full battery prototype is physically like a lead-acid battery,
similarly flexible, and is low cost compared to existing solutions.

6.2 Future Work
In terms of the BMS hardware, further opportunities to optimize balancing may be
possible, and additional balancer functions could be added into the system. Previously
identified balancer functions that were not pursued for this MSc project could be
integrated including:
•

Communication

•

Cooling

•

Accurate state of charge

•

State of health

However, their reasoning for not being included remains. Based on the project goals, the
balancer emulates the lead-acid battery balancing operation in order to balance cells
without communication between batteries, implementing a low-cost cell protection
mechanism and balancing cells rapidly and more effectively compared to other solutions
available on the consumer market.
In terms of the GC-2 prototype, improvements to the cell monitoring could be
implemented in response to the increased heating within the case, due to the cell

135

balancing strategy. This additional monitoring would be critical for the safety of a
consumer device. A more purpose-built case would also be necessary to accommodate
the nichrome wire heating element and promote thermal contact between the wiring and
the case body. Fully sealing the case externally is critical for a subsequent iteration,
removing the extraneous watering caps, and improving the orientation of both the fuse
access and the position of the terminals relative to the cells and PCB. Further, the
prototyped PCB was designed to accommodate both the metal plate cell structure
discussed in Section 5.2.2 and the alternative plastic cell housing option. Additional
space for the metal plate cell structure can be removed in future revisions.
The strategy to integrate two balance controllers into the case of the 6V GC-2 battery was
beneficial as a proof of concept of the validity of the independent non-communicating
balancer hardware for these cells in this package. However, the market appears to
respond positively to 6 V batteries as a building block size. Existing batteries released
over the course of this project have been predominantly 12 V packs with their own
integrated BMS. With the 6 V building block in mind, instead of the 3 V, which was the
focus of this project, the BMS could be upgrading to account for an SOC measurement of
the cells based on one of the methods discussed in Section 2.7.1 or implement one of the
more rapid balancing schemes such as a boost converter-based cell-to-pack balancer
discussed in Section 2.10.10.3. In fact, this strategy would make the work and testing
completed over the course of this project immediately applicable to the 48 V pack size,
the largest user-serviceable battery pack allowable in many jurisdictions including
Canada for off-grid and grid tied home power systems without shielding. The integration
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of a boost converter cell-to-pack balancer would be in addition to the lead-acid emulating
dissipative balancer implemented in this project.
Longer term goals for this project could include the implementation of a future revision
of this battery at the cell level instead of the battery level, packaging the BMS for
integration with a larger format cell, such as a LFP prismatic cell for cost purposes. The
question of whether a BMS like this, which is flexible and minimally complex, as well as
low-cost is preferable to a more advanced and tightly controlled BMS for the marketplace
should be answered. Would a company benefit more from selling a fully realized solution
with integrated BMS and interfacing with popular inverter hardware for Solar PV? Or
would a BMS which more flexible, but slower to balance and more susceptible to issues
under improperly set setpoints be preferable?
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Appendix A State-of-the-Industry LiFePO4 Battery
Module Reverse Engineering
To compare the proposed battery with what is currently available to consumers, a battery
was chosen that uses cells like those tested over the course of the MSc project. The
battery chosen is the K2B12VG27-U3. This battery is intended to be used in trolling
motors and be exposed to relatively treacherous conditions for a battery. It is listed as
able to deliver up to 400 cold cranking amps, though recommendation is 200 A (cold
cranking amps, often abbreviated to CCA, refers to the amount of current as battery can
deliver in a cold (0°F or -18°C) environment for 30 seconds) and survive environments
consistent with IP67 rating. The datasheet describes a “full” BMS, UNDOT 38.3 and
RoHS compliance.

7.1 Mechanical Design Review
Externally, the K2B12VG27-U3 is a “Group 27” form factor, and according to the
datasheet measures 210.8mm x 167.7mm x 307.3mm (height x width x length). The
battery has two terminals, one #5/16-18 post, and a #1/4-20 threaded hole. The posts
feature a nylon locking nut and are labelled according to the polarity of the cell. The
black nylon housing is approximately 2mm thick, and features no glass fibro or other
reinforcement, but does include 1.3 mm ribs on the inside to stiffen the case. On the top
of the battery is a granular state of charge indicator, this also allows the battery to be reset
if the contactor has been opened. The case is two parts, top and bottom, joined across a
face that sits 135-145 mm above the base. They are fused together with some sort of
epoxy or contact cement, with each of the two joining faces 1.3mm thick around the
perimeter of the battery.
The top molded section houses the electronic components, Figure 7-1. It includes a single
PCB with connections to battery voltages, the contactor driver, and the external LED
SOC indicator. The LED SOC indicator and the activator button are held in place with a
white elastomer coating. The PCB board contains two large capacitors that do not feature
elastomer coating and may be subject to work hardening and eventual failure in high
vibration environments. The connector for the cell voltages may also be disconnected in
high vibration environments as it is not positively affixed. Eternal to the PCB is the large
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latching contactor, rated for 100 VDC and over 400 A. It is installed with proper polarity
such that it performs best when breaking a battery discharge – preferable for short circuit
conditions. On the positive of the battery, a low-cost current shunt is present, likely
nickel strips, affixed to a large copper busbar 5.25 mm thick. A 500 A automotive fuse
rated for 32V is also present on the negative lead. All wiring internal to the battery is
rated for 105 °C. Main conductor wiring is #6 welding cable “infinity flex” featuring the
SAE-J1127 rating for low voltage battery cables. Voltage sense (and balance dissipation)
wiring is 18AWG, and LED and contactor wiring is 18AWG.

Figure 7-1: Top molded section of K2B12VG27-U3 battery.

The lower housing contains the cells. Each “cell” (1S30P grouping of parallel 26650
cells) is an individual unit, electrically and structurally supported via nickel strips that are
spot welded to a bus bar with circular holes, allowing access to the nickel material
underneath that is subsequently spot welded to the battery terminals. Each cell has six
spot welds per terminal, shown in Figure 7-2. The cells are stacked as shown in Figure
7-3, with cells fixed in place and electrically insulated via a centre divider and foam
inserts that hold them in place and likely also reduce vibrations (that may impact the
welds long-term). As there are four series cells, (for a 4S30P battery) they are welded
into groups and arranged according to Figure 7-3. Each cell in the battery is K2 “Power”
cell, with capacity of 11.84 Wh. The voltage sense leads from the PCB are attached via
150

ring terminals to the busbars at each series voltage within the battery. The busbars have
additional layers of plastic insulation (Figure 7-4), affixed with what appears to be the
same elastomer coating used for the LED indicator.

Figure 7-2: Detail of spot welds on K2 K2B12VG27-U3 consumer battery.

Figure 7-3: Orientation of cells within K2B12VG27-U3

Figure 7-4: Bottom molded section of K2B12VG27-U3 battery, showing plastic insulating layers.
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7.2 BMS and Electrical Design Review
To evaluate the function of the K2 BMS, components were identified on the board,
Examining components and ICs.

Figure 7-5: Annotated BMS PCB of K2B12VG27-U3
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Appendix B Battery Chemistry Decision Matrix
Criteria

LFP

NMC

Specific Power

8

NCA

7

>1C

1C

LCO
7

1C

LTO
7

1C

9
<10C

discharge
Specific
Energy

6

9

~120

~220

8
~260

9
~200

4
~80

(Volume)
Cycle Life

Safety
(Thermal

7

6

>2000

~2000

9

4

Very Safe

2

4

9

<1000

<7000

4

2

9

TR risk

TR risk

TR risk

6

5

8

~500

Very Safe

runaway, TR)
Availability

8
Common

No

Hard to find

Common

8
Common

Cylindrical

Comparable
Batteries

Form Factors

10

0

5

0

5*

Common in

Rare in off-

Uncommon

Rare in off-

Uncommon

off-grid

grid

in off-grid

grid

in off-grid

10

8

10

10

8

Varied form factors available, cylindrical, prismatic.
*Over the course of this project, comparable LTO batteries have become much more
common.
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Appendix C NI Test Apparatus – Additional Materials
7.3 Circuit Diagram
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7.4 Resistor Table
Resistor

Value (Ω)

Resistor

Value (Ω)

Resistor

Value (Ω)

R1, R3, R5, R7, R9, R11,

332K

RB2

443.3K

RB6

63.3K

1M

RB3

221.6K

RB7

47.5K

1.33M

RB4

133K

RL

10

RB5

88.6K

RS

20m

R13, R15, R17
R2, R4, R6, R8, R10,
R12, R14, R16, R18, R19
RB1

7.5 Additional LabVIEW Screenshots
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Appendix D Characterization Test Legend
Note: Testing highlighted in red was determined to not be relevant and was not completed.
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