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ABSTRACT

The thesis focuses on developing a robust, high-fidelity lithium-ion battery model adaptive
to changes in operating temperature, aiming for accurate estimation of state of health
(SOH). The thesis proposes two novel methods for lithium-ion battery SOH tracking and
estimation using the developed battery model. Furthermore, the thesis introduces a hybrid
battery cell balancing topology designed to achieve optimum balancing speed and enhance
battery health by reducing temperature rise and frequent battery cycling during balancing.
The proposed hybrid balancing topology combines active balancing for cell-to-pack
balancing and passive balancing for excess energy dissipation, depending on the current
battery state of charge and voltage of individual cells. The suggested balancing strategy
enhances balancing speed, and the control strategy is easy to implement. Lastly, the thesis
conducts a detailed comparative analysis of passive, active, and hybrid cell balancing
topologies to demonstrate the most suitable balancing strategy for an industry-ready battery

management system.
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Chapter 1. Introduction

Lithium-ion batteries are currently the most favored battery type due to their many beneficial
properties, such as high specific power and nominal specific energy compared to other electrical
storage chemistries or methods. Unfortunately, with this switch to higher battery usage an increase
in new material consumption to sate the demand. As of 2022, there were 18 million electric
vehicles, a sharp increase from 2020 where 6.8 million EVs were in usage [1], showing a continuous
interest into the future of EVs. For an estimate on the worth of those batteries, assuming vehicles
with an approximate of 5000 lithium-ion cells per car, using the popular Tesla 60 kWh pack [2],
normally an EV battery will be replaced every 8-10 years or after a loss of 20% to 30% of its
original SOC [3]. Approximating a cost of $4 per cell, in the next 10 years this would have $23
billion worth of batteries retire from their primary life, excluding depreciation [4].

20
17.5
15
12.5

10

7.5

Number of vehicles in millions

2016 2017 2018 2019 2020 2021 2022
Year

Figure 1 The adoption rate of electric vehicles for the period of 2016 to 2022

This meteoric rise and adoption of EVs will put an extreme strain on metal acquisition and the
systems needed to dispose of these cells. Since these vehicles are already in circulation, they will
need to be dealt with after their expected usage. The four possible options are direct disposal, reduce
of production, reuse/second life implementation, or recycle. With reduction this could be handled
in two main methods, either reducing the overall consumption of EVs or reduction of expensive
metal usage. As was stated in the consumer EV growth chart, slowing the trend of EV growth is an
unlikely scenario as more consumers are looking for alternative energy storage solution usage away
from fossil fuels for financial and environmental reasons. For reduction of expensive metals,

research is underway for economical battery alternative such as sodium [5] or potassium batteries



[6]. Unfortunately, the preexisting vehicles would already have Li-ion batteries accumulator built
and accruing the costs. This leaves three options left to deal with spend batteries: direct disposal,
reuse, and recycling. Figure 2 shows the ideal usage life cycle of a lithium-ion cell from extraction
of a mine, material processing, primary then secondary life cycle and finally the material would be
ideally recycled for more batteries.

Battery

5-10 years 5-10 years
construction

2" life

/o —— \ Micro-grid
— —> |(E_R ) [ | Fostchersing
o ’ o

Material
Recycling

Figure 2 Basic battery life cycle

Currently, only 5% of LIBs are disposed of properly in a recycle facility, thereby meaning
that close to 250 000 metric tons of LIBs in 2017 alone are headed for landfills [7], [8].
Reused batteries would only take an even smaller percentage of discarded batteries so
assumptively the combination of both recycling and reuse would still only amount to 6%
of total batteries discarded from primary EV life.

The major concern in addition other than the material loss of rare earth metals, disposed
batteries inherently are dangerous due to their high energy density as well as heavy metals
during breakdown and leaching the surrounding areas. The internal electrolyte materials
are highly flammable leading to an increased risk of explosion especially in an unmonitored
landfill [9]. The long-term effects of incorrect battery disposal are the heavy metals
leaching into the ground and surrounding waters leading to decreased environmental
quality and harm to human health [8]. For example, lithium salt is very harmful to the
lungs, and corrosive to any extremity [10]. Even with correct battery disposal, the methods
are generally just large-scale smelting or combustion of the cells. This can produce a lot of
toxic gasses such as CO, HCL, SOy, etc. [11]. Combined with the harmfulness as well as

the general aversion to proper waste disposal in developed countries due to safety
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standards, this leads to poor countries taking the brunt of disposal which is immeasurably
unfair.

An extension of a battery’s life is very dependent on primary life usage conditions for
second life applications. There are a limited number of active methods to increase a
batteries life extension during its primary life cycle, sorting, characteristic clustering,
reconditioning, battery balancers, and usage conditions. The clearest and economical
method is utilizing a battery management system and equalizer to assist in protecting and

managing the batteries properties.

1.1 Problem Statement and Motivation

The effective goal of reuse or reduction of battery consumption is to continue optimizing
the utilization of pre-established products for future economic reclamation and
environmental considerations. The primary life of an EV vehicle performs within its ideal
range of 100%-80% for about 8-10 years with adequate monitoring and maintenance, the
secondary life starts from 80% to as low as 40% SOC in limited usage cases [12]. For either
primary or secondary life an effective BMS must be implemented, it is the only method to
be able to sufficiently coordinate the volume of batteries within an EV to behave similarly
and therefore, degrade at a similar rate. That mentioned, cells will still drift in performance
from each other regardless of if all cells are utilized equally due to differences in minute
usage conditions or within the manufacturing process itself. To reduce performance drift,
extensive research has been conducted on degradation reduction and capacity optimization

utilizing cell modeling and hardware solutions.

1.2 Scope of Research

The objectives of industrial cell balancers have been primarily speed of balancing, control
simplicity, and low financial burden. The scope of this thesis is a battery balancing
topology which functions in either charge or discharge mode that allows the cell to
maximize usable pack capacity while reducing heat generation of the batteries. The
objective of this thesis is to use a combination of active and passive balancing methods to
capitalize on the excess energy of higher charged batteries, assist in increasing the rate of
charge of the lower charged batteries, reduce heat generation and reduce the time needed
to charge in constant voltage (CV) charging period. This will ensure that the lower charged



battery will charge to full at near the same speed preventing premature activation or

extended duration of CV mode.

1.3 Objectives

The objectives laid out for this research to investigate:

To understand the application of batteries to EV, capacity fade effects and
protection systems for degradation reduction.

Develop and analyze an EIS to SOH comparative model.

Develop a temperature to SOH model for high SOH accuracy considering
adaptable to modern needs, high C rate, wide range of operating temperatures, and
minimal complexity.

Develop a battery balancer topology with interest in low temperature rise, fast
balancing reduction of control complexity and high balancing accuracy.

1.4 Thesis Outline

Chapter 1: Introduction of problem statement

Chapter 2: Current battery equalizer topologies and methodology will be reviewed
and compared for functionality and beneficial aspects.

Chapter 3: Analysis of battery modeling, chemistry, degradation, and state of health
models from literature along with creation, design of state of health models for long
term tracking and estimation of a battery. Simulation of the battery model and
functionality to BMS will also be included.

Chapter 4: The hybrid balancing system is developed, simulated, and efficiency
will also be analyzed with comparison to previous topologies.

Chapter 5: Conclude the thesis material, findings, and contributions. Future work

will also be listed for proposal.



Chapter 2. Literature Review

2.1 EV Battery Management Systems

To control the complexity of all the internal and external interactions of batteries, the
conditions in which they are allowed to operate must be strictly controlled for safety and
maximizing performance. This performance aspect can be selected based on the desired
need of the system, for instance, stationary battery electric storage systems may prefer
reliability and long life while a performance EV may lean towards high control accuracy
and instantaneous power. Therefore, BMS need flexible functionality such as a telemetry
and control unit responsible for load control, cell level temperature detection, safety
limitations and a data logger for cell behavior prediction. Since batteries systems are
essential upwards accumulation of electrochemical cells, clear delineation of actual control

can be exerted at the different levels shown in Table 1.

Table 1 Components and different assembly structure of an EV battery pack

Mono- Cell Module Pack Accumulator Application
cell /battery
| I |
T T
Basic cell | Parallel series Series/parallel | Series/parallel Application
chemistry | stack of connections | connections of | connections of of
mono-cells | of batteries | modules packs accumulator
to a load or
charger
- No -Internal - Individual | - Pack fuses - Full system fuse - Sub-system
direct fusing cell fusing . fuses
control - Balancers - Isolation relays
- Balancers
-System
temperature control
No -V - Sampled | -Pack VT -System VIT -Load/
readings reading T readings | readings readings charger
profiles




Each level will allow a variable amount of direct control impact, with different
implementation of adjustment having more discernible impact as show in in Table 1. For
example, a single cell with lower may not be greatly noticeable by the pack as other cells
will make up the incremental noticeable difference at that level. The general control scheme
is likewise broken-down dependent on relative need to limit informational overload or
processing requirement on core control units or overwhelm the vehicle driver shown in
Figure 3. Specific cell monitoring or estimation is still necessary since a single failed cell
can cause total failure and a battery fire.

Y
Accumulator
Management

Unit

i A J

Pack management Pack management
system system

= TS

Battery Battery Battery Battery
Monitor Monitor Monitor Monitor

Figure 3 Hierarchal dataflow and control

A simplified BMS is shown in Figure 4 of the core components of a BMS. The typical
structure is built upon the battery monitor and microprocessor to allow for the monitoring
and processing of the battery string telemetry. Most BMS will have an internal cell
equalizer utilizing internal MOSFET based passive balancers such as the AD LTC6804 or
Tl BQ7961 balance between 8 — 240 mA and up to 400 mA by the BQ25887. Other
available option for cell equalization from such as the LT8584 tend to use per cell flyback
dc-to-dc converters for multifunctional cell to cell or cell to pack balancing and increase
average balancing discharge to 2.5A. Although very the balancing time can be kept low
with larger energy transfer, utilizing a transformer per cell is not economical and adding

significant weight per each cell.
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Figure 4 Basic BMS structure

The battery modeling and prediction can possible be stored on two different levels, either
the BMS microprocessor or at a higher tier with the electronics control unit (ECU). With
expectations of higher protection, the model should be locally stored per each BMS for
faster reaction time. Higher accuracy models may perform but should be relegated to the
ECU or online service for higher fidelity. As the models are typically designed for speed,
BMS tend to have little tracking or good estimation of a cell’s degradation due to higher

model complexity or storage requirements.

2.1.1 Battery Performance Homogenization Methods

Outside of active BMS cell performance homogenization, there are some techniques to
assist in ensuring the cell have similar characteristics and performance. One method,
reconditioning, attempts to reduce internal pack imbalances of the same set of cells.
Typically reconditioning is performed in the transition or shift window of primary to
secondary life.

The reconditioning method involves cycling the pack over long durations to slowly
converge all cells internal resistance and performance for higher predictability. The cycles
will subject the higher performing cells to greater load to degrade the cells to match worst
cells. The advantage of this method is ease of implementation as no alternation to the
packaging of packs is needed, the only adjustment would be implementing to the control
algorithm for the reconditioning algorithm. The method claims to reducing imbalances of
about 4% internal resistance difference in about 1 months for a shift from the initial life to
the accumulator second life [13]. A clear downfall of the system is that it still retains the

worst aged cells within the pack Overall, the method reduces the best cells to account for
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the performance difference in the worst cells, this giving an overall pack life of 15 years

which may still be better than the original of 8-10 years [14].

In the second method, by mapping cells based on their expected or nominal values they
can then be grouped or clustered with other cells of similar [15], [16]. This typically has
the benefit of rooting out bad cells before conversion into a second life and therefore would
increase the packs lifespan by reducing the lower RUL limit. Sorting/clustering functions
by setting an initial target point into each supposed cluster of similar cells then checking
the variance of each cell from the center point. At this point it runs a check to validate if
the center has a low deviation and if other cells may fall into cluster groups. In each
iteration it approaches what it believes to satisfy the minimum number of similar
characteristics then group the cells per each central node. The drawback of this system is
the need to take apart the whole accumulator to be able regroup the cells. This will incur
additional cost in terms of sorting and a further loss of product as some cells will be further
discarded due to low expected future performance or visible deformation. It still produces
a better product as the cell will not be overly cycled between each life application and more

likely to have a longer future operation time then reconditioning.

Both methods are typically performed in transitional periods of the cell’s life, either during
original assembly of a battery pack or in the shift to second life. The best method would be
to manage the direct utilization of the cells during its primary life. The only clear option
would be to utilize power electronics to manipulate the cell loads and performance
characteristics.

2.2  Battery Balancers

For hardware implementation the most important auxiliary safety and performance tuning
circuit is the battery equalizer. It functions as the actuation of maintaining preferable or
similar battery performance between cells in terms of voltage, state of charge (SOC) or
more recently state of energy (SOE). The secondary function is to assist in increasing the
usable capacity of a battery by reducing the pre-mature activation of safety features such
as over-voltage from the highest charged cell during charging or under voltage from the
least charge cell in discharge mode. If not properly managed the unbalanced cells reduce

the effective capacity of the battery pack, hence an effective cell balancing scheme is



essential. Balancers are particularly useful for regenerative braking, where the charging
and discharge periods are minute and the voltage limits are more vulnerable during

motoring mode [17]. Equalizer fall into two main categories: passive and active balancing.

2.2.1 Passive Cell Balancing

Passive cell balancers (PCB) utilize bleed resistors to burn off excess energy when
comparing the capacities of the rest of the pack. In this method only the lowest charged
cell is protected. If there are any voltage or SOC variations, all other cells will undergo
balancing and burn off excess potential. The equalizer is completely inefficient as it does
not recover any charge and releases the energy as heat which then requires the balancer to
have a heat management system. This heat also adds to the overall temperature of the
battery system, which is not ideal for continual usage. Also, since the only component is a
resistor, it does not innately come with its own filter, which may result in some higher
ripples compared to the other equalizers. Resistive cell balancing techniques are of the
following types, fixed shunt resistor cell balancing and switched shunt resistor cell. In
many cases the control loop designed is extremely simple; a passive balancer typically only
observes that there is a charge difference, or the voltage limits and then commences
balancing. In many cases the control loop designed is extremely simple, a passive balancer
typically only observes that there is a charge difference in addition to the voltage limits,

and then commences balancing.
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Figure 5 Passive equalizer
2.2.2 Active Cell Balancing

Unlike PCB, active cell balancing (ACB) uses a charge transfer method from one cell to
another to retain a similar charge in all the connected cells by using capacitors, inductors,
transformers or converters [18], [19]. Unlike PCB, active balancing of cells reduces energy
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from being dissipated thermally and can either reduce the charging time or increase the
capacity during discharge [20], [21]. As a result, their speed of operation and efficiency
has increased, but at the same time making them highly complex and expensive. ACB can

be categorized into capacitor-based, inductor-based, and convertor-based.

2.2.2 Capacitor-Based Cell Balancing

Capacitor-based cell balancing (CBCB) uses capacitors to balance the charge between the
cells. These are of the following types, namely single capacitor, switched capacitor and
double-tiered switched capacitor [18], [22]. As shown in Figure 6, in single CBCB also
known as a flying capacitor, a single capacitor is used to store excess energy from a higher
charged cell and transfer energy to a lower charged cell. The main criteria, namely
capacitor capacity and switching frequency are considered when designing them as a
smaller capacity capacitor can be used if the frequency is higher. In switched CBCB, the
charge from a higher cell gets transferred to the adjacent cell, and the energy gets
transferred to the next adjacent cell, gradually balancing all the cells present in the entire
pack. In double-tiered switched CBCB, a parallel layer of capacitor is added to the switched
CBCB. Here the charge transfer is possible between various cells, making it possible to

skip one cell in between two cells. This makes its operation much faster than single and

switched CBCB [23].
1 | |
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Figure 6 Flying capacitor balancer
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2.2.3 Inductor-Based Cell Balancing

In purely inductor-based cell balancing techniques, the categories are listed similarly to
capacitor-based balancing such as single inductor or switched multi-inductor balancers.
The primary benefits of utilizing inductor balancing over capacitive is higher balancing
speed using the same methodology of transferring from high SOC cells to low SOC cells
[24], [25]. The topology also has greater control over output voltage due to the variable
control over the switches. The disadvantage of this method is the high setup cost compared
to capacitor balancing, higher control complexity and poor over-voltage protection near
end of charge [26]. A typical diagram of switched inductor cell balancing is depicted in
Figure 7. In switched IBCB, the transfer of charge is possible between neighboring cells,
gradually balancing all the cells present in the pack [27].The disadvantage of this method
is that the time taken for balancing is directly proportional to the number of batteries in the

overall chain as energy may need to travel between all cell if the highest and lowest are

furthest part.
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Figure 7 Switched Inductor Cell Balancer

2.2.4 Transformer-Based Cell Balancing

Another industrially preferred option is transformer-based equalizers, which utilize either
single cell transformers or specialized multi winding transformers [28], [29]. The operation
with flyback transformer will take excess energy to either redistribute throughout the entire
pack or utilize a shared bus line to directly connect to the lowest charged cell. The system
has many benefits such as isolation, simpler control, ease of implementation, ripple
protection, and market availability. The drawbacks such as increased cost, weight and low
scalability make it an uneconomical option [30]. A typical diagram of transformer-based

cell balancing is shown in figure 8.
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Figure 8 Transformer-Based Cell Balancer

2.25 DC-DC Converter

Stepping into DC/DC converter-based equalizers, these topologies utilize non-isolated
converters to transfer energy from adjacent or neighboring cells [31]. Since the operation
is only between neighbors the balancing can be performed relatively quickly, the caveat is
if the most charge imbalance is between the cells further on the string the energy must pass
through each converter. With the inclusion of both capacitors and inductors, the topology
can mitigate the effect of inrush current as well as reduce the chance for over voltages.
Other benefits such high efficiency, higher accuracy, large voltage differences,
bidirectionality and low ripple make it very suitable for fast balancing. All of this is traded
for higher component cost, increased control system complexity, increased duty cycle and

more processing power requirement [32], [33].
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Figure 9 Buck-boost balancer

One example is Buck-Boost balancer which used the principle of non-isolated buck boost
converter to balance the cells. The operation of this topology can use the same operating

conditions as a regular buck-boost [34]. Buck-boost balancers have the option not to use
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filtering capacitors for adjacent cell balancers since the cells can substitute the behavior.
This topology can then utilize only inductors and MOSFETS assisting to reduce cost and
system complexity. There are more variations of DC/DC balancers but those are less
preferred due to a complex control methods, greater number of inductors used and lack of
voltage ripple protection without the filter [35].

2.2.6 Power Flow

Another way to analyze equalizer topologies is based on the method of energy transfer or
power flow. Active cell balancing topologies can be categorized as Adjacent Cell to Cell
(AC2C). Directed Cell to Cell (DC2C), Cell to Pack (C2P), Pack to Cell (P2C), Multi Cell
to Multi Cell (MC2MC). In adjacent-cell-to-cell based equalization methods, the excess
energy is shuttled to and from adjacent cells, which lowers control complexity since the
comparisons are between adjacent cells [36]. The main drawback, is if the targeted low cell
is positioned further away, the energy would still need to travel through all the neighbors
cells before reaching the low cell greatly increasing balancing time and lowering efficiency
[37]. DC2C utilizes a direct power transfer link from a higher charged cell right to the
lower charged cell [38]-[40]. Capacitor-based topologies and traditional single inductor-
based topologies are mainly used in AC2C and DC2C cell balancing [41]. In C2P balancing
method, the excess energy of the highest charged cell is redistributed to battery pack or
even smaller select battery strings[42], [43]. Other benefits of C2P include utilization in
both charge and discharge cycles, in charge it assists with throttling charge rates of higher
cells and in discharge it utilizes the excess energy to independently take on some of the
pack draw. C2P is still more typically used in charging since the efficiency to boost a small
amount from one cell to the pack is not that high [44]-[47]. One of the drawbacks of C2P

is redistribution of energy back into the highest SOC cell causing a point of inefficiency.

Inversely, in P2C balancing, energy is taken from the entire battery pack and transfer the
energy to the most-depleted cell in that string. The same type of draw back is present where
information of individual cell voltage, SOC are typically required along with a complicated
control logic. P2C balancing methods are more efficient when assisting lower charged cells
during discharging by connecting the energy shuttle in parallel with the lowest SOC cell,
and load sharing with the battery. However frequent charging and discharging of battery
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pack imposes detrimental effect on battery life and pulling energy from the pack also
includes the targeted cell. MC2MC equalization methods [48] function similar to DC2C,
but is upscaled for battery strings. This is more efficient with larger packs where this is
possible, the drawback of this system requires more accurate cell monitoring and more

complex controls to accommodate large energy transfers.

2.2.7 Hybrid Balancing Methods

Since balancing methods have regions, they are more efficient in function, newer
topologies will tend to include more than one topology or power flow to maximize
balancing during charge or discharge. Purely single method active balancers function more
efficiently with packs of medium or large variation where the full transfer of each cycle
can be appreciated. As such at lower pack variation or nearing the end of their targeted
zone, active balancers tend to over correct and therefore become far more inefficient. The
methods to correct this will over complicate the system increasing cost and complexity if
the topology at this point has not become a hybrid solution anyways. Here the hybrid active
and passive balancer can utilize the full range of SOC. Given the CCCV charging method,
the active topology balances the cells efficiently in CC mode with larger voltage variations,
while the passive topology balances the cells at lower voltage variations at end of CC to
CV mode.

2.2.8 Resistive Hybrids

Due to the low cost and adequate performance, resistive balancers will typically be the
main implementation for a topology or power flow-based hybrid balancer. Since the
complexity is low and passive balancers can be implemented per battery, it can be slotted
in all topologies. The topology also provides robustness that may assist other topologies
that have issues with small variation or systems with inadequate protection of over voltage

or inrush current balancing issues such as primarily single component systems.

The low rate of equalization by passive systems makes them only reasonably functional for
small battery variations and during CV mode. The best utilization for resistive equalizers
would be for finite balancing of the system near end of change when the charge current is
already low and SOC variation should be at a minimum. This would dictate general zones
of operation between the active and passive balancer during charging, where the active
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equalizer would balance larger variations during CC or other high current modes and
passive balancing would further reduce variation during CV and slower periods. Such a
system would be marginally slower than a fully active balancer but would be able to
balance to a higher tolerance as well as balance during idle operation where other systems

would still have a large loss.

Another method of utilizing passive balancers in a hybrid system would be concurrent
usage of the active and passive balancer. The bypass ability of the balancer could reduce
the charging rate of non-targeted or higher SOC cells, while the lowest SOC cell would
then be charged with assistance from the active balancer. The drawback of this system
would be the increase in overall charge time, power losses through heat and higher
complexity of active control. The benefits would be a nominally faster balancing time,

which may also speed up overall charge time by reducing fine balancing in CV mode.

2.2.9 Dual Active Hybrids

Dual active hybrid system comprises methods that utilize two or more pre-existing
topologies/concepts and merge them into one equalizer. The definition for combining the
purely single energy storage-based systems such as utilizing the combined properties of
inductors and capacitors for energy shuttling would fall under the power electronics
equalizers. Hybrid active equalizers can be more readily compartmentalized by the usage
of power flow classification of functions. The distinction also assists with control
characterization and system comprehension. For example, a system utilizing adjacent cell
to adjacent cell could be paired with a pack to cell topology. Both sub topologies would
have overlapped functionality, but each could be specified for a specific goal such as C2C
with ensuring the neighbor cells are equal compared to P2C ensuring the maximum

variation between cells is low.

The major concern with hybrid systems is the increase in part count and complexity. Many
of the topologies may not have overlapping parts, or if they do, it will greatly increase
complexity and reduce robustness. Systems such as C2C, P2C or transformer based
MC2MC share very little in common and even if combining them increases balancing or
charging speed, the control and hardware would be far too complex and prohibitively

expensive for realistic implementation. Therefore, matching systems with shared or
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complementary features or components would be ideal. For example, pairing C2C with
resistive balancing would share the concept of individual based balancing and could switch
between either system dependent on the needs. Another clearer example would be P2C and
C2P balancing which can share all components with only some additional components.
P2C & P2C are also complementary in which cell the topology is targeting and are

essentially inverse mechanisms of each other, which assists in reducing function overlap.

2.2.10 Supplemented Hybrid Balancers

Hybrid balancers with an addition of components or concepts external to the contemporary
equalizer designs typically use auxiliary topologies in assisting with energy shuttling or
other more novel concepts. This could be as simple as utilizing an external battery
chemistry or a super-capacitor, which is typically the easiest to implement of the novel
designs as historic designs are more easily adapted to external components. Such as

utilizing as lead-acid battery in addition to a P2C2P pack balancer [49].

Previously, Friansa et al. [50] proposed a DC-DC boost converter and an auxiliary battery
capacitor-based cell balancing scheme where the battery capacitor was used for energy
buffer and the DC-DC converter was used to boost the voltage while transferring energy to
the lowest cell. The primary drawback of the scheme is the use of additional auxiliary units
and the necessity of enough charge before initializing the balancing operation. Sani et al.
[51] used two battery cells at the time to charge the buffer capacitor to minimize the low
voltage different problem of typical switched capacitor-based schemes. Increased voltage
difference for transferring the charge between battery cell to capacitor enhanced the
balancing speed. However, one of the primary drawbacks of the scheme is if one cell of the
pair has a lower SOC than the average SOC of the pack, then instead of balancing the
scheme further discharges the cell instead of charging, resulting more imbalance. In
addition, the balancing scheme requires significantly higher number (6x number of series
connected cell) of power switches which lead to increased switching losses, bulkiness, and
excessive costs. Further, Baronti et al. [52] proposed a supercapacitor and DC-DC
converter-based DC2C balancing scheme. The proposed balancing scheme used
PMOSFETSs that increased the balancing time. Further, the proposed control scheme is
overly complex and outdated. Jiang et al. [53] demonstrated a single supercapacitor and cell
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bypassing-based balancing scheme where the regenerative braking energy was used to
charge the supercapacitor rather than taking the balancing energy from the battery itself to
enhance balancing efficiency. One of the primary downsides of the scheme is the online
bypassing of the battery cell. This is because typically the discharge current of LIB cells is
extremely high. The discharge current could be even higher can 20 C especially in the case
of high-power applications. Thus, online bypassing of cells requires costly switches and
protective circuits even though it is extremely risky and challenging. Moreover, balancing
efficiency and speed is very low as the balancing operation can only be possible during the

regenerative braking period.

The current industry favors low cost and complexity and therefore would prefer passive
balancing. The speed is extremely low and for larger packs would be entirely unacceptable
as a protection and optimization circuit. This results in the overall categories in very
polarizing placements with either maximum or minimum scores. Robustness is low since
it does not greatly adapt to any situation but can be used to moderately protect from voltage
and current ripples from the battery, load, or charger. The topology with the most nominal
performance between all the different categories was active balancing. Since the category
is very flexible in terms of utilization, it can fit most requirements to a fair degree with
specialty in speed. With the industry shifting to smarter BMS and faster charging becoming
more commercially available, active balancing stands to be the optimal solution for
performance. The drawbacks are typically the higher control complexity to passive and
active topologies tend to need higher complexity to function as protection from spikes and

ripples.

Hybrid balancing suffers due essentially containing both systems as a single topology. This
results in high costs, more parts, and a more complex control scheme. The speed is slightly
lower than that of active balancing but the trade of is extremely high balancing accuracy
which would be able to reduce variation to below 1%. The draw back of this could
potentially be useless to actual industry and implementation as batteries will always drift
from each other. Since the complexity of the system is higher then either other option,
robustness is very high since it could work as full protection from system spikes and

ripples. For performance in this comparison, as a technical model the hybrid topology was
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the best for high accuracy, speed, and robustness. For a general statement all the topologies
are needed for battery optimization and safety, utilization and specific application will

dictate the desired topology.

2.3  Battery Characteristics

Electro-chemical cell have had a long and storied history as generations have always stived
to store energy, dating back all the way to 1000 BCE with the Bagdad cells [54]. The main
components can be broken into three categories: anode, electrolyte, and cathode. The basic
function is ionizing particles from the anode, electrolyte acting as a transfer medium for
intercalation and deposition of the ionized atom to the cathode. This oxidation reaction will
in turn release free electrons from the anode to the cathode generating a usable current. The

reversable process or reduction which accepts the election and ion to form an oxide.
Oxidation half reaction, release of electrons and ionization:

LiCe — Cs + Li" + & 1)
Reduction half reaction, reduction, and synthesis of metal oxide:

Co0; + Li" + & — LiCoO2 (2)
Full reaction redox:

LiCs + CoO2 2 Cs + LiC002 (3)

Within batteries, a separator/permeable membrane material will also be utilized to keep the
electrodes apart. This enables batteries to be portable as well as assist reduce the overall
size of the battery. Another extra feature of separators can be a inbuilt safety functionality
such as restriction of the micropores to reduce the chemical reaction in the event of high
temperatures [55]. To note, the selection of a cathode and anode material depends on the
nobility of the material. The higher the nobility, the more stable the material is and more
suitable as a cathode and the inverse for anodes which are more reactive. Typically, the
further away the materials are on the scale the more corrosive the redox reaction is and

therefore the more current can be generated just from the two materials.
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2.3.1 Battery Chemistries

The general industry currently favors lithium-ion-based cells due to the beneficial
properties of a high specific capacity of 3860 mAh/g, low weight, long life, and fast
charging compared to its predecessors/competitors of Nickel metal hydride (NimH) or lead
acid batteries. There is a differentiation of classification with lithium-metal (LMB) and
lithium-ion batteries (LIB), where lithium-metal utilize primarily lithium plate as anode
plates such as Li(TM)Ox. Conventional LMBs have fallen out of favor for a long time to
many issues such as high growth of Lithium dendrites and low coulombic efficiency [56].
Lithium-ion batteries in contrast utilize graphite to intercalate Li-ions between the graphite
layers as well as a Li-ion salt electrolyte allowing the movement of Li-ions reducing the
plating on the surface of the anode. Another factor to assist with dendrite reduction is
development of a small film of solid electrolyte interface growth (SEI), which is an
ionically conductive and electronically insulating solid electrolyte layer on top the anode
[57]. The overall performance of Li-ion is still very high with a specific energy around 200
Wh/kg and specific power around 300 W/kg, but this is highly dependent on the specific
Li-ion chemistry. such as Lithium Iron Phosphate (LFP), (NMA), LTO, and NMC. Within
the current battery market, the range of lithium-ion batteries is expensive since different
materials will push the performance to either higher safety, cost reduction, higher specific
capacity, or specific power. The other more minor variation is the difference in specific the
percentage such as NMC 111 (Nickel 33.3% — Manganese 33.3% — Cobalt 33.3%)
compared to NMC 622 (Nickel 60% — Manganese 20% — Cobalt 20%) which trades overall
stability for higher performance [58].

A common Li-ion chemistry is lithium Iron phosphate (LPF). Although not an old
composition the chemistry has been fairly explored with variations to the innate beneficial
properties it has as a lithium cell, at 170 mAh/g and 110 Wh/kg it has a moderate current
density, but in return is a relatively low cost, low toxicity and higher safety makes for a
suitable battery type for EV usage. The overall chemistry has also been widely
experimented with varying effects to increase battery life, thermal resistance or other
beneficial property all due to stable chemistry [59]. Analyzing a stressed cell we can also
see general properties of lithium cells, at higher temperature or deeper discharge the cell
degrades faster resulting in a lower amount of cycles or a worse overall SOH [59].
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Optimally the cell should be operated at 25°C with no more than 20% discharge to
maximize battery life, but with general populace use this is unlikely. At moderate usage of
40% and above higher temperature an estimated 18000 cycles could be expected of a
system. Another note is that the depth of discharge and the formation of internal resistance
is not a fully linear relationship but can be model and considered when forming a battery
model [60].

2.3.2 Degradation Factors

As degradation is generally the loss in quality and usability of a battery over time, in decision
making purposes it is the central characteristic of batteries in determining if it should even
be considered for reuse other than cost. Degradation encompasses many internal
characteristics such as surface electrolyte growth, capacity fade, calendar ageing, material
deposits, mechanical changes, etc. Irrespective of battery chemistry, another form of cell
performance drop is from the chemical material process of a battery. For the proper
functionality of a battery to work, a small layer of stabilized electrolyte will grow on the
surface of the electrode in contact with the electrolyte material. This may not happen
immediately after assembly of the cell, so all cells usually need some amount of cycling to
activate the internal processes and includes the SEI growth. The mechanism of degradation
utilizes electrode materials such as silicone and the electrolyte material, lithium-ion, and
will form an alloy such as LiisS4 along the border of both materials meeting each other. This
new alloy will then assist with preventing electrolyte breakdown since the negative
electrode material operate outside the window of electro-chemical stability of the

electrolyte.

Considering the new alloy is formed within the battery greater than the original
substances, a volume expansion will occur, of up to 300% for LiisSs [61]. With ageing the
limited supply of active material is slowly converted to inert materials that only degrade the
performance of the battery since the method of activation and usage are the same process as
its degradation. Pores, cracks, air gaps, and crystallization all develop within the cell adding
to the internal resistance of the battery as the material dries and changes into a non-uniform
surface. Since it does not stop the alloy volume expansion, solid electrolyte interface (SEI)

will continuously grow within a battery until total failure or until deemed unfit for further
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usage. Of course, all of this can be adjusted or changed depending on factors such as material
makeup, particle size, processing care. Representing all the factors mathematically for
determining accurate SOH is highly challenging. Thus, more practical phenomena such as
rate of temperature rise has been considered in this paper for SOH estimation. Translating
degradation into something more familiar and usable for battery system implementation, the
loss of active material and therefore available percentage of the usable battery capacity can
be called capacity fade. The method of calculating capacity fade is to experimentally
measure the reduction of the potential usable charge and discharge cycle of the battery.

The overall degradation can be shown as a cycle of self-degradation with four distinct steps.
Starting with an increase to internal resistance by either SEI growth or crystallization would
be considered an increase inefficiency. This inefficiency can be simplified to lumped power
loss as heat adding to the operational temperature of core material of the cell. This would
contribute to increasing the rate of the chemical degradation reaction of the cell decreasing
the overall capacity of the battery and closing the loop as positive feedback [62]. The core
heat generation can then be transferred through the electrolyte and electrode material to the
surface of the battery and then can be accurately measured with physical temperature
sensor with relation to the cells surface temperature. Typical degradation loop of LIB is
shown in Figure 10. The cycle of battery degradation is a positive feedback loop where the
battery’s temperature will lead to an increase in internal decay/resistances and a decreased

overall battery life. This accelerates each iteration of the degradation process.
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Another key aspect for consideration of battery balancers is state of health (SOH), which
is a qualitative measure of the capacity fade or degradation. The utility of the parameter
assists with monitoring the long-term health or future usability of a battery pack. For the
primary life cycle, it assists in ranging the approximate maximum charge of the battery by
utilizing internal resistance growth and surface self heating as the measurable parameters
[63]. One method to feed temperature data into SOH control system is an implementation
of a temperature estimator. In addition to the electro-chemical model, an electro-thermal
model would create a more detailed behavior of a lithium-ion battery reducing the need for
excess physical sensor which may read incorrectly due to external factors. One
implementation of this is combining the typical thermal model for lithium cells with
Kalman filters which results in a battery core temperature estimator with high accuracy and
easy to implement system. This implementation would suggest for every 0.25°C increase,

5% of the battery is affected leading to some capacity fade [64].

Another unavoidable degrading factor of a battery is calendar life, defined as the capacity
loss in storage with low to no active usage. This aspect is uniquely hard to account for or
event measure as it revolves around the storage and long-term age of a battery, resulting in
the data collection either an extremely long term study, possibly 15 years, or utilizing

accelerated ageing techniques.
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Figure 11 Battery normalized capacity face with different depths of discharge [65]
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Calendar ageing is not the lead degradation in a battery but become more apparent on aged
batteries, such as batteries of low-quality batteries or in bad storage conditions. For example,
cells stored in high temperatures will have a faster self-discharge. Swierczynski et. al were
able to make forward fitting equations for estimating the capacity fade and power fade of a

LFP with relatively low error [65].

Feapacity = K * Time % 0.8 (4)
Pfade =kx*t 5)

The first equation is for capacity fade where K is dependent on temperature and battery
state of charge (SOC). The second is the fitting equation for power fade over time. Both
fitting equations are simple to use as the main changing parameters are the k value factoring
in temperature and storage SOC. This gives a very fast and low resource intensive model to
measure batteries and determine future economic viability of the cell.

2.3.3 Battery Equivalent Models

In EV applications, tracking the performance of all cells is key to be able to accurate
balance and protect the cells, the model also need high computational speed. The
electrochemical model is the most simplified/adapted to a more suitable purely electrical
model, typically a Thevenin open circuit model. This basic model takes the behavioral
aspect of the batteries at the terminal and summarizes the interior chemical conditions into
more easily understood representative resistances and capacitances as shown in Figure 12.
Ro is the internal resistance of the battery representing solid electrolyte growth, which is
consistent over shorter durations over time, but will change depending on the current life
cycle. The parallel components R1/C; and R2/C: represent transient parameters such as the
internal polarization and diffusion of the cell. More pairs can be added for increased
accuracy, but the drawback is slower computation and higher processor requirements.
Apart from this model, there are a multitude of variants and method combinations to
summarize the electro-chemical model to an electrical equivalency model ranging from the
basic Thevenin, impedance, to combinational models each with their own variants

depending on the groups usage with error rate between 5-20% [19].
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Figure 12 : Basic electrical equivalent model

State of charge (SOC) is keeping track of the current available capacity of the battery
compared to the datasheet rated capacity. This is performed by tracking remaining charge
of the battery though direct or indirect means. The benefit of keeping track of the charge is
more accurate measure of the cycle usability of the battery. The few direct measurements
of a battery are current, temperature, impedance (to an extent) and voltage. Unfortunately,
since the voltage can be instantaneously affected by many external conditions such as load
spikes, temperature and its own internal discharge curve, voltage is a non-linear form of
usability tracking. SOC is greatly used by the public to the extent that even those with little
to no knowledge of electronics will still refer to their phone usability with percentages or

fractions of charge.

S0C = —<urent_, 10 (6)

maximum

2.3.4 Coulomb Counting
The most utilized SOC estimation technique is coulomb counting, whereby measuring the

current entering or leaving the cell and with tracking the remaining charge changes, the
SOC is estimated by subtracting or adding the change from the cumulative net charge. Its
generally an effective estimation technique since the premise is simple and results in good
accuracy and lower processing power compared to more ECU intensive methods. The
drawback of coulomb count are initial SOC input error and continued measurement reading

errors. If the starting SOC is incorrect, then the continued estimation will be mis-estimated.

1

S0C(t) = SOC(t,) + fy i dt 100 (7)

Qrated
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In coulomb counting the key parameters are the starting SOC(to) and the continuous
tracking of the of the charge by measuring the current coming n and out of the battery. The
clear issue with coulomb counting is lack of adaptability or robustness such as if the initial
SOC data point is incorrect if the current information is not smooth or is momentarily cut
off and lastly the system does not adapt to cell ageing. All the drawbacks will make

Coulomb counting inaccurate and may give misleading information.

2.3.6 Adaptive Approach

At the core of many of these estimators is a Kalman filter, which in effect recursively
attempts to filter out any noise from measurement or processing by using a series of
relations between linear quadratic equations for estimation [66]. The usage of Kalman
filters is quite high due to the ease of use while also working well with basic electrical
models and non-linearity of state of charge. The drawback of Kalman filters need large
number of computational resources or low KF have relatively low computational
efficiency. This holds this method from real time or mass scalability needed for the amount
of batteries in an EV, however a lot of research has been dedicated to increasing efficiency
and SOC applications [67], [68].

2.3.7 Data Driven
The last major category of estimation methods would be machine learning or data driven

methods. This type compiles large amount of collected data from previous experiments to
develop an algorithm that correlates the different characteristics into trends and actively
readjusts the prediction based on new given data. This system has the benefit to contain a
large amount of data from different battery types to develop a universal functional model,
but in doing so may need significant storage as well as processing power to effectively run.
This method can be simplified if the data and processing is quantized, if the data is
calculated prior to implementation into the BMS, or excess data is removed once the neural

network has been developed [69].
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2.4 Summary

To ensure maximum battery longevity, many considerations must be made to develop an
adequate BMS. Understanding a battery model is imperative to accurate battery
performance assessment, high accuracy typically means utilizing large databases to either
develop complicated machine learning algorithms or increase the complexity of basic
Thevenin models. For real time adjustments and estimations, simplicity and quick
calculations are typical of the immediate requirement so a 2RC Thevenin model is
sufficient and further diagnosis can be performed during low importance time frames.
Battery balancers are a primary method for ongoing maintenance of the cells and ensuring
long term predictive performance of the batteries. Resistive battery balancers have been
the industrial standard for adjusting batteries due to low costs, but the performance,
balancing time and absolute power loss is not adequate for modern battery and charging
systems. Active balancers are much faster but become significantly more complicated in
control and incur high costs to be able to account for all protections as well as fast
balancing. Hybrid balancers take from to reduce control complexity but maintain the
reliability from passive balancers.
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Chapter 3. Battery Modeling and State Estimation

3.1 Capacity Fade Due to Dynamic Operating Temperature

As the SOC reduces, this is called capacity fade and makes the cell discharge quicker
without the same relative power as well as decrease the usage of battery. This can be caused
by solid-electrolyte interface (SEI) growth and active material loss for both electrodes [13].
SEI is the stabilization reaction of the electrolyte and anode materials which becomes
permanently stable resulting in small a small film. This film is unable to contribute to
providing potential chemical differences but instead is a lithium alloy which would
contribute to the internal resistance. Temperature leads a large part in this process, as it
would accelerate the aging of the battery and result in more SEI growth. For instance, at
nominal operating temperature at 20°C will have 2300 cycles, when increased to an
operating temperature of 50°C the cycle life drops down to 1000 cycles and lastly at 60°C
the cell only has 500 cycles, showing an linear relation between temperature and capacity,

by approximately losing 44 cycles per 1°C increase [70].

To help preserve the batteries, an ongoing qualitative measurement of a battery’s capacity
compared to the datasheet helps determine the battery’s life cycles as well as how it may
perform at any given time, this is the standard definition of State of health (SOH).
Generally, for Lithium-ion batteries, the end of life with respect to automotive purposes is
approximately when the cell loses 70-80% of its maximum capacity at which point the
SOH would be 0%. To accurately measure SOH directly is quite difficult as a qualitative
index, so most methods measure related characteristics such as voltage, temperature or
current or create a model using previous backlogged data for predictions. The methods are
generally categorized into two major categories; Experimental based analysis and model
based, where either will break down into further subcategories.

3.2 SOH Estimation Techniques

Accurate information of battery state of health (SOH) is informs the user when the battery
should be replaced and also helps to determine whether the battery is useful for second life
application or need to be scrapped [71]. SOH is often represented by battery capacity and
impedance that is used to evaluate the aging level. However, determining SOH online is

highly challenging [72]. Broadly, three types of battery SOH estimation methods are
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reported in literature namely, electrochemical impedance spectroscopy (ESI), model-
based, and data-driven estimation techniques. In the case of model fit-based technique,
capturing the physical, chemical, and materials properties and processes of a battery using
a purely electrical model is often not adequate and questionable. Moreover, the prediction
accuracy of model-based techniques deviates over time due to battery aging and changes
in the battery operating environment. Data-driven machine learning (ML) methods
typically require a large volume of high-resolution historical as well as present operational
data which is often very challenging to obtain, resulting in reduced prediction accuracy
[73], [74]. EIS, commonly known as AC impedance spectroscopy, is an effective
electrochemical analytical tool that can analyze the many electrochemical properties of a
LIB and utilize them to forecast its state parameters [75], [76]. EIS is also a non-destructive
method as imposing AC signal for a short period of time doesn't affect the battery's normal
function [75]. Impedance of LIB consists of ohmic resistance, charge transfer resistance,
and solid electrolyte interface (SEI) resistance. This can be expressed in the form of
complex impedance in the frequency domain which could be further analyzed to estimate
SOH [76], [77]. Several SOH estimation techniques have been proposed based on EIS
techniques and it is witnessed that impedance measurement-based LIB SOH estimation
technique is the most accurate compared to the model-based and ML-based techniques
[78], [79].

3.3 Battery Impedance to State of Health Prediction

3.3.1 EIS Equivalent Model of Lithium-ion
The most common method to estimate the state of health of a battery is utilizing electro-

impedance spectroscopy to read the cell’s internal impedance and resistance. Online
measurement of battery impedance requires installing an impedance spectrometer along
with onboard BMS. That not only increases the cost and weight of the BMS but also
increases the complexity. Therefore, instead of using an impedance spectrum, a novel
technique utilizing a single frequency impedance measurement and pre-installation battery
impedance data is proposed for online SOH estimation for the practical purpose of BMS.
The idea is to first collect the battery impedance at the experimentally obtained best
frequency with respect to cycle number before installing the battery in practical application
and load the data inside the BMS. Then, during every charging cycle at each 30% SOC,
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impose the same frequency AC signal for a few seconds to measure the battery impedance.
Finally, compare the measured impedance with the previously stored impedance data to
determine SOH using interpolation. The flowchart of the proposed SOH estimation

technique is shown in Figure 13.
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Battery CCCV Charging SOC Estimation ¢

For every charging cycle,
if SOC =30 %.Measure
cell impedance at 1 Hz

frequency

Interpolate the
impedance data
with no. of cycles

Determination of
SOH

A

Figure 13 Flowchart of the impedance measurement-based battery SOH estimation scheme

Impedance is calculated by applying a superimposed sinusoidal excitation at a particular
frequency (f) and measuring the battery response, which is dependent on the battery
impedance [80]. The galvanostatic EIS method [81] is used here for exciting the batteries
where a sinusoidal current is superimposed over the DC current (I) of the battery as shown
in (8).

A I = Inax Ssin (Zﬂft) (8)
The voltage response from the excitation signal can be determined as follows;
AV =Vimax sin 2w ft + 0) 9)

Here, voltage response amplitude (Vmax) and phase angle (@) are determined by the
frequency. The impedance is then given by the following equation,

Z (f) = 222 o) (10)

Imax

The electrochemical impedance [Z(f)] is a complex number consisting of real and
imaginary parts. The impedance is affected by the frequency employed, the magnitude of
the voltage and current perturbation, the phase shift between waves, and other factors such
as battery SOC, SOH, and temperature [82]. SOH is defined as the ability of the battery to
supply or store energy in comparison to its original or ideal circumstances. It is given by
the following equation,

SOH = Acualeapaclty 40y, (12)

Initial capacity

SOH = Actual resistance % 100% (12)

Initial resistance
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The SOH of the arbitrary battery can be estimated by using its internal resistance as follows
[83].

SOH — Rs(selected) —Rg (aged) X 100% (13)

Rs(fresh) - Rs(aged)

Where Rs(selected) 1S the ohmic resistance of the battery at the test (), Rs(aged) IS 0Ohmic

resistance of the aged battery (), Rs(freshy = The ohmic resistance of the fresh battery ().

The test system used a D&V BCT-150 battery cell tester for the internal modules to assist
with EIS. The main components of the system are the Dell precision 3431, battery cyclers,
EIS module, and coulombic efficiency. Internally on the Dell precision 3431, the logging
system will set the Constant-Current Constant-Voltage (CCCV) cycler profile using the
BCT-PRO in conjunction with the cycler configuration and DV Linkviewer will store the
data after the first stage of processing on an internal local server. The EIZFAN NCM
18650, 3.6V 2200mAnh cylindrical cell is used for testing here. The temperature is kept to
approximately room temperature. The galvanostatic EIS measures are followed in this

study. The experimental setup and the protocol are shown in Figure 14.
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Figure 14 a)D&V BCT-150 Battery Cell Tester and b) the EIS data collection Protocol

3.3.2 Results of Impedance State of Health Estimator

At first, the best suitable frequency for SOH estimation has been determined from the
experimental data analysis. The variation of the real part and the imaginary part of the cell
impedance with respect to cell SOC is shown in Figure 14 (a) and 14(b) respectively. It can

be seen from Figure 14 that both the real and imaginary parts of the LIB cell impedance
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are sensitive to the battery SOC. Interestingly, it is evidenced that the variation of both real
and imaginary parts of cell impedance is negligible at 30% cell SOC. Therefore, it would
be convenient and more accurate if the measured impedance at 30% cell SOC is considered
for SOH estimation. Now, another set of experiments is conducted to measure the
impedance of cells at 30% SOC with respect to the number of charging cycles. The
frequency range of 0.1 Hz to 20 kHz is used for EIS. After detailed analysis, it is noticed
that the variation of resultant impedance (2 to 0.5 ohm) of the cell is maximum at 1 Hz
over the 200-usage cycle of the battery. Therefore, the interpolation between the two
impedance data points will be easier and more accurate for SOH estimation. The variation
can be seen in Figure 15(b). Thus, 1 Hz frequency has been considered for impedance

measurement for this battery system.
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Figure 17 Capacity fade estimation results

Analysis of EIS data revealed that the cell impedances at 30% SOC and 1 Hz frequency
are the best representative data points for SOH estimation for this specific cell chemistry.
The comparative plot, Figure 17, between capacity fade estimation considering impedance
measurement over entire frequency spectrum and capacity fade estimation by the proposed
method shows the proposed technique is highly accurate with statistical R? = 0.90 which is
acceptable for all practical purposes of BMS. The primary advantage of the proposed
technique is that the EIS does not need to be implemented inside the EV BMS. Only a
simple DC/AC converter within the BMS power electronics is required to generate an AC
signal of a single frequency at every charging cycle when battery SOC reaches 30%
followed by a 10-minute time delay, to obtain a stable state to record the voltage response
of the selected current signal. Then the measured impedance will be used to retrieve SOH
by comparing the impedance value previously stored in the BMS memory during battery
pack testing before installing in EVs. As the proposed method measures the impedance of
the battery by looking into the external characteristics thus, in-depth knowledge of LIB
chemistry and prior historical usage data is not needed, resulting in a more convenient SOH
estimation. This will not only reduce the cost and weight of the BMS but also reduce the
complexity of SOH estimation with an acceptable range of accuracy.
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3.4 Battery Thermal-SOH Model
3.4.1 Battery Thermal Model to State of Health

Figure 18 Equivalent thermal model of LIB

The second-order equivalent thermal model (ETM) of LIB, as shown in Figure 18, is
chosen as a base model requiring only 2RC pairs, developing the distinction of ranges, either
core to surface or surface to ambient. The different parameters used are thermal resistance
and thermal capacitance, assigned to their specific region. The major inputs are the constant
ambient temperature source and the heat flow from the internal heat losses. In Figure 18,
Pioss IS the battery electrical power loss, Tamb is the ambient temperature, C. is the core
thermal capacitance, Rc is the core thermal resistance, Cs is the surface thermal capacitance,
Rs is the surface thermal resistance, Tc is the battery core temperature, and Ts is the battery
surface temperature. In addition, the battery capacity fade also depends on the usage pattern
and operating temperature, such as the discharge current profile [4]. Typical
implementations of temperature to SOH relations use heavy models to accurately determine
the battery’s condition such internal resistance-temperature relation during cycle such as by
Lin et al [84]. Other models utilize data driven technique with machine learning such as the
Gaussian progress regression proposed by Guo et al [85]. The input for the battery thermal
model is primarily compiled from the I?R losses which the overarching system adjusts based
on SOH and temperature monitored externally. Therefore, the ETM assumes a

homogeneous core material heat transfer and a different heat transfer rate for the surface.

Q=K=*Ax (Tamb - Ts) (14)

Poss = Qin = I? % (Rtotat) (15)

Riotat = Ro+ Ry + Ry + Rgopy + Rtemp (16)
dTe _ _ ﬂ

Cc—, = Ploss —— (17)

c
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ﬂ _ Tc—Ts _ Ts—Tamp
dt R¢ Rg

Cs (18)

Where Q is the heat flow, A is the surface area of the battery, Tc, Ts and Tamp are the core,
surface and ambient temperature of the system, K is the heat transfer coefficient, and Rotal
is the summation of internal DC resistance Ro, and internal transient resistances (R1, R2).
Here the value of Q can be calculated using equivalent electrical circuit model for further
utilization in ETM as demonstrated in [5], [6]. The heat flow here is considered as
convection and not radiation or conduction, as the battery is suspended and the ambient
temperature is controlled. The key variables considered are the specific heat transfer
coefficient of the battery. The secondary surface RC pair will make a more significant
contribution since it can give some instances for conversion from the thermal model to the
electrical characterization model with a found polynomial function as in (19) and (20).

Figure 18 shows the equivalent thermal model considering battery aging and temperature.

Tamb Convection

Polynomial
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Figure 19 thermal model considering battery aging and temperature

3.4.2 Thermal-SOH Results
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with SOH (b) Normalized temperature change for different C rates
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The temperature difference and the temperature differential are shown in Figure 20(a). The
trendline line is to interpolate the SOH based on surface temperature. Taken at face value,
the temperature difference decreases with lower SOH cell. This is poorly represented since
it does not consider that the run time for lower SOH cells is shortened as minimum voltage
is reached sooner. To account for this, the overall temperature rise is taken over the total
time giving a better representation. This now shows that the temperature rise is increasing
in relation to the degradation of the cell. The experiment was run again for different C-rate
on new cells as shown in Figure 20 (b), which mostly just demonstrated a larger correlation

of degradation between the overall temperature rise to the SOH of battery.
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Figure 21 For 1C SOH and temperature rise at different starting temperatures

AT,ise = 2E —05(SOH)2 — 4E — 05(SOH) + 0.0077 (19)
IR = 0.0046(SOH) + 0.0167 [Ohm] (20)

The internal resistances of the batteries are also measured periodically with comparison to
the SOH as the median for the temperature increase rate as shown in Figure 22(a). The
relation fairly correlates linearly with estimating the internal resistance growth to the
nominalized temperature rise. The time taken for discharge with the changes in SOH of the
battery at a nominal level as shown in Figure 22(b), shows a relatively linear relationship
between the discharge time decrease and the decrease of the SOH, except between 100%
and 90% SOH where the discharge time is relatively the same. Hence the internal resistance
increases, and the temperature rise does not greatly affect the total capacity until after the
cell falls below 90% SOH.
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3.5 Summary

Critical analysis of EIS data revealed that the cell impedances at 30% SOC and 1 Hz
frequency are the best representative data points for SOH estimation for this specific cell
chemistry. The comparative study between capacity fade estimation considering
impedance measurement over entire frequency spectrum and capacity fade estimation by
the proposed method shows the proposed technique is highly accurate with statistical R, =
0.90 which is acceptable for all practical purposes of BMS. The primary advantage of the
proposed technique is that the EIS does not need to be implemented inside the EV BMS.
Only a simple DC/AC converter within the BMS power electronics is required to generate
an AC pulse of a single 1 Hz frequency at every charging cycle when battery SOC reached
30% followed by a 10-minute time delay, to obtain a steady state, to record the voltage

response of the selected 1 Hz current signal.

With an alternate method of SOH estimation, the differential temperatures between new
and aged cells are used as a health indicator for SOH estimation. The cells tested at room
temperature with 1 C rate discharge rate for establishing the mapping relationship and
validation of the proposed concept. The estimation showed a non-linear increase in

temperature difference of about 0.001°C over the range of 80% SOH drop.
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Chapter 4. Hybrid Battery Development

As mentioned, all BMS will have a form of equalization implemented, therefore, to select
the topology that will be the most suitable for BMS development in the future a comparison
study of three different balancers will be performed. The selected balancers will be the
industrial standard passive balancer, a proposed active cell-to-pack-to-cell with
supercapacitor and the hybrid balancer. To assess the performance benefits of the different

battery balancer, three topologies were made in Simulink for analysis.

4.1 Initial Conditions

The selected cell for analysis and simulation modeling will be based on the Samsung 40T
INR21700 due to higher performance characteristics and ease of acquisition from the
Ontario Tech Racing team. The battery features very high discharge characteristics suitable

for short duration racing or needs for high instantaneous power.

Table 2 Nameplate Information of Samsung 40T INR21700 LIB Cell

Property Value

Nominal Capacity 4000 mAh

Continuous Discharge Rating (max) 35A

Nominal Voltage 3.6V

Maximum Voltage 4.2V

Discharge cut-off VVoltage 2.5V

Discharge cut-off SOC 30%

Nominal discharge 1C (4A), 45A max

Nominal charge 0.5C (2A), 1.5C (6A) max, 100mA cut-off

To ensure testing homogeneity between the different tests, the basic test parameters were
kept the same with a charge and discharge of 1C (4A) utilizing a CCCV charging algorithm
and an ambient 20°C. All the simulated cells between the tests had the same starting
variation between the cells of 20% SOC difference. The cells are also limited from

discharging below 30% SOC to avoid going over the knee.
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Table 3 Starting State of Charges for charge and discharge

Cell Starting SOC for charge (%) Starting SOC for discharge (%)
number

1 40 100

2 36 93

3 27 87

4 20 80

4.2 Experimental Setup

The system would operate with the OPAL-RT OP4510 hardware-in-loop simulator and
OP8665 digital signal processing board. The utilization of OPAL-RT products is to assist
in rapid simulation and prototyping of hardware utilizing the same control system. The
OP4150 would function as the simulation of the hardware while setup was ongoing and
OP8665 would be utilized as the controller of the simulated hardware. Once system
fabrication would be completed the OP8665 could then be utilized as the controller as Tl
TMDSCNCD28335 which houses the C2000 microcontroller.

Simulink Model

OPAL RT

Figure 23 Hardware setup
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4.4 Passive Balancer

For comparison purposes, the industrial standard resistive balancing will be used as the
benchmark. Utilizing the passive balancing topology shown in Figure 5 Passive equalizer,
the topology clearly shows the lowest part count of any balancing topology while also
utilizing the cheapest components. Spreading the initial SOC states between 20-40% for a
deeply unbalanced pack as a setpoint for all the topologies will assist in the comparison.
Utilizing a nominal bleed resistor value of 15 Q, the balancing current is nominally 280
mA. as higher resistance bleed resistor would need longer time to balance, and a lower

resistance would incur higher losses.
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Figure 24 SOC of passive balancing

As is show in Figure 24 SOC of passive balancing, passive balancer can balance the cell,
but the time taken is very high and would severely limit acceptable charge times. The
topology is most clearly adjusting the charge rates of the batteries in CV mode when the
current is already throttled, which reduces the effectiveness of balancing by requiring more
time to charge. Since passive balancers essentially prevent the highest SOC cell from
reaching the maximum safe voltage, other cells that need to be charged or balanced are
greatly limited. To achieve an overall SOC difference of 1% the charge time is around
21800 seconds which is far too long for reasonable charging, and therefore is only

recommended for battery idling or charge balancing.

40



Temperature (°C)
N
w

|
0 0.5 1 1.5 2 25 3

Time (seconds) )(104

Figure 25 Temperature of passive balancing

In Figure 25, the graph demonstrates the low heat generation through the entire charge time
for passive balancing. B4 experiences the most heat generation as it has the full 1C charge
during the entire CC range while the batteries with more starting charge receive less current
and generate less heat. The long CV section allows for cooling almost back to 20°C, but
the timing is far too long for any effective balancing or charge. As shown in Figure 26,
the batteries are only charging in CC for 1866 s and then is in CV for the rest of the
duration.
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Figure 26 Voltage and current of passive balancing
4.5 Active Balancer
One development combines a supercapacitor (SC) and bidirectional DC-DC converter to
create a C2P2C active balancing scheme with fewer active switches and greatly increased

balancing speed by maximizing for power transfer per duty cycle. The SC helps to shuttle
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more balancing energy in a single cycle enabling the use of low balancing frequency
resulting in low switching losses. The DC-DC converter works in buck-boost mode to
control the charging/discharging voltage of the SC resulting in improved balancing speed
irrespective of individual cell voltage level. Lastly, conventional switched capacitor-based
methods need to use high frequency to enhance balancing speed which reduces efficiency
and accuracy due to low energy storage capability. Comparatively, a supercapacitor has a
much higher energy storage capacity allowing for the low frequency of operation resulting
in reduced switching loss, improved efficiency, and cycle life and greatly enhancing the
reliability [86].

CCCV/|
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R 7= Buck-
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Per i | Boost
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T H

-~ State I Current Loop State III Current Loop
--»State [ Current Loop = =3 State IV Current Loop

Figure 27 C2P2C with super capacitor balancer

The balancing network consists of one SC, one ideal bidirectional DC-DC converter, and
six (M1-Ms) power switches. The SC is used as a temporary energy tank while shuttling
the balancing energy and the voltage is modulated by the DC-DC converter. The switches
M1 to Me that access the SC and direct the flow of balancing energy, are independent of the
number of series-connected cells. The power rating of these switches depends on the pack
voltage, balancing current, and operating frequency. A constant current constant voltage
(CCCV) charger and a constant current load as shown in Figure 27 are also connected

externally for charging and discharging the LIB pack.
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Table 4 list of active switches during charging and balancing

Balancing During Charging Period

Bi1=Most charged cell

Generalized case when
n'" cell = most charged

cell
State | State 11 State | State 11
Ql, SZ, M3 Qn, Sn+1, M3
My, M2 M1, M2

Table 5 List of active switches during Discharging and balancing

Balancing During Discharging Period

Bo=Least charged cell

Generalized case when
n'" cell = least charged

cell
State 111 State IV State 111 State IV
Ms Q3, Sy, Ms Qn+1, Sn,
Ms, M4 Ms, M4

During battery pack charging, C2P balancing is performed whereas during discharging
P2C balancing is performed. Starting with charge balancing, (state 1), excess energy is
transferred from the highest SOC cell to the supercapacitor. The stored charge is then
transferred to the entire battery pack through the DC-DC converter in boost mode (state
I1). For discharge, the SC is charged from the battery pack through the DC-DC converter
in buck mode (state 111), followed by the release of the stored energy to the lowest SOC
cell (state IV). The duty ratio of State I and state II is considered 66%, and the switching
frequency is f =1 Hz. Whereas reverse ratio is considered for State |11 and State V. In both
cases, the DC-DC converter operates in discontinuous current conduction mode to avoid
saturation of the supercapacitor and to reduce stress on power switches. The duty and
frequency of the operation are judicially chosen to ensure almost zero initial charges before
starting state | and sufficiently charged at the beginning of state I11. Individual cell SOC is
used to determine the most and least charged cells. The list of active switches when By is
the most charged cell during charging and Bz is the least charged cell during discharging
along with generalized statements are given in Table 4 and Table 5 respectively. The

control flow chart is in appendix B.
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Figure 28 Balancing performance of the super capacitor balancer during (a) charging SOC, (b) discharging period
SOC, c) charging cell temperatures, d) discharge cell temperatures

The charging operation started with different initial SOCs and slowly approached each
other simultaneously with the progress of battery pack charging confirming the operation
of C2P balancing. At around t = 1060 seconds the balancing operation ended as all cell
SOCs convergent to threshold (ASOC = 1%) from the initial SOC imbalance of 20% (max).
This is confirmed by the current plot (Figure 28(f)) showing no over correction after t=1060
seconds, only a constant 4A charging current is drawn by the battery pack. Similarly, the

balancing results during the discharging period with the initial SOC variation of 20% are
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shown in (Figure 28 (b)). Evidence of constant discharge current of 2 A and no stress of
balancing current at around t = 988 second confirms the effectiveness of P2C balancing
during discharge. The charge imbalances are reduced from 20% (max) to 1% (ASOC) in
this period. The estimation does have overshoot where the B3 and B2 fall below and outside

the expected range but are quickly assisted back with the desired SOC at around 1000s.

4.6 Hybrid Balancer Design
A hybrid dual-stage cell-to-pack (C2P) balancing strategy is proposed by in this thesis that
takes advantage of both active and passive balancing. The hybrid balancing topology is

shown in Figure 29.
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Figure 29 Hybrid C2P and passive cell balancing topology

The balancing topology shown in Figure 29 demonstrated uses a balancing topology for
four series-connected cells (B1 — Bas) in the string. The system currently utilizes three
MOSFETSs and diodes per cell, which are grouped into Q1 — Qs and S; — S4 for the active
balance topology and P1— P4 for passive balancing. The power diodes per switch are to
ensure unidirectional power flow and avoid circulation current. The DC/DC converter
is connected using M1 and M2 by either connecting the system from the pack side or
from the cell access network. The DC/DC converter itself is utilizing a unidirectional

flyback boost converter. The system runs in two modes during charging. For lower SOC

and initial charging, the active cell-to-pack balancing system uses M, and S, MOSFETS to
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link the highest SOC cell to the flyback converter in loop 1. The secondary loop converts
the initial input voltage to the pack voltage where ‘n” would be the desired boost ratio. The
excess energy is then boosted and linked to the pack to momentarily assist the charger to
redistribute the energy to the whole pack. At higher SOC values during charging, during

CV, and idle mode, the second passive balancing is activated. During discharge, the system

would only utilize the active cell balancing capabilities as shown in Figure 29.

Collect all Sort lowest calculate
battery [~ to highest > SoC
parameters) SoC difference

4.6.1 Balancer Control

LV diff N\~ 005
= 0.05

c2p

Resistive c2p

v A 4 | |

Figure 30 hybrid balancing algorithm

The control decision starts with collection of all cell’s states and current parameters and
then the cells are sorted from highest to lowest voltage. After checking the current charge
or discharge cycle, the balancer will then calculate the current voltage difference and pick
if balancing is needed. If balancing is needed, the control will then select the appropriate
balancing method based on the voltage difference. The control system is simulated within
the MATLAB Stateflow to keep track of the different paired MOSFET states to control
each loop and the battery. The state functionality of the active and passive balancer is listed
in Table 6.
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Table 6 list of active switches during charging and balancing

Balancing States
Charge Discharge
Loop 1 Loop 2 Loop 3 Loop 1 Loop 2
My, S1 Q P1, P2, Ps3 Mz, St Q

4.6.2 Continuous Conduction and Discontinuous Conduction Modes

Since the flyback converter can be operated within two modes discontinuous conduction
mode (DCM) and continuous conduction mode (CCM), determination of which mode
would be better suited to the application must be done. Since this is a low power operation
due to the high voltage boost and ease of implementation is one of the primary performance
targets CCM can be utilized. With CCM, the benefits can be exploited such as lower peak
switching currents, reduction of EMI and lower coupled capacitor size, but the drawbacks
such as higher ripple must be compensated. The duty ratio for the DC/DC MOSFET is 0.5

which is standard to allow for CCM. The overall operating frequency is 1 kHz.

4.6.3 DC/DC Converter Design
Isolation is necessary to allow the battery to reference the negative terminal for a closed

loop. If a non-isolated DC/DC converter is used for a pack related balancer, the batteries
may need to reference the overall ground of the pack producing extremely different
balancing rate per cell. For inclusion for an isolation device, the optimal solution would be
to reduce the number of devices as much as possible to reduce weight as opposed to each
cell having individual transformers. Of the basic boost topologies, flyback converters are
less complicated compared to a forward converter which would require a three-winding
transformer and more switching requirements. For these reasons, flyback converters have
been previously utilized for battery balancing in addition to cost reduction and good
efficiency [12], [73]. These topologies have been analyzed for low cell variation, long
equalization time or balance the batteries during a static timeframe with no active charge

or discharge.

47



-5

Csn
)|

o — Vout

I

1

Figure 31 Flyback converter
For the flyback converter value calculation, the design requirement utilizing a maximum
voltage ripple of 50mV to reduce overcharge damage after 4.2V. The maximum current
ripple is set for 2% due to the higher voltage for faster cell balancing. The needed voltage
out of the system needs to account for the voltage drop from the diode as well as the 1:4
boost needed; therefore, “b” is the number of series cells in the equalizer and Vp is the

output diode.
Vour = b *Vip +V)p (21)

Calculation of the flyback converter are shown below for equation (22)-(27), where D is
the duty cycle, ng, is the turn ratio for the worst-case scenario, Cout is the secondary/output
capacitor, and Lrit is the inductance of the primary side. The lowest considered voltage is

2.5V which is the cut-off voltage of the battery.

n VouttV 1-D,
2 — out D *( max) (22)
nq Vin min Dmax
Vi *D.
Ng = in_max*Pmax (23)
(1-Dmax)*(Vout*Vp)
D. 2¥Vpur2*n
Lcrit — max out (24)
2xf*Poyt
I _ Dpcypc*Qvintve) Vin_max*Pmax o5
p,peak — _ ( )
2#L*f (1-Dmax)*(Vout+Vp)
— n2
Is,peak - Ip,peak/n_1 (26)
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1-D

8*L*(%)2*f2

Cour = (27)
To follow equation (22), Docipc is typically 0.5, so the ratio for ni:nz will be greater then
1:8, with a 10*Lcit the taken coil inductance would be 4.7 nH or larger, and the output
capacitance is 0.25 nF based on a frequency of 1 kHz. The max current on the secondary
side is 0.5 A. For MOSFET and diode sizing, Ip pk is the maximum current needed to
withstand and Vps_max IS the maximum voltage which will have a 20% safety factor
included after calculation. After calculations and since this part was available in the
laboratory, RFP12N10L was deemed suitable for the balancer with a maximum of 30V,
5A maximum rating. Power dissipated in snubbers came to be 0.26W, the peak current
rating was larger then 6.5A with safety factor and the maximum voltage for the MOSFET
and diode was 3.7V and 34V respectively, which the RFP12N10L and SB2060 is well

suited.

I — Pin Dmax*Vin_min (28)
M_pk Dmax*Vin_max 2xLxf
_ Dmax*Vin max
VDS_max - Vin_max + 1-D (29)
max
Vo pie = V. + Yinmin 30
D_pk — Vin_max n ( )

To reduce ringing due to the MOSFET switching off, a snubber circuit is also implemented,
and design calculated below in equation (22)-(25). The values from the snubber calculated
need a minimum voltage of 3.17 V, power loss of 0.014 W, Rsnubber Needed to be 3510 Q
and a Csnunber Capacitance of 0.7 pF and the peak voltage of 8.04 V.

2
Ipeak*Lleak *f

Psnubber = 5 (31)
VZ max
Rsnubber = m (32)
1
Csnubber = g—— 1 (33)
VD_snubber = 1.2« VDS_max (34)
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Coulomb counting was used for monitoring the voltage to achieve cell balancing. The
specifications of the DC/DC converter are derived from (28) to (34). The total duration of
time of one balancing cycle is T= t;+t2 and the frequency f = 1 kHz.

In discharge balancing, the C2P will utilize the excess energy from the highest SOC cell to
load share wit the rest of the pack. The hybrid would primarily only use the active balancer
since the passive balancer would introduce heat into the system and greater power losses
then expected. The highest SOC cell shuttles the excess power to the converter to assist the
pack with load distribution. In this case, the cell would experience double rate discharge,
the first would be the regular load from the direct load and an equivalent draw to the DC/DC

which the secondary side would have the same demands.

4.6.5 System Efficiency

Since the small incremental power transfer is the main mode of charge delivery all
inefficiencies and losses must be accounted for to ensure the efficiency is effective. As the
most prevalent component, the MOSFETs play a large part in losses. Utilizing the
equations below and the values of the RFP12N10L, the losses per MOSFET in line were
found to be 0.05 W per switch.

Prosret = Pon—n + Pon—t + Pswitching + Ppead time + Pic + Pgate (35)
Ponn = 1" * Ron * ) (36)

Ppead time = Vo * 1o * (€ rise + trau ) * fow (37)

Pate = (Qu + Q1 ) * Vgate arive * fow (38)

Pic = Vin * Lconsumption (39)

Here Pmostet = total power losses through the MOSFET, Pon. /Ponh = low/high side
conduction loss caused by MOSFET on-resistance, Pgead time = dead time loss, Pic =
operating loss caused by IC control circuit, Pgate = MOSFET gate charge loss, I, = output
current, and R, = MOSFET on resistance. For the coupled inductor/transformer losses, the
calculations were assuming an internal resistance of 0.001 Q for both the primary and

secondary side inductor. The losses from the primary coil secondary coil combined were
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0.02W. The total power losses were calculated with equations (35)-(43) and came to be

peak loss of 0.4W.
Drms
ka_rms = lpg * / 3 (40)

Pp =F = Igms * Rwinding (41)
Ptotal = 3(PD_forward + Pmosfet) + Ps + Pp + Psnubber (42)
n= ———x100% (43)

1+(Ptotal/Pout)

lok_rms = total power losses through the MOSFET, Py /Ps =, Pswitching =, Rwinding =, 1] = System
efficiency. The output power from the DC/DC converter is nominally 3.8 W with an

estimated 83% efficiency.

4.6.6 Simulation Results and Discussion
The simulation software that was used is Simulink specialized power system block to allow

for future compatibility with other software such as OPAL-RT HIL and LABVIEW. The
simulation tool is ideal since it is easy to utilize, has set modules to input values for all
components, and is compatible with battery model structure.

100 ' - i . - —i— —

SOC (%)
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Figure 32. SOC during charging
The hybrid balancer operates both passive and active balancing situationally dependent on
the limitations and health conditions. The active balancing between 50 seconds to 1870
seconds would be considered the bulk/coarse equalization reducing the SOC variation

greatly from 20% to lower then 5% ASOC. The passive balancer can be utilized again if
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the SOC is required to be lowered to 1%, reducing the switching requirements of the system

and more accurate small variation balancing.
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Figure 33 Battery current during charge
The ripple is acceptable with a small operating frequency during the balancing period,
staying within the 0.1 VV maximum voltage cycle adjustment during the charge. After the
bulk equalization ends at 1870s, it is easier to visualize in Figure 33 that passive balancing
takes place from 1870s to 2295s to further reduce the cell variation down to 1%. To fully
charge up to 4.2 V, the system avoids utilizing CV, reducing the time needed to charge.
The ripple currents are high at around 1C as the coupled primary inductor fully charges
and discharges within one cycle. Figure 33 show a clear difference in charge rates between
the cells, the higher SOC cell experienced a slight rate decrease to around 3.2 A while the
lower SOC cells would continuously have a higher rate of charge. For the Samsung 40T,

this is acceptable since the maximum allowable charge is 6 A.
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Figure 34 Cell temperature during charging

Overall, the maximum heat generation of the cells only increases by 7.8°C over the entire
duration of the charging process, with most of the heat generation during initial start-up
and active balancing. During passive balancing the heat generation greatly slows allowing
for some cooling, the slowest heat generation period is during CV but since that period is
low charge and long duration, it is not ideal for heat reduction during quick charging. The
cell with higher balancing cycles experienced the least temperature rise but does still
contribute to greatly assist the other cells to charge. Figure 34 also corroborates with the

cell currents that the higher cell had reduced CC and therefore experienced reduced
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temperature rise.
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Figure 35 Charge DC/DC input (left) and DC/DC output (right)

Due to the snubber circuit and the input capacitor, the input to the coupled inductor is
slightly lower than expected at around 1.75 V and was clamped under 3 V, but this does
not change the functionality of the DC/DC converter as it still boosts the voltage to

4*Veen+Vp and keeps the approximate 4W output. The DC/DC itself stops functioning at
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1850 seconds and the input and output capacitors release any stored energy which is

relatively decayed.
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Figure 36 Charge SOC difference, voltage difference

Figure 36 demonstrates the easier to track nature of SOC even when the balancing
algorithm is voltage based. Voltage balancing is still preferred as Figure 32 and Figure 36
show there is no overshoot as the cells smoothly consolidate. The balancer brings the SOC
difference from 20% down to around 2%, then the passive balancer takes over to reduce

switching that may cause over balancing of the top cells.

For discharge, the bulk discharge balancing only takes around 1850 seconds to balance the
cells as show in Figure 37. The time taken assist the batteries from sudden load shifts as
well as reducing over balancing the cells. The balancing cycle takes 2150 seconds to

discharge the cells to 30% balance the cells before changing to charging the batteries.
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Figure 38 Discharge SOC

The SOC discharge of the cells shows smooth transition of the cells during balancing

without any sharp charges and does not overshoot the balancing requirements. At the end

of discharge balancing the cell maintain the 1% SOC difference since the only active
system is the active balancer.
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4.7 Comparison

Table 7 Balancer simulation comparison

Topology | State required | Balancing | Component | Efficiency | Temperature
speed requirement rise (°C)
(seconds) $)

Passive 4 21800 10.84 0 7.7

SC active 16 1060 64.55 N/A 12.2

Hybrid P/A 8 2250 29.7 83% 7.8

As mentioned in the literature review, the computational requirement of the passive
balancer can be kept within a single state and utilize four sub states. As such the
computational time is very fast and could keep up with near real time adjustments. On the
other hand, the SC with C2P2C had the most internal states to keep track as well as the
highest amount of control dedicated to the MOSFETS, this means that for every two states
per cycle, the active balancer would need four states. The hybrid balancer can utilize both
systems, thereby reducing the requirement from the active control, utilizing the state from

the passive balancer, and only needing two substates which reduces the computation time.

The balancing speed is as expected with passive taking 21800 seconds to balance during
charge, which is far too long for any reasonable attempt, but this is outside the passive
balancer typical adjustment range. The active balancer has the fastest balancing speed at
1060 seconds but does experience some overbalancing of cells. The hybrid balancer does
take longer than the active balancer in 1850 seconds and an additional 400 seconds due to
the passive balancer but balances the cells more smoothly.

For component requirements the passive balancer has the least amount of requirement per
cell, at one MOSFET, resistor and diode per cell. The hybrid topology utilizes the highest
component count per cell since topology is a combination of the active and passive system.
The Active topology uses two MOSFET per cell but does have a large amount of extra

control MOSFETSs for the shared DC/DC converter and must utilize a super capacitor.

For efficiency, the passive balancer is the worst since all excess energy is dissipated as
heat, and the time efficiency is also quite bad. The hybrid balancer has a relatively good
efficiency of 83% across the DC/DC converter, but the switching from the battery power

flow control makes the system more inefficient from the ripples.
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4.8 Summary

The design and simulation of a C2P flyback-based hybrid balancer is presented in this
chapter along with efficiency and temperature behavior during charge and discharge
balancing. The balancer simulation performs relatively quick balancing on a string of cells
with a large voltage variation of 20% in 1870 seconds and allows for general cell cooling
preventing the cells from experiencing high thermal degradation during charge. The cell
with the highest SOC is the most actively used, but the system demonstrates that due to the
balancing control, it experiences the least heat generation. Since the system also utilizes a
passive balancer, it easily handles the full range of 20% to 1% variation easily reducing the
time needed to charge in CV by preventing cell catchup in that mode. Notably for the active
and hybrid balancer, to achieve the quick balancing speeds compared to literature, a high
ripple is generated which may cause some battery ageing.
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Chapter 5. Conclusions

This thesis primarily focused on developing a robust, high-fidelity lithium-ion battery
model for SOH estimation and developing a hybrid cell balancing topology. Extensive
experimental study is conducted which includes cycling of 21700 NMC lithium-ion battery
at wide range of operating temperature and discharging condition to obtain the battery
parameters for battery modelling. It has been demonstrated that the developed battery
models are highly robust and accurate in SOH estimation and adaptive to the dynamics of
ambient temperature and operating conditions. The proposed hybrid cell balancing strategy
combined resistive passive balancing and DC-DC converter-based active balancing
execute cell-to-pack balancing. The proposed hybrid cell balancing strategy not only
enhanced the effective useful capacity and balancing speed but also reduced the maximum
temperature rise of each cell which is beneficial for enhanced battery life due to lower
degradation. It is noticed that with a 10% SOC difference, the balancing time required by
the proposed topology is around 1850 seconds with a maximum cell temperature rise of
7.8°C and calculated efficiency of cell balancing is more than 83%. The topology reaps the
benefit of both active and passive balancing of low cost and faster balancing with added

lower temperature rise.

Chapter 1 provides an overview of the impact of temperature on battery degradation,
existing battery models, the limitations of the existing battery models in considering the
dynamics operating condition and impact of battery aging. The state-of-the-art techniques
to enhance the battery life extensions and impact of lithium batteries on the economy and

environment.

Chapter 2 provides a foundational knowledge and critical analysis of state-of-the-art cell
battery balancing strategies, cell balancing control logics, current BMS architecture, and
battery SOH estimation. The second chapter also discussed the applications of better
battery models and more accurate state estimation in health-conscious battery management

ensuring extended battery life and safer operation.

Chapter 3 lays the foundation of simulation systems by proposing two different battery
models for highly precious SOH estimation adaptive to changes in ambient temperature

and dynamic operating conditions. The single frequency low EIS based model was able to
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estimate the capacity fade with statistical R? = 0.90 over 438 cycles utilizing only a 1 Hz
frequency at 30% SOC. The SOH to thermal model was able to track the SOH over 80%
of the cell’s life based purely on the temperature rise of the cell ranging from 0.014 °C/s to
0.025°C/s from 100% SOH to 20% SOH respectively. These models can then be utilized

within a BMS for low computation cost.

Chapter 4 presents the hybrid battery equalizing development, modeling, control
methodology and efficiency calculations for determining usability of the topology. The
equalizer was configured around balancing speed of 20% SOC difference in 1850 seconds
with a nominal power transfer efficiency of 83% and maintaining the temperature of the
cell under 26°C during charge and under 28°C during discharge. The topology is
comparably faster than the industry standard of passive balancer, integrated to existing
BMS equalizers, and economical compared to available transformer based BMS balancers

and easy to replicate.

5.1 Future Work
e A greater in-depth integration of the predictive state of health battery models could
be implemented to assist with balancing and state estimation. The model would
preferably be reduced to data-tables for faster computation in a BMS. The thermal
and degradation model could be used as a greater input to the control system,
throttling the balancing speed and selected cell based on current temperature rise

and estimated degradation rate.

e The thermal estimation can be implemented with cold temperature estimation,
expanding the gradient table estimation of SOH. At the same time the model can
also be implemented with early detection of a battery fire to meet the 5-minute

warning of thermal runaway.

e The balancing method could be converted to a bidirectional converter allowing for
the function of C2P and P2C balancing along with the passive balancer. This could
potentially allow the balancers to have more distinct zones of operation depending
on the needs of the individual cell. If bypass lines are also introduced, C2C could
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also be an option within the topology allowing for an AC2C, P2C, and C2P battery

balancer.

Scaling or testing the balancing/BMS system to a greater number of cells or even
small packs. This would assess the efficiency of the system for scalability. This can
also be paired with a module level balancer to see dual stage balancing. The future
implementation of this balancer can also be simulated with dynamic drive cycle and

test balancing during regenerative braking.

With the development of the SOH model and cell balancer, the combination can
lead to further implementation of a multi-objective cell balancer which would
consider all aspects and future effects of the equalizer. This could also be integrated
with more inbuilt cell safety features such as balancing shut off or ignore a cell if
the cell has a fault.
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