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Development of a DC-DC converter-based balancing system for

Lithium-ion battery cells based on State of Power reference

by
Abraham Alberto Martinez Barrén

Abstract

In recent years, Li-ion battery packs have become a major component of new
technologies like energy storage systems and electric vehicles. Due to the safety
limitations inherent to Li-ion battery cells, these packs need to be operated under precise
voltage, temperature, and current conditions, which are variables supervised by a BMS.
Depending on the application, battery packs are often comprised of several individual
cells. However, each battery cell has slight variations, which can lead to performance and
service life issues. This problem is addressed by implementing different types of
balancing systems. Nevertheless, current methodologies face several limitations, such as
a low energy efficiency for passive systems and high costs and complexity for active
circuits. A new balancing system, consisting of the combination of a modular active DC-
DC converter-based topology, a multi-factor balancing algorithm, and a control strategy
for balancing current based on SoP, is developed in this research project. The resulting
system can expand the runtime of the battery pack, as the energy is distributed better
among cells. Besides, the energy that can be injected into the battery pack during
charging has also been increased, as the excess of energy is moved from overcharged

cells to the rest before anyone of them reaches its top voltage.
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Chapter 1

Introduction

Lithium based batteries have become the dominant power storage solution for a
wide variety of applications [1]. After a heavy increment in the usage of Li-ion battery cells
in recent years in most of all technologies, such as electric vehicles (EV), drones, cell
phones, among others, and due to limitations in the natural resources and energy
sources, it becomes of a great interest to maximize the performance and service life of
battery packs through an adequate battery management system (BMS) [2], [3], [4]. Since
this growing trend shows no signs of stopping, and as battery cells are made using finite
resources like Lithium, Cobalt, Manganese or Nickel, it is important to guarantee their
usage at their maximum capacity [5]. Clearly, this limited resources availability increases
the cost of the battery cells and the pack itself, so costumers tend to be very critical of
under-performing systems, especially in the segment of consumers electronics, and more

recently in the EV market [6].

Depending on the application, battery packs are often comprised of several
individual cells, which are then connected in series and/or parallel to satisfy the energy
and power requirements of the machine or system [7]. Due to the safety limitations
inherent to Li-ion battery cells, these packs need to be operated under precise voltage,
temperature, and current conditions, which are variables supervised by a BMS. On one
hand, operating below the voltage and charge limits of the cells can damage their internal
structure permanently, accelerating their end of service life [2], [8], [9]. On the other hand,
overvoltage or overcharging, as well as charging cells too quickly, need to be prevented
as these conditions can lead to thermal runaway and other dangerous scenarios, such as
sudden explosions [10], [11]. Regulating temperature is also a key feature of a BMS, as
operating outside the safe limits can accelerate the effects of aging [12]. Failures of
battery systems in devices such as cellphones, unmanned aerial vehicles (UAV) and EVs
can bring in legal repercussions to the manufactures as they pose a serious risk to users

[11]. Hence, adequate means to ensure uniform performance of the cells are required [9].

Moreover, the parameters and characteristics of each individual cell do not exactly

match each other, a phenomenon that is often attributed due to limitations in the



manufacturing process [10], [3], [13].Different capacities, self-discharging rates, and
internal resistances can lead to stopping the flow of energy from a battery pack even
when some cells still have some remaining energy, which is detrimental to the overall
performance of the system and imposes a limit to the range of a vehicle for instance [6].
In the same way, stopping the charging process when only a portion of the cells have
reached full charge limits the available system energy during online operation [10]. These
situations can result in a diminished operational life of a single cell or a module [12]. As
battery packs are often assembled as a set or modules, replacing a single cell is not a
viable option for a customer, which increases the cost of repairing the electric system in

a given application.

Several technigues and approaches to mitigate or control these effects have been
proposed in the literature and are collectively known as battery pack balancing and
equalization methods [14], [12], [15], [16]. An appropriate battery balancing method is
crucial in the design of any BMS to ensure energy efficiency, adequate performance and
prolonged battery pack life. The idea behind this reasoning is that, an adequate balancing
system minimizes the impact on performance and on battery life caused by the small
differences found across the individual cells inside a battery pack [8], [17]. As stated
before, ensuring a homogeneous state of charge (SoC) through the cells in the pack can
greatly improve the performance of the system. The balancing system ensures that aged
cells are not stressed more than healthier cells, prolonging the service life of the whole
battery pack.

These balancing technologies are designed to ensure that the pack operates under
normal conditions at the pack, module, and individual cells levels. Balancing a battery,
comprised of series-connected cells, implies the guarantee that the cells will have the
same matched voltage. This is not needed when working with parallel-connected cells,
as this configuration naturally ensures self-balancing [18]. In contrast, equalizing a battery
pack is the process through which the SoC of the cells in a string is matched. These
concepts can be better understood considering a system of water tanks connected in
series. If the tanks have the same water level, then they will all be depleted at the same
time after operation, without unused water remaining in the reservoirs. Battery balancing

and equalization methods can be divided in passive and active approaches [4], [15]. The



first ones achieve balance through energy dissipation, while the second ones are able to
move charge from one cell to another through different devices [12].

Nonetheless, present battery balancing and equalization methods face some
limitations. While the passive technologies are able to keep costs low, they waste energy
that could have been used to further lengthen the runtime of the machine or for other
purposes, such as for powering up accessory loads [4]. Moreover, balancing methods
such as passive dissipation can increase the temperature of the battery pack, thus
increasing the need of cooling and potentially elevating the overall costs of the electrical
system [19]. Moreover, balancing methods such as passive dissipation can increase the
temperature of the battery pack, thus increasing the need of cooling and potentially
elevating the overall costs of the electrical system [19]. Besides, the balancing times
achieved through these methods do not support efficient online operation; in other words,
they are not meant to be used while the battery pack is providing power to an application.
Passive methods are only used during charging, which results in a battery pack that is
only balanced when fully charged and subject to imbalance during discharge [12]. Even
though active techniques shorten the balancing time and increase the energy efficiency
of the overall system, their higher costs have limited their practical applications [20].
Comparative studies between different balancing circuits have shown a capacity increase
and a lower deviation in cell parameters in packs that have been actively balanced as
opposed to passively-balanced packs [14], [16]. Comparative studies between different
balancing circuits have shown that packs actively balanced exhibit a capacity increase
and a lower deviation in cell parameters, which is in contrast to passively-balanced packs
[14], [16]. Therefore, further research on highly efficient and cost-effective designs is

needed to avoid these limitations.

While the methods or systems to balance cells have been the subject of study of
some authors, other researchers have focused their attention in developing algorithms to
determine which cells need balancing, in the form of delivering excess energy to the pack
or receiving more energy than other cells. Two common methods have been proposed
based on either cell-voltage or SoC [14]. By inspecting a single measurement or
estimation, the algorithm decides which cells require a balancing operation. While these
algorithms are easy to implement, they face some severe limitations. On one hand, the

external voltage of a cell may not represent accurately its SoC. On the other hand, as



SoC must be estimated, inaccuracies in the battery model may lead to erroneous
approximation [21].

Currently, BMS commonly used in the industry are capable of implementing
passive balancing with simple balancing algorithms, basing the selection of cells to
balance purely on cell voltage or cell SoC difference [16], [21]. The hardware, comprising
transistors, resistors, and controllers, is generally described in detail. There are also some
BMS using more complex algorithms, which are, however, intellectually protected
property and no detailed description is available to the public.

The present work will propose a new design of a BMS based on active balancing
circuits with certain modifications to improve its efficiency and cost-effectiveness, coupled
with a novel balancing algorithm to identify cells that required balancing, i.e., to identify
cells that need to deliver energy to other cells or that need to accept an excess of energy.
As a result of this research, a novel active balancing system is proposed. This active
balancing system is based on novel DC-DC converter-based circuits and includes a
selection algorithm referred to as multi-factor cell selection algorithm (MFCSA).
Furthermore, simulations models are to be delivered in order to test the performance of
traditional and novel methodologies. As the current literature already contains extensive
and very mature information about Li-ion battery cell modeling, a revision of this
information has not been included in this research [22]. Nevertheless, existing models will
be implemented to create a simulation platform for the development of other balancing

circuits and algorithms to be proposed in the future.

The rest of this thesis proposal is structured as follows. Chapter Il defines the
specific problem to be solved, presents the hypothesis to be tested, and provides the
theoretical background for this work. In Chapter Ill, the DC-DC converter topology, the
multi-factor cell selection algorithm and the control loop that conform the proposed
balancing system are developed. Chapter IV presents the simulation results to validate
the proposed solution to balance a 20-cell module with varying conditions that exemplify
real scenarios. Chapter V presents the conclusions derived from this work and provides

some ideas for future research.



Chapter 2

Problem Formulation

The following section presents the problem to be solved by the proposed balancing
system and the hypothesis that directs this research. Theoretical background is also

provided to further expand on current balancing systems and their limitations.

2.1 Problem definition

The problem to be solved is to design a balancing system, including both circuit
and algorithm, suitable for different operational field and environmental conditions,
characterized by a high energy efficiency and low implementation costs. This system is
expected to perform well in harsh conditions, such as highly unpredictable driving cycles,
high power demand, and rough environmental conditions. Energy efficiency,
implementation costs and impact to battery pack service life will be the main criteria for
the design. Although, cell modeling and characterization is not the target of this research,
they will be performed to create a framework to develop and test the balancing systems
under study. The analysis will be bounded to battery modules containing no more than
20 individual cells connected in series; however, similar theoretical principles can be

applied to extend its applicability to larger modules.

This research will be focused on designing a balancing topology for series-
connected cells as this configuration does not provide any natural balancing scheme [18].
In contrast, parallel-connected cells achieve balance and equalization naturally through
their connections. As most battery packs are cooled through forced convection,
temperature will be analyzed as a disturbance in the cell model. Temperature will be
calculated using the models described by Lin et al. [23], and fed into the battery model
and balancing algorithm to influence the decision for the selection of cells to balance, as

well as to demonstrate the robustness of the balancing system.

2.2 Research questions
Some of the research questions that will be addressed in this investigation are the

following:



e What are the energetic efficiencies, implementation costs, and balancing times of
current balancing methods?

e How do balancing algorithms and circuitry affect battery pack service life?

e How does cell balancing algorithms affect the performance of the balancing system
and how can they be improved?

e What are the current design opportunities for DC-DC converter-based balancing
topologies?

e How can implementation costs of active balancing methods be kept low?

2.3 Objectives

General objective: Develop a new practical active DC-DC converter-based
balancing topology and multi-factor balancing algorithm, capable of improving the battery
pack service life, achieving high energy-efficiency and keeping implementation costs low,
during the course of 1.5 years, by means of reviewing promising balancing schemes

found in the literature, and then modifying them to improve certain characteristics.
Specific objectives:

e Develop a balancing algorithm achieving short balancing times, while keeping
battery cells inside safe voltage, temperature and current limits under different
scenarios.

e Develop a modular balancing topology based on active DC-DC converter schemes
capable of keeping lower implementation costs.

e Analyze the proposed balancing system regarding efficiency, robustness, and

reliability against different field conditions.

2.4 Hypothesis
Since existing balancing systems are not able to achieve high energy efficiency

with low implementation costs, the following hypotheses are presented:

e A modular DC-DC converter-based balancing topology achieves higher energy

efficiency while maintaining low implementation costs.



e A multi-factor balancing algorithm can improve the performance of the battery pack
during operation, since excessive cell stress due to inconsistencies in the algorithm
can be avoided.

e Coupling a multi-factor balancing algorithm with an active DC-DC converter-based
circuit results in a robust balancing system.

e |If the balancing system operates during online operation, then it will prolong the
battery pack service life, as it will keep cells under homogeneous conditions of

operation.

2.5 Theoretical framework

This section presents the background to understand basic concepts behind
Lithium-ion battery cells, as well as the idea behind balancing and equalization systems.
Current methods found in the literature are presented and classified into passive or active
topologies, depending on whether they dissipate or redistribute excess energy,
respectively. At the end of this section, a summary and remarks of the covered

technologies is presented.

2.5.1 Battery cell modeling

Battery cells are analyzed by using different models found in current literature that
generally fall into one of three categories: electro-chemical, mathematical or equivalent
circuit models (ECM) [24], [25], [22]. Electrochemical models involve a system of coupled
time-variant spatial partial differential equations to accurately represent the behavior of
the cells. However, they require days of simulation time, complex numerical algorithms,
and battery-specific information that is often of intellectual property nature. They are
mainly used for optimization of physical design aspects of batteries. Besides, pure
mathematical models are often too abstract to provide a practical meaning but can predict
system-level behavior such as battery runtime, efficiency or capacity. Nevertheless, they
do not offer any I-V information important for circuit simulation and are often application-

dependent.

ECMs use a combination of voltage sources, resistors, and capacitors to simulate

the behavior of battery cells during co-simulation with other electronic components. As

7



these models can be easily connected to other electronic circuitry, they are of special use
in balancing and equalization simulations. Different ECM exist in the literature, each with
their own advantages and disadvantages. Figure 1 shows three different ECM

approaches briefly described in this work.
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Figure 1. (a) Thevenin-, (b) Impedance-, and (c) Runtime-based ECMs.

“Thevenin-based electrical models” [26], [27], [28] can predict battery response to
transient load events at a given SoC, by assuming the open-circuit voltage (VOC) remains
constant during simulation. This assumption prevents the model from capturing steady-
state voltage variations and runtime information. The “impedance-based electrical
models” [29], [30] use a complicated equivalent network to fit the impedance frequency
spectra in a process that is complex and unintuitive. These models only work for a fixed
SoC and temperature setting, thus being unable to predict DC response and runtime.
‘Runtime-based electrical models” [31], [32], [33] use a complex circuit network to
simulate battery runtime and DC response for a constant discharge current in circuit
simulators. However, they cannot predict neither runtime nor voltage response for varying

loads. A summary of the features of each ECM is presented in Table 1.



Table 1. Comparison of Various Equivalent Cell Models.

Predicting Thevenin-based Impedance-based
capability model model
DC No No
AC Limited Yes
Transient Yes Limited
Battery runtime No No

Chen and Rincon-Mora presented a widely-used ECM as shown in Figure 2 [22].
This model is capable of predicting both the steady state and transient responses, as well
as the battery runtime of Li-ion cells, while also being intuitive and easy to understand.

This ECM comprises two separate parts:

Voltage-Current Characteristics

R series R Transient_S R Transient_L

| ‘ ‘ | | |+

| CTransient_S CTransient_L |

| 1l Il |
,_______"______"___,VBatt
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Figure 2. De-coupled ECM by Chen and Rincon-Mora [22].

1. Battery lifetime: Composed of a self-discharge resistance Rseit-pischarge, @ Storage
capacitor Ccapacity and a controlled current source Isatt, all connected in parallel. The
capacitance of the capacitor is assigned in such a way that it correlates to the
varying SoC of the cell under the given current of the controlled source. The self-
discharge resistance is used to simulate the self-discharge phenomena, which for
some cases, such as a constantly used battery, can be ignored. The capacitance
may be simply calculated as shown in Eqg. 1, where cycling and temperature
information is not considered.

Ceapacitor (F) = 3600 - Capacity (Ah) Eq. 1



2. Voltage-Current characteristics: This section includes a controlled voltage source
Vocvsoc), whose value depends on SoC, normally implemented using a lookup
table. A series resistor Rseries IS also included to simulate immediate voltage
response, while a number of parallel resistor-capacitor (RC) connections is
included to simulate transient response. The quantity of RC branches can be
adjusted based on desired model accuracy and computational limitations.

This model is able to accurately represent steady-state and transient responses,
while also predicting battery runtime. It is also easy to understand and characterize it
using curve fitting algorithms. As SoC calculation is effectively decoupled from the
transient response calculation, then the system has an increased robustness. This
scheme can also be initialized at any given SoC by assigning an initial voltage to the

storage capacitor Ccapacity.

Besides simulating the electrical behavior of battery cells, current research has
also proposed electro-thermal models. Lin et al. have proposed a lumped-parameter
electro-thermal model presented in [23]. This model divides a cylindrical cell into two
sections, the core and the surface, assigning a temperature value to each one. The
system is able to calculate the temperature of both sections by considering the current
and voltage of the cell, as well as the ambient temperature. The relationship between the
inner and outer temperature is modeled by a series of first-order equations, which can be

parameterized to fit experimental data.

2.5.2 Battery balancing background

Battery packs are comprised of arrays of dozens or even hundreds of individual
cells. These battery packs contain a mixture of series and parallel connected cells.
Lithium-ion cells operate in a voltage range between 1.5 V (low charge) and 4.5 V (max
charge) depending on their cathode chemistry [34], [1]. Since individual cells operate with
low voltages, as compared to the voltage requirements of modern electrical systems, then
series connection is often used to elevate the voltage of the pack as required, while
parallel connections are used to increase the current flow through the battery pack.
Although parallel-connected cells tend to naturally balance over time, series-connected

cell do not have a natural mechanism to balance themselves [18].
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The differences between each individual cell in a battery pack can bring down the
performance of electric systems, such as electric or hybrid vehicles, and shorten its
expected service life. A degraded or aged cell will limit the pack’s performance as this cell
has lost its ability to provide the expected energy to the system in contrast to healthier
cells [10]. To mitigate the effects of these differences, several battery balancing methods
have been developed in the literature during the last years. Balancing and equalizing the
battery cells, i.e., evening the level of charge in battery cells, can be achieved through
several techniques that are often classified in two overall categories: passive and active

[12], [14], [15], [16]. These methods comprise several different techniques outlined in

Figure 3, and described in the following subsections. It is important to note that many of
these individual methods can be combined to further enhance the battery balancing

system capabilities.

Battery Balancing methods

Fixed Shunt S‘;:E:fd Capacitor-based —
Resistor Resistor
Multiple switched
|  capacitors
Single
capacitor

Figure 3. Classification of active and passive battery balancing and equalization
methodologies [18], [12], [15].
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2.5.3 Passive balancing methods

Passive balancing removes charge from cells that have a higher SoC than others
and dissipates the drained energy as heat, which is often achieved by dissipating the
excess charge through a number of resistors matching the number of individual cells in
the pack. In these designs, a resistor is connected in parallel to each cell to drain energy
from it. The advantages of the passive methods are the low cost of the circuitry and the
facility of implementation, compared to more complex active methods [5]. Nonetheless,
the extra energy is dissipated as heat, which can increase the pack temperature, driving
up the requirements for cooling and limiting the overall performance of the battery.
Passive methods can be further classified depending on how the dissipative resistor is
connected to the battery cell. Due to their simplicity and low cost, these methods are still
implemented in battery packs as shown by Perisoara et al. [7] and Amin et al. [8].
However, other authors have reported that this approach is limited to charging cycles, as
there may be a waste of energy during discharge [12].

2.5.3.1 Fixed shunt resistor

In this topology, the dissipative resistors are permanently connected to their
respective cell. The general ideal behind this method is that cells with higher SoCs will
have a greater balancing current, and thus self-discharging faster than cells with lower
SoCs. This circuit is constantly dissipating charge, even at times when the pack is already
balanced. An alternative to this problem is the usage of Zener diodes to stop the current
flow through a cell when its voltage drops below some point, i.e., the nominal voltage of
the diode. When the cell voltage is above the Zener setpoint, the resistor path is activated,
depleting the cell's charge until the cell’s voltage is lower than the setpoint [18]. However,
this design works for battery chemistries that allow some level of overcharge, such as
lead-acid, but not for Li-ion batteries. Figure 4 shows the typical configuration for fixed
shunt resistors, as well as the modified version including Zener diodes for discharge

control.
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Figure 4. Typical fixed shunt Resistors topology (a) and Modified Zener-fixed shunt resistors
topology (b) [18].

2.5.3.2 Switched shunt resistor

In this topology, the direct connection between the cell and the resistor is replaced
by a switch that is controlled by an algorithm, allowing for greater flexibility in the balancing
strategy. Different control schemes can be accommodated under this circuitry. The
simplest method consists of turning on all switches during charging, as more current will
go through the resistor connected to the highest voltage cell. In contrast, a more complex
algorithm may involve voltage sensing to determine which cells must dissipate excess of
energy [12]. These switches are normally built with high-current transistor circuits. This
configuration is shown in Figure 5, where generic symbols are used to represent the
control unit and the switches. This technique has been widely explored in both industry
and research, where some authors have reported an energy efficiency of up to 94% under

lab conditions [9].
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Figure 5. Switched shunt resistor topology [12].

2.5.4 Active balancing methods

Active balancing methods remove charge through an intermediate bridge (physical
component through which charge can be moved) that absorbs charge from fuller cells to
deliver it to emptier cells, conserving the overall energy in the battery pack [12]. These
methods represent a promising possibility to enhance energy efficiency, since energy is
not dissipated on purpose, although at the expense of a higher circuitry complexity, which
can potentially elevate the costs of the balancing system [13]. As the active balancing
methods support degraded or aged cells among other cells, these techniques can bring
the battery pack to a uniform end of life condition [18]. As moving charge between cells
instead of dissipating energy is more efficient, these techniques can be usually applied
during both charge and discharge. Different components can be used to move charge

between cells; the following subsections explain them in detail.

2.5.4.1 Capacitor-based balancing methods

These methods use capacitors as a bridge to redistribute charge across cells. The
most basic capacitor balancing circuit consists of a series of capacitors connected to the
battery cells through single-pole-double-throw switches that repeatedly shift back and
forth [15]. The objective of this technique is to synchronize the voltages of two adjacent
cells by connecting a common capacitor in parallel alternatively [12]. Generally, there is

one fewer capacitor than individual cells, as each capacitor is connected to the high side
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of one cell and the low side of the next one, as shown in Figure 6. Through the shift of
the switches, the high-voltage cell charges the capacitor up to reach its same voltage,
and then, the low-voltage cell discharges the capacitor to its same voltage, moving the
charge from one cell to its neighbor. Nevertheless, this method can take a long time
before the whole pack is balanced, as charge must travel from the fuller cells to the
emptier cells, passing through all the cells between them. All of the switches can be
generally controlled by the same control signal, with a fix duty cycle of 45% for each
switch position [12]. This method avoids closed loop and SoC calculation, as the cells are
automatically balanced. Figure 6 shows an example of this configuration, where a generic
electronic control unit (ECU) controls the switches that connect the cells to the capacitors.
It is important to note that these switches are often implemented using transistor circuits,
in particular MOSFETSs.

—
ToCTTT
SR I (.

‘ Control

Figure 6. Typical switched capacitors topology [15].

To speed up the balancing process, Qi and Dah-Chuan Lu have proposed
topologies in which additional capacitors are added to the design [12]. Figure 7 (a) shows
that an extra tier of capacitor provides additional paths for charge transferring, i.e., cells
that are not adjacent can transfer charge through the added capacitors. In this way, non-
adjacent cells can move charge between them, achieving shorter balancing times. Figure
7 (b) shows another alternative design by connecting a single additional capacitor
between the last and the first cells of the module, forming a closed loop. Through this
capacitor, a high quantity of cells can be bypassed, as charge can flow through the

shortest path.
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Figure 7. Switched capacitors with double tier topology (a) and Circle patch switched capacitors
topology (b) [12].

An alternative to the previous designs is to use a single capacitor (also known as
flying capacitor) connected to the battery pack through switches controlled by an
algorithm running on an ECU [15]. This topology allows direct movement of charge from
one highly charged cell to a lowly charged one. With this control scheme, the cell with the
highest SoC is connected to the capacitor to charge it up to the cell's voltage. Next, the
capacitor is connected to the cell with the lowest SoC, providing it with charge. This
process is repeated until all cells are equalized. Figure 8 shows a topology where an ECU
decides which cell must be connected to the capacitor by controlling each switch.
Although this method can balance cells in a shorter time, a large number of switches is
required, which causes some energy dissipation as heat in both the switches and the
capacitor. Additionally, it must be noted that this method requires voltage sensing and
SoC calculation, as the balancing process is not natural. A control strategy must be
developed to determine the order in which the cells must be connected to the capacitor.

T e

‘ Control _ f Z]
S —

Figure 8. Single switched capacitor topology [15].
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These methods are not convenient for Li-ion cells as most cells experiment very
little voltage variation between them, even when their SoCs may differ greatly, and as
capacitor topologies rely on voltage differences between cells in order to work, these
methods may result in long balancing times [18]. Moreover, aged cells can also degrade
the effectiveness of balancing through capacitors due to the variation in capacities among
the cells, which may lead to voltage balancing issues [12]. It is worth noting, that although
the methods presented in this section are more energy efficient than the passive
techniques, some energy is still lost as heat due to the parasitic resistance of the switches.
These losses are smaller than in passive methods, but are larger than the losses
experienced by other topologies such as transformer-based balancing circuits [15].

2.5.4.2 Transformers-based balancing methods

In these methods, transformers are used as the bridge to redistribute charge
between cells. Transformers convert AC electrical energy from one voltage range to
another, e.g. from 120 V to 12 V, depending on the relation between the number of turns
in primary and secondary windings. This idea has been explored to quickly move charge
from one cell to another with minimal losses [15]. Although battery cells and packs operate
at DC, rapidly shifting a switch connected to the primary side of the transformer can
approximately create an AC signal, which is then transferred to the secondary winding

and rectified to be fed to a particular cell [18].

In the basic topology based on transformers for active balancing, a single
transformer is used to move charge between cells. The primary of the transformer is
connected across n cells, with the secondary connected to each cell through a halfwave
rectifier and several electronically controlled switches. With this design, charge from the
overall battery pack is redistributed to the cells with lower SoCs, faster than in capacitor-
based designs, although at higher costs due to the transformer complex magnetic design
itself, as well as its higher parts count [15]. Figure 9 shows this topology, where an ECU
determines which cell must be connected to the rectified signal in the secondary winding,
while approximating an AC signal through the rapid shifting of a single switch.
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Figure 9. Basic transformer topology [15].

Some authors show an alternative to the previous design, where a transformer
with a secondary winding per each individual cell is used [34], [12], [15]. The AC signal is
still generated by a single switch connected to the primary side of the transformer, but
now all the cells are connected to a secondary winding that provides current to low-
voltage cells. This topology does not require sophisticated control algorithms, although a
transformer design tailored to the specific needs of the battery module is required.
Nevertheless, such consideration could be expensive or impractical. Since the cells are
permanently connected to the secondary windings, rectifier diodes must be added to the
circuit to ensure the adequate direction of current. Figure 10 (a) shows an example of this

configuration, in which an ECU is required to produce the AC signal.

Qi and Dah-Chuan Lu have also provided a method that avoids the need of a
custom transformer by using multiple simple transformers [12]. In this topology, each cell
is connected to an individual transformer. The primary windings of the transformers are
connected in parallel to each other and to the terminals of the battery pack. The
secondaries are then connected to each of the cells. With this arrangement, the charge
is distributed directly from the battery pack to the cells with less charge. A diode to rectify
the current flow must also be included in this configuration as there is no means to
disconnect the cells from the transformers. Figure 10 (b) shows this topology, where an
ECU controlling the shifting of switch S1 to generate the AC signal is included. A more
complex configuration has been proposed by Ran et al., where opto-electronic switches

are used instead of an array of transistors [3]. Ouyang et al. have proposed a topology
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that combines the transformer and capacitor-based designs, resulting in a module with
low heating, low energy consumption, and short balancing time [17].

LU [Tttt

~

(a) (b)

Figure 10. Multiple secondary windings topology [15] (a) and Multiple simple transformers
topology [12] (b).

2.5.4.3 DC-DC converters-based balancing methods

In recent years, Plett [18], Pham et al. [5], and Qi and Dah-Chuan Lu [12] have
presented new designs for active balancing that utilize small bidirectional DC-DC
converters to connect the cells to a shared capacitive low-voltage bus, which performs
the balancing. One of these designs uses a converter to connect each cell to the shared
low-voltage bus. A custom “balancing metric”, which can be different than simply SoC or
cell voltage, is mapped to a DC level (normally between 9 V and 14 V). If the cell metric
is above the shared bus voltage, the cell must provide charge to the shared bus;
otherwise, the shared bus should charge the cell, instead. Figure 11 (a) shows the basic
multiple DC-DC converter circuit design, while Figure 11 (b) shows an example of a

bidirectional converter.
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Figure 11. (a) Shared low voltage bus topology, and (b) example of a dual-active-bridge DC-DC
converter circuit [18].

The low-voltage bus in this design can even provide power to auxiliary loads. If the
load power is large and consistent enough, the bidirectional converters can be replaced
with unidirectional converters, lowering the cost of the design. This topology can also be
equivalent in cost when compared to passive methods since the overall pack cooling
needs are reduced and the shared bus can even replace costly large DC-DC that

converters normally used to convert pack voltage to 12 V for vehicle auxiliary loads.

Park et al. have proposed a similar design, where instead of using a capacitive
shared bus, a transformer with multiple secondary windings is implemented [4]. The
primary side of transformer is connected in parallel to the battery pack, while each
secondary winding is connected to a DC-DC converter, which is then connected to a
single cell itself. High balancing speeds have been achieved with this configuration, as
parasitic resistances have been eliminated. This topology is shown in Figure 12 where

the transformer-based bus and the basic design of the converters can be observed.
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Figure 12. Multiple DC-DC converter topology with transformer-based bus [4].

Huang and Abu Qahouq have presented an alternative to the multiple converters
design, where each battery cell is only connected to a bidirectional DC-DC converter and
not to the other cells [35]. The converters are then connected in series to each other to
obtain the required voltage of the battery pack. Each converter can provide charge from
the pack to each cell to balance it. With this approach, there is no need for two
independent converter systems for cell balancing and DC bus voltage regulation.

A different approach to the one presented by Qi and Dah-Chuan Lu, consists in
the use of a single DC-DC unidirectional converter connected to the battery pack on one
side, and to each individual cell on the other side [12]. The connections to the individual
cells are done via electronically controlled switches. With this design, charge from the
whole pack can be distributed to a single cell with a low SoC. An example of this
configuration can be seen in Figure 13, where every switch (s1-s4) must be controlled by

an ECU determining which cell needs to be balanced by the DC-DC converter.
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Figure 13. Switch matrix topology with a balancing DC-DC converter [12].

Recently, several authors have continued researching active cell balancing
methods based on DC-DC converters of varying complexity with the goal of reducing cost
and achieving higher efficiencies. Zun et al. have proposed a balancing topology that
uses DC-DC converters to isolate cells during charging. Each converter sets the
reference value for each individual cell, and only the cells that do not achieve the
reference value receive additional charge, which reduces the mutual influence between
the cells, reducing losses and shortening the balancing time [36]. In similar way, Wu et
al. have developed a topology that is able to inject additional charge to specific cells based
on their current SoC during charging [37].

2.5.5 Balancing algorithms

A balancing algorithm is a computational routine that can identify which cells
require balancing, either by sending excess energy in one of the cells to the battery pack
or by feeding additional charge to one of the cells from the available energy in the battery
pack. Zheng et al. have identified that current literature presents two common methods
[14]. The first one consists on evaluating each cell’s voltage. When the difference of one
of them compared to the mean cell voltage is above certain threshold, then the cell is
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selected as a candidate for balancing. While this represents a simple algorithm to be
implemented, the external voltage of a cell depends on its internal states and environment

[21], that is, the cell voltage itself may not represent accurately its SoC.

The second type of algorithms is based on the SoC. These methods calculate the
remaining stored energy of the cells and, when one of them is different from the others
outside certain limits, the cell is selected for a balancing operation. Nevertheless, since
SoC cannot be measured directly, these methods are affected by inaccuracies in the
battery model, as well as influenced by self-discharge, temperature, and other factors
[21].

Piao et al. have proposed an outlier detection methodology, which is a technique
used heavily in data mining [21]. With this algorithm, several cell parameters and
variables can be observed at the same time to identify overcharged or undercharged
cells, i.e., those showing different behavior when compared to other cells with a normal
performance. This method can be configured to consider certain variables (terminal
voltage, temperature, SoC, SoH, among others) to calculate a statistic distance from one
cell to another, which serves to identify outlier cells. Further exploring this algorithm could
result in a more flexible technique for cell selection that could handle diverse operation
conditions and varying grades of uncertainty with better results than simpler methods
existing today. Furthermore, Yang et al. have developed a balancing algorithm based on
graph theory, which is mainly intended for balancing energy storage systems (ESS) under

a distributed generation (DG) scheme [38].

2.5.6 Summary and trends

As remarked in this section, passive balancing methods dissipate excess energy
from cells having higher SoC, while active balancing topologies redistribute excess

energy from highly charged cells to cells with lower SoC.

The impact of balancing circuits on battery health has also been studied. A long-
term test including a post-mortem analysis of the individual cells has been carried out by
Ziegler et al. [16]. This study shows a capacity increase of 2%, as well as a reduced

deviation in capacity and internal resistance on battery packs that have been actively
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balanced as compared to those balanced using passive methods. Zheng et al. have also

reported a counterproductive result in battery pack capacity when using passive

balancing methods during discharge [14].

It is worth noting that there is a lack of a systematic and comprehensive

comparison between balancing circuits in the literature [14]. As balancing systems are

tested on particular battery packs specified by the authors of each methodology, results

from consistent battery packs need to be evaluated and compared. To summarize the

findings of this review, Table 2 shows the advantages and disadvantages of the methods

presented in this section.

Table 2. Summary of advantages and disadvantages of balancing methods

Multiple switched

Balancing Method Advantages Disadvantages
Fixed shunt resistors | Low complexity Wastes energy, even
Low cost when the pack is
No ECU required balanced
Generates additional
Passive heat

Low complexity

Long balancing times

capacitors Low cost ECU required
Less generated heat | Relies on voltage
Less wasted energy | differences

Single switched | Low complexity ECU required

capacitors Low cost Relies on voltage
Minimum generated | differences

heat

Minimum wasted

energy
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Faster balancing time
than passive methods

Single switched

transformer

Fast balancing time
Minimum generated
heat

Minimum wasted

energy

High costs of
transformer

High space claim
ECU required
Complex  switching

algorithm

Multiple  secondary

windings

Fast balancing time
Minimum generated
heat

Minimum wasted
energy

No complex switching
algorithm

Higher  costs  of
custom transformer
High space claim
ECU required

Multiple transformers

Fast balancing time
Minimum generated
heat

Minimum wasted
energy

No complex switching
algorithm
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Furthermore, balancing methods can be combined with each other as shown by

Lin et al. [39]. In this work, the authors present a design for two battery modules where
the individual cells are balanced through a passive balancing system when charging. In
addition, during online operation, a DC-DC converter is activated to balance one module

with respect to the other, minimizing energy loss.

Recent investigations also show how different active cell balancing methods can
be combined to produce faster balancing times and improve energy efficiency. Han et al.
have proposed a topology where a multi-winding transformed is combined with a buck-
boost converter to achieve direct cell-to-cell balance achieving high balancing efficiency
and speed, specifically, for circuits with low voltage and high current [40]. Furthermore,
Pham et al. have developed a balancing topology that combines a push-pull converter, a
single transformer, and an array of relays to achieve cell-to-cell balance [5]. This circuit
is able to reach high balancing speed and efficiency, while also keeping implementation

costs lower as no expensive gate driver circuits are used [5].

Latest researches, such as the work by Vardhan et al. [41], Moghaddam and Van
den Bossche [42], and Narayanaswamy et al. [43] have introduced the idea of using
inductors coupled with other DC-DC converters to build active balancing topologies.
These new circuits tend to target cell-to-cell balancing, although some of them can be
configured to cover multiple balancing schemes. Nevertheless, they still carry high
implementation costs due to their complexity and additional required components and

more involved control methods.

2.5.7 Remarks on current technologies

The author of this work has found that even though passive balancing is simple,
there is still some development in this field as it can be an adequate method during
charging cycles. Nonetheless, as these methods dissipate energy, they are not suitable

as a balancing method during online operation. Therefore, lower energy efficiency is
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achieved by passive balancing. In contrast, active balancing methods might be better
suited for online applications where charge and discharge cycles can happen randomly,

e.g. when driving an electric vehicle.

Considerable research has been done in designs involving DC-DC converters
during the last years, as their high efficiency and fast balancing times make them very
attractive for the EV market. Since the costs associated with this kind of designs are still
high, a novel design targeting modularity and lower implementation costs could prompt
companies to start using active balancing in their BMS designs. As most industrial
applications continue to apply passive balancing, there exists a good opportunity area to

change the paradigm [20].

Moreover, significant improvement can also be obtained by developing novel
balancing algorithms. As conventional algorithms are based on a single variable at a time,
they may be prone to inaccuracies derived from external cell factors and imprecisions in
the cell model [21]. Therefore, by considering multiple factors, excessive cell stress due
to inconsistencies in the balancing algorithm can be avoided, improving the performance

of the balancing system, and keeping a low impact on battery pack service life.

2.5.8 Charging profiles

Li-ion cells are normally charged using a constant current constant voltage (CCCV)
charging profile. Any BMS should be able to implement this charging method, while
ensuring that cells are kept within their operational limits. Other charging schemes have
also been proposed in the literature following non-conventional ideas. One of them, the
pulsed constant voltage (PCV), results of interest to this research work as it targets both
a fast charge with less temperature raise. These two profiles are explained in the following
sections. Figure 14. (a) CCCV charging profile, and (b) PCV charging profile.
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Figure 14. (a) CCCV charging profile, and (b) PCV charging profile

2.5.8.1 CCCV charging profile
The CCCV scheme consists of a constant current control stage followed by a
constant voltage control stage. The system switches between the two stages once a
threshold battery pack voltage has been reached. The CCCV scheme works as follows:
1. CC: While the battery pack voltage is below the threshold of the transition switch,
the current source is connected to the battery pack, providing a steady current at
a given C rate.
2. CV: Once the battery pack voltage reaches the threshold voltage, a constant
voltage is then applied to the battery pack, until current is below 1/10 of C rate.
It is worth noting that this charging scheme is one of the most commonly used in
today’s applications. Therefore, any balancing system must ensure correct operation

during the CCCV charging cycle.

2.5.8.2 PCV charging profile

This method consists in exposing the battery pack to pulses at a constant voltage
(the top charging voltage), while adjusting the duty cycle to achieve a balance between
charging time and temperature rise. A duty cycle of 50% is generally used as it provides
this balance; however, the authors in [44] have also proposed a method in which they
inject these CV pulses at different duty cycles and evaluate the response of the battery

pack to determine the ideal duty cycle for a portion of the charging period.

28



2.6 System description — Case study
Data from 18650 Li-ion battery cells with a nominal capacity of 2 Ah was obtained
from the datasets presented by Bole et al. [45]. This data describes the behavior of a

group of cells under different “random walk” discharging experiments.

A “random walk” discharge test consists on using a randomized sequence of
discharging current between 0.5 A and 4 A. The different datasets belong to tests in which
the discharge rates were skewed to higher or lower currents, as well as run at different
temperatures. After every fifty “random walk” cycles, a series of reference charging and
discharging cycles were performed to provide insights about the battery state of health
(SoH).

The data that was used to characterize the cells was obtained from the set named
‘room temperature random walk discharging data sets”. In this dataset, four cells were
charged to 4.2 V and then discharged to 3.2 V using a uniformly distributed set of
discharging currents between 0.5 A and 4 A at room temperature.

Modelling and simulations will be focused on modules of no more than 20 cells
connected in series. Parallel connections are not considered here as they ensure balance
and equalization naturally. However, it is important to make sure that the individual cells
connected in series inside each of the modules are balanced and equalized to maximize

performance and battery life.

2.6.1 Mathematical model of Li-ion battery cell

The mathematical model chosen for the basis of battery pack simulation is the
ECM proposed by Chen and Rincén-Mora due to its ability of accurately representing
steady-state and transient responses, while also allows prediction of the battery runtime

[22]. The structure of this model is shown in Figure 15.
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Figure 15. ECM selected for simulation purposes [22].

The parameters for this model have been estimated with the information obtained
from the random walk (RW) datasets and the process described in Appendix I. Only one
RC branch has been implemented, as validation experiments with the available data
confirmed that this specific model exhibited enough accuracy, as compared to two and
three branches models. Table 3 summarizes the parameters for the tuned model.

Table 3. Cell parameters of the 1RC cell model after parameter estimation.

SoC | VOC (V) [ Ro (Q)

0 | 3.6888 |0.1002
0.0909 | 3.7390 | 0.0840
0.1818 | 3.7671 | 0.0889
0.2727 | 3.7842 | 0.0879
0.3636 | 3.8043 | 0.0827
0.4545 | 3.8318 | 0.0923
0.5455 | 3.8836 | 0.0836
0.6364 | 3.9337 | 0.0886
0.7273 | 3.9888 | 0.0896
0.8182 | 4.0475 | 0.0875
0.0091 | 4.1172 | 0.0853

1.0000 | 4.1976 | 0.0923
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2.6.2 Construction of battery pack

The data extracted from the RW discharging experiments has been used to build
a module comprised of 20 cells connected in series. The nominal voltage of each cell is
3.6 V, which provides a nominal voltage of 72 V for the overall module. The maximum
charging voltage per cell is 4.2 V, which corresponds to a maximum of 84 V for the whole
pack.

A building block comprising an individual cell has been created as an element in a
Simulink™ library. Twenty instances of this block have been created and connected in
series to represent the cells in the battery pack. Auxiliary blocks for measurements and
control have also been created. Figure 16 shows the individual cell block and a portion of
the battery pack comprising these elements, where T1 (+) is the positive terminal of the
cell, T2 (-) is the negative terminal, H is the thermal connection, Sensor_Bus represents
a bus containing temperature, SoC and terminal voltage, VT_Cell is the terminal voltage
of the cell, 1_Cell is the current flowing through the cell, and SOE_Cell is the state of
energy (SoE) of the cell. To create a battery module, the T1 (-) terminal of one cell is
connected to the T1 (+) terminal of the next cell. The T1 (+) terminal of the first cell must
be connected to the positive terminal of the power supply or load, while the T1 (-) terminal
of the last cell in the module must be connected to the electronic ground reference. The
Sensor_Bus and other state information out of a “Single_Cell” block must be connected

to a single “Sensor_Block” for further processing.

iy Sensor Bus Sensor_Bus TsC_Cell
26 VI E"” P— SOC_Cell
|_Cell
Sensor Bus > —| & SOE_Cell [y Lin VT_out
T S <]
\/T—(:eII > —T1(4) Sensor_Bus #{ Sensor_Bus TsC_Cell
q T2 (_) | Cell > 20 W]_Ej: iV In SOC_Cell
- | # SOE_Cell g VT_Out
q4 H SOE_Cell » (ea
. ( N Sensor_Bus | Sensor_Bus TsC_Cell
Single_Cell O cah .
- 1200 I_Cell - -
— & SOE_Cell UL VI_Ow
V3]
lca)
- mal
(@) (b)

Figure 16. (a) Individual cell block and, (b) portion of battery pack comprised of individual cells
and sensor blocks.
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Chapter 3

Development

This section explains the development of the proposed balancing system, focusing
on the specifications of the balancing algorithm and topology.

3.1 Proposed balancing system overview

In this section, a general overview of the proposed balancing system is presented.
The following sections present the details of both the developed balancing topology and
the proposed algorithm.

The proposed balancing system is composed of an active topology with a DC-DC
converter based on the structured developed by Murshadul et al. [46]. The structure is
then coupled to a multi-factor cell selection algorithm following similar ideas as in the work
of Piao et al. [21], and using a newly-defined control strategy based on cell SoP. The
active topology, control strategy and selection algorithm work together to provide fast
balancing results, while ensuring that cells are safely operated. Figure 17 shows the
elements of the proposed balancing system.

Cell balancing
+
Safe operation

Control Active
Strategy Topaology

Figure 17. Elements of the proposed balancing system.

3.2 Development of the balancing topology
This segment explains the proposed active balancing topology, including the

details of the DC-DC converters.
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3.2.1 Proposed balancing topology

Since energy is not being intentionally dissipated during an active balancing, the
energetic efficiency is expected to be higher than in a passive balancing scheme. Under
the premise of a higher energetic efficiency, an active balancing topology based on the
implementation of DC-DC converters has been developed. The active balancing topology
proposed in this work consists of two DC-DC converters that can be connected in parallel
to each individual cell through an interface, referred to as the switch matrix. This idea is

based on the topology proposed by Murshadul et al. [46].

A first DC-DC converter takes energy from the battery module and injects an extra
balancing current to a given cell, as determined by the balancing algorithm. This means
that this specific converter receives the module voltage as the input and delivers the
required cell voltage to achieve the desired balancing current. For convenience, this
converter will be referred to as the “charging converter”.

A second DC-DC converter is aimed to extract current from a given cell and re-
inject it into the battery module. This converter receives the current of the cell to be
discharged at a low voltage and delivers a current at a higher voltage, close to the voltage
of the battery module. This converter is referenced as the “discharging converter”.

A change in the output of any DC-DC converter generates an immediate response
in the battery cell, evidenced by a sudden change in the cell current. This is due to the
fact the battery cells are modeled as a controlled-voltage source coupled with a series
resistor and an RC branch. To soften the dynamics of the cell’s current response, an LC
filter is added at the end of each DC-DC converter. This filter smooths the changes in the
current, allowing for the introduction of a proper controller for the cell current.

Figure 18 represents a small subsection of the proposed balancing circuit, showing
only three Li-ion cells and their corresponding switches. Each DC-DC converter is
connected to an LC filter. Every battery cell is connected to the output of the LC filters
through a double-pole single-throw (DPST) switch. This switch enables the parallel
connection of each Li-ion cell to the DC-DC converters. The discharging and charging
converters are connected to the complete battery pack to redistribute energy from and to
the cells. On the one hand, the balancing current Ipal flows from a cell of the battery module

and through the switch matrix when the discharging converter is activated. On the other
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hand, Ibai is injected to a cell of the battery module when the charging converter is
activated instead.

- o B

LC filter
+ Discharging *————@
I

—— converter -
sw
> —_— +
J — |
| bal
—

LC filter
+ Charging +— " ———e
L

p— - converter - sW

Figure 18. Basic layout of the proposed active balancing topology.

3.2.2 Design of DC-DC converters

The two converters have been designed and implemented as isolated Flyback DC-
DC converters. With this configuration, the converter can be connected in parallel to any
single cell without causing any disruption or short circuit, with guaranteed isolation
between the input and output. This design is also characterized for its low power
consumption and a low quantity of parts [47]. Furthermore, Flyback converters have been
widely adopted to provide regulated output voltages for low-power applications, typically
ranging from 20 to 200 W [48]. Each Li-ion cell has a voltage range of 2.6 V to 4.2 V and
a current output of up to 10 A, providing up to 42 W. Therefore, the power range of the
Flyback converter covers the power that each cell can inject or receive.

These converters were implemented as Simulink™ blocks, instead of SimScape™
blocks to speed up the simulation. The design of the DC-DC converters was based on
the guidelines presented by Hart [49], while the Simulink™ implementation was based on
the work by Raj et al. [50]. Figure 19 shows the schematic for the design of the Flyback
DC-DC converters.
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Figure 19. Flyback DC-DC converter schematic.

The parameters which are common to both converters are shown in Table 4:

Table 4. Common parameters for the two DC-DC converters.

Parameter Description Value
fsw Switching frequency 100 kHz
ESR Capacitor resistance 1uQ
Rbs,on Switch resistance 1 mQ
vd Diode forward voltage 0.7V

For the design of the charging converter, an arbitrary turn ratio (N) of 3 was

selected. Then, a nominal Duty Cycle (Dnom) was calculated using the output voltage

equation as shown in Eq. 2, where the minimum module voltage is used as the voltage

input (Vs) and the max cell voltage as the output voltage (Vo). Next, the required minimum

mutual inductance (Lmwin) value was calculated through Eq. 3. However, a higher value

of mutual inductance Lm was chosen to guarantee that the converter always operates in

continuous conduction mode.

Vo:

Lmyy =

2f

Lm = Lmy,

Dnom ) (Nl)
Vil | — D = 0.1461
S (1 _ Dnom N2 nom

(1 - Dnom)zR (Nl 2

1) =164 uH
Nz) #
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A voltage ripple of 0.15% was selected to ensure proper output voltage response.

The capacitor value (C) required for this output was calculated through Eq. 5.

AVNTID
C = (7") ;;’" = 200 uF Eq. 5
(0]

Table 5. Specific parameters for the charging converter.

Parameter Description Value
C Capacitor 200 pF
Dnom Nominal Duty Cycle 0.1461
Lm Mutual Inductance 200 pH
N or (N1/N2) Turn ratio 3
R Converter Resistance 50

A similar approach is followed to design the discharging converter. In this case, a
turn ratio (N) of 0.0333 was selected. The nominal duty cycle Dnom was calculated through
Eq. 6, with the source voltage (Vs) corresponding to a single cell and the output voltage
(Vo) corresponding to the module voltage. The required minimum mutual inductance
(Lmwmin) is calculated through Eq. 7. The mutual inductance (Lm) value chosen for the

discharging converter was kept at the minimum value obtained in Eqg. 7.

D N,
= (L ) () = s o
o S 1 _Dnom Nl nom q
(1_Dnom)2R Nl 2
Ly =—<—) =4 uH Eq.7
Min zf NZ

The capacitance is calculated through Eq. 8. In this case, a voltage ripple of up to
1% was chosen, which yields a capacitor value (C) of 250 nF.

AN
C = (7") ;"fm = 250 nF Eq. 8
o
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Table 6. Specific parameters for the discharging converter.

Parameter Description Value
C Capacitor 250 nF
D Nominal Duty Cycle 0.4
Lm Mutual Inductance 4 uH
N (N1/N2) Turn ratio 0.0333
R Converter Resistance 400 Q

3.2.3 Design of LC filter

An LC filter is added to the output of each DC-DC converter to smooth the
immediate change in the cell current as a product of the cell series resistance. The basic
structure of the filter is shown in Figure 20. The input of the filter is the output of one of
the DC-DC converters, while the output is connected to the switch matrix, i.e., achieving

a parallel connection to a battery cell.

Lfiter
+ — | +
Vconverter Cﬁlter VBatt

Figure 20. Structure of the LC filter.

A value of 60 dB has been chosen to generate an adequate attenuation A, while a
value of 68 YF is chosen for capacitor Criter. By considering the switching frequency fsw of
the DC-DC converters, the equivalent impedance of the capacitor Criter can be calculated
through Eqg. 9 [51]. Then, the desired equivalent impedance of inductor Liiter iS obtained

through Eq. 10. This value is then re-converted to inductance by using Eq. 11.

1 1
Xcritver = = = 0.0234 Q Eq. 9
Citeer = 2m) (o) (Cracer)  (20)(100 X 10%)(68 X 1075 q
A
Xy ricer = (Xegicer) (1020 - 1) = 23.3817 Q Eqg. 10
X, fircer 23.3817 Eq. 11

filter = omY(for)  (2)(100 x 103) K
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The value of inductance of Liter is then re-adjusted to 50 puH for simplicity. To
calculate the resulting attenuation, Eq. 12 and Eq. 13 are then used. The final attenuation

is 62.5651 dB, which is close to the initial requirement.

Xisirer = ) (faw) (Lyieer) = (2m)(100 x 10%)(50 x 107°) = 31.4159 Q Eq. 12
X, fi 31.4159 Eg. 13
A =20log (ﬂ + 1) = 20log (— + 1) = 62.5651 dB a
Cfilter 0.0234

3.3 Proposed control loop

Since SoC is directly affected by the cell current, a higher balancing current could
provide a faster means to achieve cell balance. However, higher currents can cause cells
to fall out of the cell voltage and SoC limits. Therefore, to maximize balancing current
without compromising cell integrity, it is proposed to incorporate the SoP (of the cell under
balance) to adequately calculate the balancing current. The SoP of a cell can be
expressed in its simplest form by Eq. 14, i.e., as the product of the cell terminal voltage
(V) and the maximum allowable instant current (laiowed) that can go through the cell without
violating its operational limits.

SOP = Vgowed Eq. 14

SoP is traditionally calculated by first calculating the laiowed, according to the
operational limit of interest. Once the value of lalowed iS Obtained, SoP can be calculated
by following Eq. 14. There are two approaches for calculating this current:

e Voltage-based: Calculates the maximum current that ensures that the cell voltage
does not surpass the maximum cell voltage or falls below the minimum cell voltage.
e SoC-based: Calculates the maximum current that ensures that the cell will not

surpass the maximum SoC or fall below the minimum SoC.

Besides these calculations, each cell has associated maximum discharging and
charging current limits that need to be considered. Generally, both SoP calculations are
run simultaneously, and the system chooses the current that is smaller in magnitude and
falls inside the safe operational current limits. If the SoP-calculated current is larger than

current limits, then the limits are used instead.
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Calculations for the voltage-based SoP current are shown in Eq. 15 and Eq. 16,
while calculations for the SoC-based SoP current are described in Eq. 17 and Eq. 18. It
is worth noting that VOC and Rseries are SoC-dependent. Discharging current is
considered positive, while charging current is considered negative. For SoC-based

calculations, a period of charging (or discharging) of 1 second has been considered.

VOC — Vi
IDischargeMax = R—mm Eq. 15
Series
voc -V,
IChargeMax = Tm Eg. 16
eries
I _ SOC — SOCin Eq. 17
pischargenax (tDischarge) (Capacity)(3600)
SOC — SOCpp oy Eq. 18

I =
ChargeMax (tcharge) (Capacity)(3600)

To ensure that the adequate current is extracted or injected to the battery cells,
each converter is controlled through two PI controllers, namely, PI current and PI voltage
controllers. The PI current controller takes the balancing current reference, which in this
case has been equaled to the passive balancing current, and calculates the error of the
actual balancing current. This generates a new voltage reference that is fed to the PI
voltage controller. This controller takes the current cell voltage and calculates the error,
producing a new duty cycle reference for the converter. A block diagram of this control

scheme is shown in Figure 21.
Ibal Reference Ei Voltage . Ev Duty Cycle V cell I ba
\;-” N N Pleurrent  reference 7 Pl voltage y Ly Battery
[: - /' 7 controller %Q' - /,-ﬁ controller —> cell
T T V cell
| bal

(a)

Voltage .
Ibal Reference PN Ei Plcurent  reference AT Ev Bl e Duty Cycle V cell Battery | ba
—>~.:. /’_> controller 9‘: -/ > controlier — cell

T V cell

| bal

(b)
Figure 21. (a) Control loop for the charging converter, and (b) control loop for the

discharging converter.
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The general control loop is shown in Figure 22. Notice that the two DC-DC
converters are shown connected to their respective Pl controllers. Battery cell information
is extracted through the different sensors, encapsulated as sensors block. This
information is then processed by the balancing algorithm to determine which cell requires
balancing, activating the adequate switches inside the switch matrix. The SoP current
calculator calculates the balancing current reference, which is then fed to PI controller

blocks to be used as a reference to regulate the converters to purse cell balancing.

Battery pack + Balancing circuit

lconverter

Duty Cycle

Control platform

Charger / ! Battery I bal Switch
—> EEEENNNNEN 0 VENENNS : SR
Load e N I <
N
SOC, V, T,1 Duty Cycle
Sensors
block Switch position

| e |
| SOC,V, T, | | Pl controllers |
} : Discharging control :
| |
| Processing | bal Reference ! Pl current Plvoltage  __| |
| | > controller controller |
| | | |
Charger mode / Disconnect switch Balancing SOP current | I
T algorithm calculator | Charging control :

|
I bal Reference : Pl current Pl voltage [E— :
| controller controller |
| |

|
|
|

Figure 22. SoP-based control loop.

In Figure 22, dashed lines represent intermittent flow, as the converters can be
turned off if the battery pack is balanced. This prevents current form flowing from the
battery module to the converters and vice versa. Solid thin lines represent simple
information flow, while thicker solid lines represent bus connections, which consists of

more than one variable.

3.3.1 Design of Pl controllers

To ensure that the DC-DC converters provide the adequate balancing current, four
Pl controllers were implemented and configured in the battery simulation framework,

developed in the Simulink™ environment. As previously explained, each DC-DC
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converter is controlled by a cascade connection of two PI controllers forming two loops,
namely, an inner and outer loop. The outer loop controls current, while the inner loop is
in charge of the voltage control. Eq. 19 shows the PI controller for the current loop,
Vref
E;

where Vet stands for the voltage reference to be fed to the voltage loop controller, E;

1
- KP,I + KI"E Eq 19

represents the error between the measured current and the reference balance current
generated by the SoP calculation, Kp; and Ki, are the proportional and integral gain

constants for the current loop, respectively.

On the other hand, Eq. 20 presents the PI controller for the voltage loop,

D 1
f
Er: = RP,V + RI,V; Eq 20

where Drer is the duty cycle reference to be injected to the corresponding DC-DC
converter, Ev corresponds to the error between the voltage reference generated by the
current loop and the actual cell voltage, while Keyv and K,v are the proportional and

integral gain constants for the voltage loop, respectively.

3.3.2 Tuning of the Pl controllers

The process of tuning the PI controllers has been performed under the following

assumptions:

1. Tuning the PI current controllers: This controller has a direct relation to the
dynamics of the battery cell. As the battery cell has a very slow voltage dynamic
response, the voltage input to the cell can be considered as a constant filtered by
the LC filter at the output of the DC-DC converters. Therefore, the output of the
PI current controller, which is a voltage reference for the PI voltage controller, is
translated by the battery cell into a current. To tune the PI current controller, only
the dynamics of the battery cell and LC filter are considered.

2. Tuning the PI voltage controllers: The voltage controller has a direct impact on
the dynamics of the DC-DC converter. The current reference generated by the PI

current controller can be considered as a constant for the Pl voltage controller.
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As the battery cell has slow voltage dynamics, the Pl voltage controller has a
larger impact on the DC-DC converter. Therefore, only the DC-DC converters are

considered for tuning the PI voltage controllers.

3.3.3.1 Tuning the PI voltage controller for the charging converter

A simple simulation of the charging converter described in section 3.2.2 operating
in an open-loop was performed to get its step response. The simulation was conducted
for 2 seconds, with a step from a Duty Cycle of 0.15 to 0.20 (Au) at the 1 second mark,
causing a change (Ay) of 2.148 V in the output of the converter. To estimate the controller
constants, the guidelines presented by Skogestad were followed [52]. First, system
parameter k was deduced from the change in output and input during the step response,
as shown by Eq. 39. Then system constant 11 (shown in Eq. 22) was calculated as the
point in time, where the output reaches 63% of its final value. After that, parameter k’ was
calculated as explained in Eq. 23. Then tuning parameter rc was selected as 0.015 to
provide a robust and fast enough closed-loop response. Controller constants Ke,v and Kiv
were then calculated as shown in Eq. 24 and Eq. 25. To keep the charging converter
response within adequate limits, the output was bound between 0.1 and 0.2. These
boundaries limit the output of the charging converter between 2.41 V and 6.37 V,
according to Eq. 2.

Ay 2.148
=—=——=14296 Eq. 21
Au  0.05
7, = 0.009 s Eq. 22
k 4296
=D o220 4773, Eq. 23
k T = 0.009 773.33 q
1\ /1 1 1
—(=)(=) = - Eq. 24
Ky (k) (rc) (4773.33) (0.005) 0.0013966 g
K 0.0013966
i =0.15518 Eg. 25

K = =
LV min(t,,47,)  min(0.009,0.06)

Figure 23 shows a comparison between the open-loop response and the closed-
loop response of the charging. The desired output value was fixed at 4.2 V. Note how the

open-loop system delivers an unstable output at first that continues to oscillate during
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steady-state response. On the other hand, the system coupled with the tuned controller
provides a much more stable voltage output.

B T T T T T T T T T

Open-loop response
7F Closed-loop response |

Output voltage (V)

_1 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Figure 23. Comparison between open-loop and closed-loop response of charging converter for
a desired output of 4.2 V.

3.3.3.2 Tuning the PI voltage controller for the discharging converter

Following a similar process as for the charging converter, an open-loop simulation
of the discharging converter described in section 3.2.2 was run to evaluate its step
response. The simulation was conducted for 2 seconds, with a step from a Duty Cycle of
0.15to 0.20 (Au) at the 1 second mark, causing a change (Ay) of 9.244 V in the output of
the converter. First, system parameter k was deduced from the change in output and input
during the step response, as shown by Eg. 26. Then system constant 11 (shown in Eq.
27) was calculated as the point in time, where the output reaches 63% of its final value.
After that, parameter k’ was calculated as explained in Eqg. 28. Then tuning parameter 1c
was selected as 0.2 to provide a robust and fast enough closed-loop response. Controller
constants Kev and Ki,v were then calculated as shown in Eq. 29 and Eq. 30. To keep the
charging converter response within adequate limits, the output was bound between 0.1
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and 0.45. These boundaries limit the output of the discharging converter between 13.34
V and 101.8 V, according to Eq. 6.

Ay  9.244
e At Eq. 26
= 005 = 184.88 q
7, = 0.0005 s Eq. 27
k 184.88
7, 0.0005 369760 a
1\ /1 1 1
—(=\(=) = —J=o. Eq. 29
Kev (k) (rc) (369760) (0.2) 0.0000135 a
Kpy ~_ 0.0000135

Ky = = = 0.027 Eq. 30
LV min(t,,4t,)  min(0.0005,0.8) 0.0 b

Figure 24 shows a comparison between the open-loop response and the closed-
loop response of the discharging converter. The desired output value was fixed at 84 V.
Note how the open-loop system delivers an output with some high overshoots, while the

tuned closed-loop system provides a much more stable voltage output.
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Figure 24. Comparison between open-loop and closed-loop response of the discharging
converter for a desired output of 84 V.

44



3.3.3.3 Tuning the PI current controllers

As the system for both PI current controllers is the same, i.e., the same battery
cells, the tuning of this controller must only be done once. Following a similar process as
the one described for the tuning of the PI voltage controllers, an open-loop simulation of
the battery cells was performed. To avoid complications that could tarnish the tuning
process, the battery cell model was modified by removing the SoC dependence of the
Rseries, R1, C1, and Voc circuit components. Instead, the corresponding values for a 60%

SoC were used.

As the battery cell receives the voltage output of the PI current controller as a
constant with no dynamics (DC-DC converters were not considered for the tuning
process), and due to the effect of the series resistor Rseries and the relatively large value
of C1, the battery cell displays an immediate current response after a step in the voltage
input. This response is largely dominated by the value of the difference between the
voltage input and Voc, divided by Rseries, a5 shown in Eqg. 31. This current value decreases
over a long period of time as Capacitor C1 gets saturated, converging to the value
described in Eq. 32.

Veer =V,
gy = % Eq. 31
Series
Veer =V,
Ipy = —L—9%¢ Eq. 32
RSeries + R1

To smooth the immediate response of the current against a change in the input
voltage, an LC filter between the battery cell and the DC-DC converter output has been
implemented as described in section 3.2.3. The addition of this filter allows the correct

tuning of the PI controller.

An open-loop simulation of the battery cells was conducted by replacing the
voltage loop by a controller voltage-source. The output of the voltage source is then
connected to the LC filter, which is finally connected to one of the battery cells. The
simulation was conducted for 2 seconds, with a step of voltage input from 4.2 to 4.25 (Au)
at the 1 second mark, causing a change (Ay) of 0.775529 A in the current of the cell.

System parameter k was deduced from the change in output and input during the step
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response, as shown by Eq. 33. Then system constant r1 (shown in Eqg. 34) was calculated
as the point in time, where the output reaches 63% of its final value. After that, parameter
k’was calculated as explained in Eq. 35. Then tuning parameter 7c was selected as 0.15
to provide a robust closed-loop response. This parameter has been fixed at a larger value
than the parameters chosen for the voltage-loop. Controller constants Kp,v and K v were
then calculated as shown in Eq. 41 and Eqg. 37. To keep the battery cell response within
adequate limits, the output of the PI current controllers was bound between 3.6 V and

4.25 V. These limits ensure adequate protection for the operation of the battery cells.

Ay  0.775529
e A Eq. 33
i G 15.5106
7, = 0.00076 s Eq. 34
k 15.5106
k' = —=—""" =20408.6579 Eq. 35
7, 0.00076 a
14\ /1 1 1
—(=\(2) = —0. Eq. 36
Kev (k) (r) (20408.6579) (0.15) 0.0003267 q
Kpy 0.0003267

Ky = = = 0.429814 Eq. 37
LV min(t,,47t,)  min(0.00076,0.6) b

Figure 25 shows a comparison between the open-loop response and the closed-
loop response of the balancing current. The desired balancing current value was fixed at
0.5 A. Note how although the open-loop system delivers a stable output at the beginning,
the balancing current value decreases over time as the VOC of the battery cell starts
increasing due to the cell being charged, as shown by Eq. 31. On the other hand, the
closed-loop system is capable of providing a stable balancing current during the whole

simulation, as it updates the reference voltage value appropriately.
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Figure 25. Comparison between open-loop and closed-loop response of the resulting balancing
current for a value of 0.5 A.

3.3.3.4 Parameters for the PI voltage and current controllers

Table 7 shows the tuned parameters of each PI controller, after following the

processes described in previous sections.

Table 7. Parameters for the Pl controllers used in the simulations.

DC-DC converter | Control loop | Kp Ki
_ Voltage 0.0013966 | 0.1552
Charging
Current 0.0003267 | 0.4298
_ . Voltage 0.0000135 | 0.027
Discharging
Current 0.0003267 | 0.4298

3.4 Development of the balancing algorithm

This segment explains the process behind the development of the proposed

MFCSA. One of the limitations of this active balancing topology is that only one cell can

be balanced at a time. This means that each converter can only be connected to one cell
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at once, which contrasts with passive balancing systems, where multiple cells can be
balanced at a time.

3.4.1 Multi-factor cell selection algorithm (MFCSA)

Balancing algorithms generally consider only one variable, either voltage or SoC.
However, this can lead to bad performance under varying cell parameters and can also
generate a slow response. Therefore, a new algorithm to select the cells to be balanced
is proposed here.

The proposed algorithm is based on the work of Piao et al. [21], which is built on
the distance outlier detection. This methodology is able to consider more than one
parameter to determine which cells need a balancing action, either increasing its charging
current or delivering its charge to other cells (or resistors). The algorithm follows the next
steps:

1. Calculate standardized z-score for each cell parameter.

_ n _Cell;; Eqg. 39
Cell; = Lizy Celly 9
n

— Eqg. 40
5 |Bii(Celty; — Cell)) g
] n—1

2. Determine distance of the cells to all other cells, based on z-scores.

D(Zyn, Zn) = |Ziny — Zps |2 + | Zypz — Zy, |2 Eq. 41

3. Calculate the outlier value of each cell by summing the distances of each cell.

W (Zy) = 2 ib(zm. Z) =

m=1 j=1
4. Calculate the outlier threshold and check if the outlier value of a cell surpasses it.
noowi Eq. 43
voat = 2n=1 W Zm) “
n
5. Select the cell with the lowest outlier value as the centroid for normal performing
cells and the cell with the highest outlier value as the centroid for the abnormal

performing cells.
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6. Calculate the distance of each cell to the centroids and classify them as either
normal or abnormal.

7. Calculate the error of each cell to the centroid and sum the errors.

Nm , Eq. 44
In= ) l1Zm =G
m=1
k k  Nm , Eq. 45
Jo=)m=) ) lzn=cl
j=1 j=1m=1

8. Re-calculate the centroids considering all cells in the classification.
9. lIterate steps 6-8 until a global minimum for the cumulative error is reached.
10.Cells classified as abnormal are to be selected for the balancing operation. The

specific operation will depend on the status of the cells.

The algorithm can be further explained using the flow diagram shown in Figure 26:
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Figure 26. Algorithm for selection of cells that require a balancing operation.

Extending on the idea proposed by Piao et al. a new MFCSA was developed [21].
The distance-based algorithm was implemented in Simulink™, using SimScape™ and
Stateflow™ blocksets and using the battery electrical models already established, as well
as the CCCV charging scheme. The algorithm was configured to consider up to three



different balancing factors. Once the cell information is fed to the MFCSA, the output
provides the appropriate values to control the switches that connect a determined battery
cell to the balancing module.

To ensure safe operation of the battery pack, appropriate means to check whether
temperature or voltage have exceeded safe operational limits were added to balancing
algorithm. When these limits are trespassed, the charger stops operating by controlling a
logic switch added to disconnect the energy source from the battery pack. It is important
to note that the upper cell voltage limit has been set to 4.25 V. Besides, charging also is
programmed to stop once one of the cells reaches 100% SoC or when the least charged
cell reaches 100% SoC within certain tolerance controlled by a variable called deltaSoC
to prevent overcharging.

The whole balancing algorithm along with the safety checks can be seen in Figure
27. Here, it is shown how the algorithm can enter to the disconnect mode at any time if a
cell voltage or SoC exceed the safety limits. The system can resume to charging mode

once a minute has passed and the readings are below the maximum safety limit.

Master

Start

Check cell
hd balance Pack + Cell

Balancing Conditions Disconnect

Activate

Charge? ’ Charging
< Converter

/

MFCSA

y  Activate
Discharge? | Discharging
A Converter

Figure 27. Proposed balancing algorithm with safety checks.

The new balancing algorithm comprises the following stages:
A. Master: Contains the cell selection algorithm and operates while cell and pack
conditions are within safe limits. It is divided into more sub-stages:

1. Start: All balancing modules are disconnected, i.e., all switches are set to 0.
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2. Balancing: MFCSA function is started to determine which cells need balancing
(either injecting extra charge or to liberate excess of charge). Depending on
the results of MFCSA, the adequate DC-DC Converter is selected. Values are
updated every 5 seconds.

3. Stop balancing: If no switch needs to be activated based on the results of the
MFCSA function, each switch is set to 0. MFCSA function is run every 5
seconds in this stage. If the result prompts the system to turn on one of the
switches and one of the cells SoC is different from the others by a value larger
than the tolerance, then the algorithm enters to the balancing mode once
again.

B. Disconnect: This status can be achieved after the charging process has been
finalized or an unsafe condition was achieved. If during operation it is detected that
a cell has a voltage over 4.25 V, then the system deactivates the balancing
modules and the master switch, disconnecting the energy source from the battery
pack. System conditions are evaluated once every minute to determine if the
operation can resume. If one of the cells reaches 100% SoC, then the master
switch is also disconnected. Charging also stops if the least charged cell reaches
full charge within tolerance. In this stage, balancing modules are also

disconnected.

3.4.2 Balancing factors

To improve the performance of the basic single factor balancing algorithm, a multi-
factor balancing scheme was developed as explained in previous sections. Three
different balancing factors were considered:

1. SoC: The actual state of charge of each cell, assuming that this quantity is exactly
known at any given time.

2. Voltage: The terminal voltage varies quickly depending on the current flowing
through the cell and due to the effect of the internal resistance RO. Therefore, using
this measurement for balancing can result in instability. Thus, VOC was chosen

instead, as it changes slowly during the whole cycle.
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3. SoE: Absolute remaining energy was also chosen as a balancing factor. As for the
SoC, the algorithm assumes that the actual SoE is known at any given time.

Every balancing factor is assigned a weight, which determines its influence on the
output of the balancing algorithm. The sum of the individual weights must be equal to 1.
Chapter 4 includes the results from simulations using different iterations of the proposed

balancing weights.
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Chapter 4

Numerical evaluation of proposed system

This chapter explains the simulation conditions and numerical results obtained of

the proposed balancing system in the developed battery simulation framework.

4.1 Simulation environment

A Li-ion cell was characterized using the data from the RW discharge experiments
presented by Bole at al. [45]. The characterization was performed in Matlab™ according
to the procedure described in Appendix I. A module of 20 cells was implemented using
SimScape™ blocks inside the Simulink™ environment. The proposed active balancing
circuit was also implemented in Simulink™ using SimScape™ blocks, while, for
comparison purposes, a passive balancing circuit for reference was developed using the
same simulation environment. Stateflow™ was used to control the execution of the
simulation, and to implement the proposed MFCSA, as well as other basic balancing

algorithms. The proposed control loop was executed using Simulink™ blocks.

4.2 Simulation conditions
This sections presents the conditions under which the proposed balancing system

was simulated are exposed.

4.2.1 Charging profiles

Two different charging profiles have been implemented to test the function of the
proposed balancing system. The first one corresponds to the constant current constant
voltage (CCCV) approach, while the second one corresponds to pulsed constant voltage
(PCV) charging scheme. To prevent the unbalanced cells to reach maximum voltage
before the others, a maximum constant voltage of 83 V has been fixed, instead of the
maximum module voltage of 84 V. This condition avoids overcharging cells with a

significantly smaller capacity than others.

4.2.1.1 CCCV charging profile
The CCCV scheme consists of a constant current control stage followed by a

constant voltage control stage. The system switches between the two stages once a
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threshold voltage has been reached. The voltage source of the CV section was set to
4.15 V/cell to comply with the requirements of these cells. Besides, the CC portion was
set to use a rate of 0.33C. The transition between the CC and CV stages is controlled by
the battery pack voltage. When the voltage of the pack reaches 83 V, the controlled
current source is disconnected, while the constant voltage source begins operation,
keeping a constant voltage of 83 V through the rest of the charging operation. Once the
charging current reaches a magnitude of 1/10 C rate, the charger is disconnected from

the battery pack. It is then assumed that the battery pack has been fully charged.

4.2.1.2 PCV charging profile

This method consists on feeding the battery pack with voltage pulses of constant
amplitude equal to the top charging voltage (4.15 V/cell for these cells), with a duty cycle
adjusted to achieve a balance between charging time and temperature rise. For simplicity,
a fixed duty cycle of 50% has been used for simulation [44]. Similar to the CCCV charging
scheme, a top voltage of 83 V has been fixed for this charging scheme. Pulses of 83 V
with a period of 60 seconds and 50% duty cycle are injected to the battery pack. Once
the resulting charging currents are below 1/10 C rate, the charging system is

disconnected. The battery pack is assumed to be fully charged.

4.2.2 Discharging profiles

Two different operational profiles have been implemented in the system simulation.
The first one corresponds to an agricultural tractor driving profile, which was obtained
from the EPA website [53]. This profile has a log of the percentage of speed and torque
during a cycle comprising 629 seconds. A power profile was derived from both logs and
scaled to the nominal power of the cell module (Eg. 46, Eq. 47). Out of this, a current

demand profile based on the actual module voltage was obtained as shown in Eqg. 48.

Power (%) = (Speed %)(Torque %), Eq. 46
Piom = (Vnom)(cnom) = 131.9832 Wh, Eq. 47
0,
[ = (Pnom)(PoweT (/0)) Eq. 48
Vmodule
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The corresponding speed and torque curves are shown in Figure 28, while the
power and current profiles can be seen in Figure 29. For this representation, a constant
voltage was used for power and current calculations; however, in the simulations, the

actual module voltage was used.
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Figure 28. Speed and torque of the EPA agricultural tractor driving cycle [53].
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Figure 29. Power and current curves derived from the EPA agricultural tractor driving cycle.
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Additionally, a speed and torque profile from a residential mower with a duration
of 1 hour was also considered. The power and current curves were derived following a

similar process as above. Figure 30 shows the power profile obtained from this process.
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Figure 30. Power profile obtained from the residential mower driving cycle.

It is worth to note that the power profile of the EPA agricultural tractor seems to
lean towards higher power percentages, while the residential mower profile leans towards
lower percentages. From this, a longer runtime can be expected from the residential

mower profile, as the battery module will constantly experiment lower currents.

4.2.3 Simulation cycle

A cycle consisting of three different periods is considered for the simulation of the
balancing system:

e Initial charging: Cells are initialized to around 60% SoC and randomly varied
between + 5% to induce a factory imbalance. Cells are then charged for up to 8000
seconds with a CCCV or PCV charging profile.

e Online operation: The cells are then discharged by using several instances of the
discharging profiles. For the EPA cycle, 15000 seconds are allocated for this
operation, while for the residential mower cycle, a time of 21000 seconds is

considered.
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e Second charging: The cells are then charged to full charge once again. This stage

has a fixed duration of 13000 seconds.

4.2.4 Balancing schemes

For benchmarking purposes, cells were simulated using three different balancing
approaches:
e No balancing.
e Passive balancing (enabled only during charging).

e The proposed active balancing system.

4.2.5 Cell conditions

To represent varying cell parameters due to manufacturing tolerances and
inaccuracies, all cells parameters RO, R1, C1, and Capacity are varied within £ 5% of
their nominal value. Accordingly, their initial SoC was varied within £ 5% of the initial SoC
setpoint, which has been set at 60%. To represent cells at different points of their life-

cycle, the capacity of 10 cells was decreased 20% of their initial nominal value.

4.3 Simulation results
Each of the following sections presents a specific aspect of the simulation results

for comparison.

4.3.1 Analysis on charging and discharging times

The charging time has been defined as the time it takes the charging system to
inject a current below 1/10 C rate to the battery pack. However, in special situations where
some of the cells have been aged considerably and no balancing system has been
implemented, the charging may stop before reaching the aforementioned current rate, as
some of the cells may reach their top voltage. In contrast, the runtime is the time it takes
for one of the cells in the battery pack to reach its minimum allowed SoC. For these tests,

the minimum allowed SoC has been set at 10%.
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Since the simulation cycle is composed of two charging periods and one
discharging period, two measurements for charging time and one for discharging time
have been considered. The results from the simulations are condensed in Table 8. In this
table, “charging time 1” and “charging time 2” represent the first and second charging
periods, respectively, while “runtime” stands for the discharging period. The results from
each balancing scheme have been compared to the simulations results obtained in the
system without a balancing method.

Table 8. Charging time and runtime results from simulations under passive and the proposed
active balancing schemes compared to simulations without a balancing system.

Balancing scheme

Charging time 1 (%)

Charging time 2 (%)

Runtime (%)

Passive

26.93

30.80

-3.57

Active

20.92

21.99

13.89

As shown in Table 8, the charging times have increased for both the passive and
active balancing systems. This is due to the fact that the battery pack is now able to
accept more energy, as aged cells reach their top voltage at a later time, which is a
consequence of achieving a better balance when compared to the rest of the cells.
Nonetheless, the increase in the charging times of the active balancing scheme is smaller
than the one observed in the passive balancing scheme, as the energy injected into the
battery pack is better distributed into the cells in the active scheme, instead of being
dissipated in some other elements. As a consequence, the runtime is considerably
increased with the active balancing scheme when compared to the unbalanced battery

pack.

4.3.2 Analysis on energy efficiency

The energy injected into the battery pack was obtained after subtracting the energy
dissipated in the balancing system (resistors, DC-DC converters, switches) from the
energy distributed by the charging system. Additionally, the energy that could be
extracted from the battery pack has also been measured. Table 9 shows an average of
the results from the different simulations including the CCCV and PCV charging schemes,

as well as the results obtained considering the EPA and residential mower discharging
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profiles. In this table, “energy in 1” and “energy in 2” stand for the two charge periods,
respectively, while “energy out” represents the energy extracted from the battery pack

during the discharge period.

Table 9. Energy results from simulations under different balancing schemes.

Balancing scheme | Energy in 1 (Wh) | Energy in 2 (Wh) | Energy out (Wh)
No balancing 47.20 105.45 96.56

Passive 49.61 101.92 93.03

Active 49.65 117.98 109.61

The injected and extracted energy results of the simulations under the passive and
the proposed active balancing scheme have been compared to the data obtained from
the simulations of the battery pack without balancing. This comparison has been laid out
in Table 10. The basis for the calculations of the percentages are the energy results
shown in Table 9, with the results from the simulations without balancing taken as the
reference. Furthermore, “energetic efficiency” represents the proportion of energy
injected by the charger that was effectively distributed into the battery cells, i.e., not
dissipated in other elements.

Table 10. Energy results from simulations under passive and the proposed active balancing
schemes compared to simulations without a balancing system.

Balancing Energy in 1| Energy in 2| Energy out|Energetic efficiency
scheme (%) (%) (%) (%)

Passive 5.27 -3.35 -3.66 85.24

Active 5.36 11.88 13.53 99.81

Notice that the proposed active balancing system ensures that more energy is
injected into the cells, which correlates with the longer runtime during discharge.
Accordingly, the energy extracted from the battery pack is also considerably larger with
the proposed active balancing method. Notice that, although the passive balancing
method managed to inject more energy during the first charge period, this extra energy

could not be efficiently used by the cells during discharge. As a consequence, some cells
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reach their SoC lower limit prematurely during discharge, which in its turn prevents some

cells to be fully charged during the second charge period.

The proposed active balancing method showed a high energetic efficiency with
only a small proportion of loss, which are mainly due to the switching and conduction
losses in the DC-DC converters and switches required to connect them to the battery
cells. In contrast, the passive balancing method showed a poor energetic efficiency as a
high amount of energy was dissipated in the balancing resistors. It is important to note
that the active system operated during both charge and discharge processes, while the

passive system was only operative during the charge process.

4.3.3 Analysis on cell balancing

The SoC of each cell in the battery pack was calculated by integrating the current
going through each cell and updating the initial SoC value, which was assigned at the
start of the simulation. After each simulation, the SoC values of each cell were inspected
to detect the cells with the lowest and highest SoC, and to calculate the mean SoC. The
information gathered from the simulations has been averaged and condensed in Table
11. The “min” column shows the average of the cells with the lowest SoC at the conclusion
of each period, while the “max” column shows the mean of the cells with the largest SoC.
Additionally, the “mean” column displays the average SoC value obtained by aggregating

the mean SoC value from each individual simulation.

Table 11. Balancing results from simulations under different balancing schemes.

Balancing Charging period 1 Charging period 2 Discharging period

scheme Min |[Mean |[Max |[Min [Mean |[Max |Min |Mean | Max

(%) | (%) %) | (%) | (%) %) | (%) | (%) (%)

No balancing | 87.65 | 92.83 |99.70 |87.65 [92.83 |99.70 |10 |17.34 |[23.08
Passive 9293 | 93.89 [95.14 [93.09 [93.89 |94.88 |10 |21.83 |28.56
Active 93.17 [ 93.90 [94.85 [93.32 [93.92 |9454 [10 |10.94 |11.66

As expected, the system with no balancing displayed the highest degree of

imbalance between the SoC values of the battery cells during the charging process,
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characterized by a large difference between the maximum and minimum values,
evidenced by a difference of 12.05% SoC after each charging period. In comparison, the
proposed active balancing scheme displays a difference of 1.68% SoC after the first
charging period, 1.22% SoC after the second charging period, while the passive
balancing scheme shows a difference of 2.21% SoC for the first charging period, and
1.79% SoC for the second charging period. Notice that the mean SoC value during
charging is not so different across the three balancing schemes. In contrast, there are
some noticeable differences in the discharging section, where the proposed active
balancing scheme displays a difference of 1.66% SoC between the fullest and emptiest
cells, while the passive balancing scheme and unbalanced battery pack show a difference
of 18.56% and 13.08% SoC, respectively.

Even though the passive and active balancing systems reached a similar mean
SoC (93.89% and 93.90%, respectively) and balance during charging, since for both
cases the difference between the highest and lowest SoC is below 2.5%, the proposed
active scheme was able to ensure a tighter balance during discharge. This is revealed by
the difference of 1.66% SoC for the proposed active balancing scheme and 18.56% SoC
for the passive balancing scheme. This characteristic enables a longer runtime as the
energy in each cell is distributed better among aged cells, preventing them from reaching

the minimum allowed limit of SoC.
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Chapter 5

Conclusions and future work

Li-ion cells have become a key component of several products, ranging from
consumer electronics to industrial and commercial vehicles. However, to exploit their
benefits in an optimal way, equipment manufacturers need to implement the appropriate
means for balancing and equalizing the cells in the battery pack of their product. Not doing
so may lead to a detrimental performance and may impact the battery service life
seriously. Nowadays, most providers have implemented traditional passive balancing
systems, which exhibit good balancing, but impact the energetic efficiency of the system
by dissipating energy. Furthermore, they cannot operate during discharge, as more
energy would be consumed, which severely limits the range of the vehicle or any other
system fed by batteries. Active balancing systems, which redistribute energy instead of
dissipating it, have also been explored in the literature, but their high implementation costs

and complexity have limited their usage.

This work proposed an active balancing system that targets lower implementation
costs, high robustness and fast balancing. The proposed system was composed by two
DC-DC converters and one switch per battery cell. One of the converters extracted
excess of energy from an overcharged cell and redirected it into the battery package;
while the other converter took extra energy from the battery pack and injected into a
discharged cell. This circuit contrasts with other active schemes, where one bidirectional
converter per battery cell is included, thus reducing the amount of parts and system

complexity.

A cell selection algorithm for balancing was also presented in this work, referred
to as the multi-factor cell selection algorithm (MFCSA). It was shown that, the MFCSA
increased the robustness of the system by enabling a multitude of states or variables to
be considered when selecting a battery cell for a balancing operation. This algorithm
weights state of charge (SoC), terminal voltage, and state of energy (SoE) to define which
battery cell needs to be connected to the balancing circuit. The usage of multiple inputs
has prevented the system from an excessive switching, which contributes on reducing

the stress on aged cells.
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Modern balancing systems are set to balance cells at fixed C rates, depending on
the application and the nature of the battery cells. However, an improved control loop
based on state of power (SoP) has been introduced as part of the proposed balancing
system to accelerate the balancing speed. With the use of the SoP, the system can inject
the maximum allowable current to a cell without damaging it and keeping its voltage and
SoC inside safe operational limits. As opposed to use of fixed C rates, the proposed
control loop maximizes the current that a charged cell can deliver and the current that a
discharged cell can receive. This is reflected by the possibility of the system to expand
the runtime of the application, which is due to the fact that the energy in the battery pack
is distributed better among cells during online operation. Besides, the energy that can be
injected into the battery pack during charging has also been increased, which is the
consequence of moving the excess of energy from the overcharged cells to the rest,

before anyone of them reaches its top voltage.

As part of future work, the proposed active balancing system could be
implemented physically and tested in different scenarios and with battery packs of diverse
characteristics and chemistries. Further tests could also include tests on commercial
products. Subsequent research will need to consider how this balancing system can be
introduced into an existing or a new BMS, ensuring compatibility between the control and

balancing routines.

This work provides the foundation for further research in the area of active

balancing systems. Several improvements have been identified and are listed as follows:

e The proposed algorithm only considered one cell for balancing operation. As
the system has two converters, the algorithm could be further expanded to
identify two cells for balancing, one to be connected to the charging converter
and one to the discharging converter.

e Other battery cell parameters or states can also be introduced to the proposed
algorithm MFCSA. For instance, state of health (SoH) can also be considered.

e The balancing strategy could be further optimized by planning the adequate
switch and converter sequence by considering fixed charging profiles.
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e Changes in the balancing circuit could be introduced, so that one converter can
be connected to more than one cell at the time if needed, which may increase

the balancing speed.
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Appendix I. Cell model parameter estimation

Each of the datasets contains a series of 1 A pulsed current reference discharge

cycles to allow cell characterization and aging observation after every 50 random walk

(RW) cycles [45]. An example of reference discharge cycle can be seen in Figure 31. To

estimate the parameters of the battery cells, the first cycle is extracted from every dataset

and fed into a parameter estimation algorithm.
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Figure 31. (a) Cell terminal voltage when discharged under a reference pulsed current cycle,
and (b) reference pulsed current discharge cycle.
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The parameter estimation algorithm is bases on the comparison of the response
of an equivalent circuit implemented as a SimScape ™ model (shown in Figure 32) loaded
with default parameters against the voltage and current data extracted from the datasets.
First, the VOC and RO parameters are initially estimated by analyzing only the voltage
profile. Second, the time constants of the RC circuits are initially calculated using a curve
fitting function over the pulse relaxation section at each SoC step. Then, both VOC and
Rx (resistance value for each RC branch) are estimated using a linear systems approach.
Finally, the parameters are fitted using the Simulink™ Design Optimization facility
available in Simulink™,

Battery Lifetime Voltage-Current Characteristics

R series R Transient_S R Transient_L

MWV AN
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Figure 32. Equivalent circuit cell model used for electrical parameter estimation.

The parameter estimation algorithm comprises the following stages:

1. Loading and preprocessing data: First, data is loaded into the object psObj, which
contains the current and voltage, as well as the time vector for the data of the
dataset. Second, the data is processed to identify the beginning and the end of
each discharge pulse (Figure 33). This information will be later used for parameter
estimation. In this stage, the number of desired RC branches is specified. For this
algorithm to work, the last discharge pulse must have been completed, in other

words, the current vector must end with a 0 value.
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Figure 33. (a) Cell terminal voltage when discharged under reference discharge current cycle,
(b) reference discharge current cycle, and (c) cell SoC when discharged under reference
discharge current cycle. Red dots limit section of curves corresponding to periods of discharge,

2.

while green dots limit section of curves corresponding to rest periods.

Initialization to default parameters: The object and models are then loaded with the

following default parameters:

VOC =4V

RO =0.05Q
R1=R2=R3=0.001Q
T1=5s,T2=100s,T3=500s

Estimation of the initial VOC: This step inspects the voltage obtained immediately
before and after applying the current pulse to determine the VOC and series

resistance RO, whose trajectories are shown in Figure 34. Note that this figure

corresponds to the parameter estimation of an ECM with 2 RC branches.
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Figure 34. Initial estimation of (a) VOC and (d) series resistance R0 against SoC. Initial values
for (b) time constant 1, (c) time constant 2, (e) resistor R1, and (f) resistor R2 are also shown.

4. Estimation of the initial TC: Applying a curve fitting function on the relaxation curve

(after the discharge pulse has been stopped), the evolution of the initial estimations

for the time constants are calculated as depicted in Figure 35.
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Figure 35. Initial estimation of (a) VOC and (d) series resistance RO against SoC. (b) and (c)
show the trajectories for time constants 1 and 2 after initial estimation under curve fitting against
SoC, while (e) and (f) show the initial guess for R1 and R2.
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5. Estimation of Rx: The program estimates the resistance values of each RC branch,
according to the time constants obtained and considering a linear system. Updated

resistance values are shown in Figure 36.
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Figure 36. Initial estimation of (a) VOC, (b) time constant 1, (c) time constant 2, (d) series
resistor RO, (e) resistance R1, and (f) resistance R2 against SoC, considering a linear system.

6. Simulink™ Design Optimization: Using the previous parameters as initial
conditions, the Simulink™ Design Optimization package is run through parallel

computing to fit the response of the model to the data from the dataset. The final

parameter values are shown in Figure 37.
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Figure 37. Final parameters of (a) VOC, (b) series resistance RO, (c) time constant 1, (d)
resistance 1, (e) time constant 2, and (f) resistance 2 against SoC, after design optimization.

7. Creation of look-up tables: The parameters generated through the algorithm are

stored into 1D look-up tables, which are ready to be used in other simulations.

Table 12 summarizes the parameters obtained from the parameter estimation

algorithm for the RW4 cell with 3 RC branches. The values show in the table correspond

to the individual look up tables, that were generated after analyzing the RW4 cell data

under the parameter estimation algorithm. Note how the first RC branch has a smaller

time constant when compared to the second and third RC branches. The nonlinearity of

the parameters, others than VOC, can also be observed.

Table 12. Electrical parameters obtained from the electrical parameter estimation for a 3RC

ECM model.
SoC VOC (V) | RO(Q) | R1(Q) | C1(F) R2 (Q) | C2 (F) R3 (Q) | C3 (F)

0 3.6888 | 0.1002 | 0.0153 | 80.0089 | 0.0452 | 1130.3306 | 0.0190 | 36329.0063
0.0909 | 3.7390 | 0.0840 | 0.0148 | 83.3790 | 0.0475 | 1520.0583 | 0.0419 | 16943.4645
0.1818 | 3.7671 | 0.0889 | 0.0144 | 84.8834 | 0.0491 | 1592.2075 | 0.0430 | 12161.7634
0.2727 | 3.7842 | 0.0879 | 0.0149 | 72.1798 | 0.0480 | 1568.4394 | 0.0313 | 18984.7273
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The parameters obtained from the estimation have been used to simulate the battery
cell with 1, 2 and 3 RC branches. Figure 38 shows the results of simulating the battery
using ECMs with a different quantity of RC branches. It can be noted how the results from
the simulation with 3 RC branches follow the original data more closely and thus have a
smaller error percentage. Figure 39 shows a closeup portion of the cell voltage curve,
where it can be observed how well the different RC branches can estimate the dynamic

response of the battery cell.
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Figure 38. Comparison of 1RC, 2RC, and 3RC models showing (a) cell voltage and (b) error
percentage when the reference of the discharge pulse is applied to the system.
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Figure 39. Detail of the comparison of the cell voltage resulting from models with different RC
branches.

The maximum and mean errors are summarized in Table 13. As expected, the
model with 3 RC branches provides the best fit for this dataset, as both mean and
maximum errors are the smallest. It is important to note how the mean error decreases

from 1 RC to 2 RC, but it does not change much going from 2 RC to 3 RC. However, the
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maximum error shows a significant change. Therefore, it was initially proposed to

continue this research by using a 3 RC model.

Table 13. Summary of comparison between 1RC, 2RC, and 3RC models under the reference of
the discharge pulsed current.

Characterization 1RC 2 RC 3RC
Mean error (%) ‘ 0.1254 0.0572 0.0402

Maximum error (%) ‘ 2.9606 3.0292 2.1217

To further test the obtained battery models, a RW experiment included in the
dataset was used for comparison. The RW experiment consists in exposing the fully
charged cell to load pulses with a duration of 5 minutes and a random current value
between 0.5 A and 4 A. The RW profile used for validation is shown in Figure 40.
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Figure 40. RW current profile showing how current varies between 0 and 4 A at fixed intervals.

The current profile was loaded into each battery model to observe their response.
This information was then compared to the values in the dataset to calculate the mean

and maximum errors.
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Figure 41. Comparison of 1RC, 2RC, and 3RC models showing (a) cell voltage and (b) error
percentage when a random walk discharge profile is applied to the cells.

Figure 41 shows that the model with the best performance was the circuit with just
1 RC branch. This can be attributed to the fact that the parameter estimation was
performed with information pertaining to one discharge rate only. Notice that more RC
branches could provide a better fit for characterization experiments where multiple
discharge rates are used; however, when used for just one discharge rate, the obtained

parameters could be overfitted to the provided profile. This explains why the errors in the
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3 RC model are larger than those obtained with the 1 RC model. Therefore, the 1 RC
model was deemed more accurate for simulations with varying discharge rates. The
errors for each model are summarized in Table 14. Although the maximum error of the
1RC model surpasses 17.4 %, the mean error is just above 1%, which provides accurate

simulation results at a lower computational cost.

Table 14. Summary of comparison between 1RC, 2RC, and 3RC models under RW discharge.

RW 1RC 2 RC 3RC
Mean error (%) 1.0356 1.1326 2.7060

Maximum error (%) | 17.4383 16.8228 19.0284
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Appendix Il. Simulation of voltage-based passive balancing algorithm

A battery charger along with a passive balancing topology and default balancing
algorithm implemented on Stateflow™ were loaded with the parameters found during the
parameter estimation to test the performance of the balancing system and of three cells
during charging and balancing. The charger considers a CCCV strategy, i.e., a constant
charging current is injected into the battery pack until a threshold voltage is reached. A
threshold of 11.5 V has been fixed defined for this experiment. Then, the constant voltage
strategy is applied. This stage considers a voltage of 12.59 V to fully charge the cells. The
resistors for the passive balancing were set to 2.5 Q, while a charging current of 0.3 C
(0.5499 A) was also implemented. The layout of the CCCV charger can be seen in Figure
42,
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Figure 42. CCCV charger circuit. Solid lines represent electrical flow, while dashed lines
represent information flow.

Figure 43 shows the structure of the battery pack and the passive balancing
system. R1, R2, and R3 are the bleed resistances, where extra energy from the highest-

SoC cells is dissipated. The information of each battery cell is sent to the “Balancing
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algorithm” block. This algorithm defines which FET should be activated, i.e. decides which
cell needs to unload some energy. The decision is taken by analyzing the VOC of each

cell.
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"
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Figure 43. Battery pack comprising 3 individual cells connected to the passive balancing
system, which includes a simple balancing algorithm.

The balancing demo provided in Simulink™ includes a simple algorithm developed
in Stateflow™, which is shown in Figure 44. This algorithm receives the VOC of each cell
after being processed by a sensor (simulated by a transfer function with a large time
constant) and decides which cells need to be connected to the resistors to bleed out the
excess of energy. This is achieved by turning on the corresponding switching control
variables s1, s2 and s3 corresponding to the specific FET attached to each battery cell.
The process starts and stops by comparing the largest VOC difference against the deltaV

parameter, which has a default value of 0.01 V.
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Figure 44. Basic Stateflow™ balancing algorithm for passive balancing considering only VOC.

The algorithm is described as follows:
1. Atthe init stage, the switching control variables s1, s2 and s3 are initialized to cero.
No cell is dissipating extra energy.
2. A comparison between the highest VOC and the lowest one is performed, if the
difference is greater than deltaV, then the algorithm goes into the balancing mode.
3. In the balancing mode, the cells’ VOCs are sorted in a descending order, with the
lowest voltage in the last position.
4. Depending on the index of the cell with the lowest voltage, the algorithm can enter
to different stages:
a. S1_S2: Here the lowest VOC belongs to cell 3. Therefore, the switches for
cell 1 and cell 2 are turned on, so they can start dissipating extra energy.

After each iteration, VOC values are resorted once again. If a different cell
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is found to have a lower value, then the algorithm enters the corresponding
stage, but first, all switching variables are turned off to stop dissipating
energy.

b. S1 _S3: This stage corresponds to cell 2 presenting the lowest VOC.
Switches for cells 1 and cell 3 are turned on.

c. S2_S3: The algorithm enters this stage when cell 1 was found to have the
lowest VOC. Switching variables corresponding to cells 2 and 3 are turned
on.

5. After each iteration, the difference between the highest and the lowest VOC values
is compared against deltaV once again. If the difference is lower than the
threshold, then the algorithm enters to the finish stage, where all switches are
turned off to stop balancing.

6. The system can re-enter to the balancing mode if the difference between the
highest and lowest VOC is larger than deltaV, and at least 1 second has passed

since the algorithm went into finishing mode, previously.

As mentioned before, the values of VOC read by the algorithm are processed by
a transfer function that emulates the low-pass filter function of the sensor. This transfer
function is given by Eq. 49:
1
Toorr*s+1

Eq. 49

The T_volt parameter has a default value of 600, which causes a very slow
response of the signal and prevents the algorithm from oscillating. Figure 45 shows the
behavior of the VOC as directly measured from the cells and after being processed by
the sensor, respectively. Notice how, even though the actual VOC of each cell is in fact
different, the filtered signals show only a very small difference between the VOC of each
cell.
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Figure 45. VOC of the three cells for the (a) unfiltered measurement, and (b) after LPF action of
the sensor. Signals processed by the filter show very small variation when compared to each
other.

To validate the basic balancing algorithm provided by Simulink™, several
simulations were carried out by using varying cell parameters and different initial SoC.
The following limitations can be observed in this single factor balancing scheme, which
only considers one system state (e.g. VOC):
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e The algorithm only considers the VOC state, disregarding the actual SoC and cell
terminals voltage.

e No protection for over-current and over-voltage is provided. Cells can easily go
beyond the safe limits.

e A somewhat slow response is obtained (around 2 hours for full charge).

e The algorithm tries to send more charge to only one cell at a time, i.e., it forces
dissipation of energy in all other cells. This means that even though two cells could
have a similar SoC, one of them dissipates energy, while the other is being
charged. For example, in a battery pack of 3 cells with SoC of 0.1, 0.11, and 0.2,
the last two cells dissipate energy, while only the one with the lowest VOC (and
presumably lowest SoC) will be charged.

e As the VOC signal is heavily filtered, some steady-state voltage difference may
remain when faced with time-varying cell parameters.

¢ If cell parameters are not the same between cells, then some cells may reach more
than 100% SoC.

The default balancing algorithm has some flaws that may lead to an excessive
stress in stronger cells, as well as to differences in final SoC. Therefore, an algorithm that
considers cell SoC, along with cell voltage, must be developed to ensure safe operation

of the cells and appropriate balance, which is the motivation of the present work.
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