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ABSTRACT

This report explores the study and development of a battery management system for lithium-ion
batteries, which are widely used in electric vehicles, renewable energy storage, and portable elec-
tronics due to their high energy density and efficiency. A battery management system is essential for
ensuring the safety, reliability, and performance of these batteries by monitoring critical parameters
such as voltage, current, and temperature. It also plays a crucial role in balancing the cells to prevent
issues like overcharging, overheating, and capacity loss.

The report reviews key methods for state estimation, including Coulomb Counting, Voltage Mon-
itoring, and Kalman Filtering. These techniques were analyzed to understand their accuracy,
complexity, and suitability for dynamic conditions. For cell balancing, both passive and active
methods were compared. The proposed system design uses an STM32F409 Discovery Board for
prototyping and includes key components like TMP36 temperature sensors, AD8418A current am-
plifiers, and a multiplexer to handle multiple data inputs. Voltage monitoring is achieved through
buck converters that step down the pack voltage for ADC measurement.

While the design is in its early stages and does not yet include complete hardware implementation,
it provides a solid base for future work. The next phase will focus on creating detailed circuit
diagrams, running simulations, building a prototype, and testing the system under real-world con-
ditions. This report explains the challenges of designing a battery management system and suggests
ways to manage lithium-ion batteries effectively.
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1 INTRODUCTION

As the demand for sustainable energy increases, Li-ion batteries have become essential for a variety
of applications due to their high energy density, long lifespan, and efficiency. These batteries are
widely used in EVs, renewable energy storage systems, and portable electronics [2,14,15]. However,
issues such as overcharging, overheating, over-discharging, and imbalanced cells pose significant
challenges, leading to safety risks, inefficiencies, and reduced battery lifespan [3, 15].

A Battery Management System (BMS) is essential for ensuring the safety, efficiency, and long life
of Li-ion batteries. The BMS monitors important parameters like State of Charge (SoC) and State
of Health (SoH) to improve performance and identify potential issues [16, 17]. It also performs
cell balancing to make sure all cells have the same charge level. This can be done using passive
methods, which waste extra energy, or active methods, which move energy between cells [1,16, 18].
These functions are vital for preventing safety risks like thermal runaway, especially in large battery
packs [15,16].

Despite progress in BMS technology, challenges remain. Accurate SoC estimation during dynamic
conditions, such as fast charging or high-power discharging, needs strong algorithms. Common
methods like Coulomb Counting, Voltage-based approaches, and Kalman Filtering are widely used
but have trade-offs in accuracy, complexity, and adaptability. [1,7,17].

Modern BMS designs are now including real-time fault detection features to improve system
reliability and ensure the safety of EVs and other applications. [17]. Furthermore, advanced
monitoring systems for Li-ion battery packs are increasingly recognized as essential for improving
operational efficiency and extending battery life [19].

This report examines the challenges and advancements in Battery Management Systems for Li-
ion batteries. It provides an in-depth review of voltage, current, and temperature measurement
techniques, SoC and SoH estimation methods, cell balancing strategies, and safety mechanisms.
Additionally, the report outlines a proposed BMS design, integrating insights from the literature to

create a practical and cost-effective solution.



2 BATTERY MANAGEMENT SYSTEM OVERVIEW

Li-ion batteries are widely used today because they are efficient and can store a lot of energy. They
are important for EVs, renewable energy systems, and many portable customer electronics. How-
ever, these batteries are sensitive to problems like overcharging, overheating, and over-discharging,
which can cause safety risks and reduce their lifespan. To solve these problems, battery management
systems are needed [2, 14, 15]. A simplified block diagram of a BMS is shown in Figure 1 and

2, showing the key components of BMS and how they interact to battery and manage the battery pack.

A BMS is a system that monitors and controls how the battery works to make sure it is safe and
efficient. It checks important values such as voltage, current, and temperature to keep the battery
working in safe conditions. The BMS also calculates the battery’s SoC, which shows how much
energy is left, and its SoH, which tells how much the battery has degraded over time [1, 17]. These

functions help prevent dangerous situations like overheating, known as thermal runaway [17, 18].

Balancing control Discharging control || Charging control Internal and external
management management management information interaction
T Battery
Energy control information
management display
Over-temperature Information Séo:tage’ of
protection management 1 atery's
historical
Over-charge and information
over-discharge «—{ Safety protection |<—| Battery Management System |
protection 7
Over-current Battery State Key Parameters Battery voltage
protection Analysis Monitoring monitoring
; l Battery current
State of Charge State of Health State of Function monitoring
evaluation evaluation evaluation
Temperature
monitoring

Figure 1: Specification of Battery Management System [1].
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Figure 2: BMS Block Diagram [1].

Another important job of the BMS is to balance the charge between the battery cells. This is needed
because some cells may hold more charge than others. Passive cell balancing wastes extra energy as
heat, while active cell balancing moves energy from one cell to another to make them equal. Active
balancing is often better for larger battery packs because it saves energy and helps the battery last
longer [8, 16].

There are three types of BMS. Centralized BMS has all the controls in one place, which is simple
and cheap for small systems. Modular BMS divides the battery into smaller units, each with its own
control, which works better for bigger systems. Distributed BMS has each battery cell managed
separately, giving the best accuracy, but it costs more and is mainly used in complex systems like

EVs [20].



3 LITHIUM-ION BATTERIES

3.1 Safety Concerns:

The concept of functional safety is outlined by various standards, such as IEC 61508 and ISO 26262,
which is specifically for the automotive industry. Functional safety is defined as “the part of the
overall safety of a system or piece of equipment that depends on the system or equipment operating
correctly in response to its inputs.” A BMS must operate accurately based on its inputs to ensure
battery safety [15].

In the context of a battery management system, hazard analysis is the process of identifying potential
dangers that could arise from the system’s failure to perform its functions correctly.

Common risks in battery management include failing to prevent overcharging, overdischarging,
or overcurrent, exposure to very high or low temperatures, incorrect estimates of SoC and SoH,
reduced battery capacity, and internal cell defects. All of these issues can harm both safety and
performance. [15].

Overcharging of Li-ion cells begins when the cell voltage exceeds a value between 3.75V and
4.2V. Overdischarge refers to discharging a cell beyond 100% Depth of Discharge (DoD). If the
overdischarge current is sufficiently high, the cell voltage decreases rapidly and may even reverse.
The minimum allowable discharge voltages range from 1.8V to 2.5V per cell.

The lifespan of Li-ion cells varies from 300-800 cycles to tens of thousands of cycles, depending
on whether the cells are optimized for high cycle life. Calendar life can range from a few years to
10 to 15 years for some cells.

Exposure to high temperatures not only accelerates cell degradation but may also lead to thermal
runaway, a condition in which the activation temperature of various exothermic (heat-generating)
chemical reactions inside the cells is reached. This rapid degradation results in a large release of
energy, leading to cell venting, a temperature rise, fire, or explosion. The acceptable temperature
range for most cells is such that degradation rates increase above 45°C to 55°C, and safety limits
are reached between 60°C and 100°C. Most Li-ion cells experience limited performance, especially

in charging capability, at low temperatures. Many cells recommend against charging below 0°C,



though some permit low-rate charging down to -10°C [7].

Standard hazards in battery management can be categorized as follows:

* Manufacturing Issues: Microscopic metal particles can cause internal short circuits, leading

to thermal runaway.

* Design Limitations: Ultra-thin separators in high-energy cells are more prone to defects and

overheating.

* Stress Events: Overcharging, freezing temperatures, or vibrations can increase the likelihood

of failure.

* External Factors: Incorrect handling, such as charging at extreme temperatures or storing

fully discharged cells, increases the risks.

Guidelines for safely using Li-ion batteries include the following:

1.

A malfunctioning Li-ion battery may start to hiss, swell, and leak electrolyte.

. The electrolyte, consisting of Li salt in an organic solvent (lithium hexafluorophosphate), is

highly flammable. Burning electrolyte can ignite nearby combustible materials.

. Use water or a regular fire extinguisher to extinguish a Li-ion battery fire. However, a Class

D fire extinguisher should be used specifically for lithium-metal fires, as water can react with

lithium. (Li-ion batteries contain only a small amount of lithium metal that reacts with water).

. If a Class D extinguisher is not available, use water to contain a lithium-metal fire and prevent

it from spreading.

To achieve the best results in extinguishing a Li-ion fire, use a foam extinguisher, CO2, ABC
dry chemical, powdered graphite, copper powder, or soda (sodium carbonate). These are used
similarly to extinguish other types of combustible fires. Class D extinguishers should be kept

for lithium-metal fires only.

. If it is impossible to extinguish a burning Li-ion battery, allow the pack to burn in a safe and

controlled environment.



7. Be aware of cell propagation, as each cell may catch fire at different intervals when exposed to

heat. Keep a seemingly extinguished pack outdoors for a period to ensure complete safety [15].

3.2 Charging/Discharging States

In the case of Li-ion batteries being charged over time; the voltage and current changes in the battery

cells in the constant current charge, saturation charge, ready and standby stages can be seen in the

table below.

In the Figure 3 and in the first stage, the voltage value increases in direct proportion to time, while

the current is seen to be constant one ampere until the saturation stage. During the saturation

process, the voltage has peaked and the current decreases inversely proportional to time. In the

charge terminates stage, where there is no current, the voltage is seen to drop slightly and then

increase again.

Voltage per cell
m— w w— == Charge current

Stage 1 | Stage 2 , Stage3 Stage 4
Constant current | Saluration I Ready; Standby
charge : charge : no current mode
1.25 ! ! I 5
I I I
| [ I
| |
1.00 et TSN L~ 4
‘ | |
I
A | \(
— | \ | | P
< 075 : \ ! = g b
= : \ : : S
2 | \ | | 3
3 | \ I I °
O 050 . S . . 20
| N Terminate |
| N charge when |
| N current < 3% of |
0.25 : \\‘\ rated cumlant : 1
| N~ | |
| |
1 2 3
Time (h)

Figure 3: Charge Stages of Li-ion [2].

In the Figure 4 below, how the current and voltage changes behave when the battery is being charged



can be seen with 1C charge rate. In addition, how the battery’s charge capacity changes and the

change in charge current are observed as a percentage.

s | - = ,
& 4.5 l 7 Constant voltage 90
g 4.0 =T, z 80
Framml N "
= /<\~ Charge capacity Charger float voltage ;
O 3.0 | 7/ —t— — 60 G
©
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= 80 2.0 1 7N | | 40 §
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S 6015 = | 4 30 &
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o 401.0 7 —+ — 20
& N
& 2005} 7/ | 10
- 0 0 0
0 0.5 1.0 1.5 2.0 25 3.0

Charge time (hr)

Figure 4: Volts/Capacity vs. time when charging the battery [2].

Sample Guidelines for Discharging Batteries:

1. Heat increases battery performance but reduces its lifespan by half for every 10°C rise above

25-30°C (18°F above 77-86°F). Therefore, always aim to keep the battery cool.
2. Avoid over-discharging, as cell reversal can lead to electrical failure.

3. To reduce stress on the battery during high-load and repetitive full discharges, opt for a larger

battery.

4. A moderate DC discharge is preferable for battery health compared to pulse or heavy instan-

taneous loads.

5. When discharging at high frequencies, a battery behaves like a capacitor, allowing for higher

peak currents than would be possible with a DC load.



6. Nickel and lithium-based batteries exhibit fast chemical reactions, while lead-acid batteries

are slower and need a few seconds to recover between heavy loads.

7. All batteries experience stress when pushed to their maximum allowable limits [3].

3.3 Energy Cell and Power Cell

Early Li-ion batteries were once seen as fragile and not suitable for high-demand applications.
However, this view has changed over time, and today lithium-based systems are as reliable as the
stronger nickel and lead-based batteries. Two main types of Li-ion batteries have been developed:
the Energy Cell and the Power Cell.

The performance of these two types is determined by their energy storage capacity, often referred
to as capacity, and their ability to deliver current, also known as loading or power.

The Li-ion Energy Cell is designed to provide maximum capacity, offering extended runtimes. A
notable example is the Panasonic NCR1865B Energy Cell, which has a high capacity but is less
durable when discharged at 2C. At a discharge cutoff of 3.0V per cell, the 2C discharge yields
approximately 2.3Ah, which is lower than the specified 3.2Ah. This type of cell is ideal for light
applications like portable computing. For instance, the 3,200mAh Energy Cell is tested at discharge
rates of 0.2C, 0.5C, 1C, and 2C. The circle at the 3.0V per cell line represents the end-of-discharge
point at 2C [3].

Discharge characteristics (mAh) of Li-ion energy cell is shown in the Figure 5.
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Figure 5: Discharge characteristics of energy cell [3].

The Panasonic UR18650RX Power Cell, shown in Figure 6, serves as an example of a cell with
moderate capacity but outstanding load-handling capabilities. A 10A (5C) discharge shows minimal
capacity loss at the 3.0V cutoff voltage. This cell performs well in applications that require heavy

load currents, such as power tools.



Charge:  CC-CV 0.7C (max) 4.20V, 39mA cut-off at 20°C
4.5 I Discharge: CC, 2.5V cut-off at 20°C
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Figure 6: Discharge characteristics of energy cell [3].

The 1950mAh Power Cell is tested at discharge rates of 0.2C, 0.5C, 1C, 2C, and 10A, and all tests
reach the 3.0V per cell cutoff point at around 2000mAh. The Power Cell, while having a moderate
capacity, is capable of delivering high current.

The Figure 7 below examines the number of full cycles a Li-ion Energy Cell can endure when
discharged at different C-rates. At a 2C discharge, the battery exhibits far higher stress than at 1C,

limiting the cycle count to about 450 before the capacity drops to half the level [3].
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Figure 7: Cycle life of Li-ion energy cell at varying discharge levels [3].

3.4 Battery Capacity and Backup Safety

Spare capacity refers to the portion of a battery’s total capacity that remains unused during normal
operation. This reserved capacity is crucial for extending battery life, improving system reliability,
and providing a buffer for emergency situations. By limiting full charge and discharge cycles, spare
capacity reduces battery stress and slows degradation over time.

Spare capacity should be calculated based on worst-case scenarios. As demonstrated in Figure 8,
the allowable capacity range is typically 80-100 percent, with a recommended spare capacity of 20
percent for critical applications. More reserve capacity should be allocated when operating at cold

temperatures [4].

100%
Fade
80%
Spare
60%
Actual
Energy

Figure 8: Calculating spare battery [4].
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4 METRIC MEASUREMENTS

The BMS is very important for keeping Li-ion batteries safe, efficient, and long-lasting. This
section explains the main tasks of a BMS, such as monitoring key values like voltage, current, and
temperature. These values are used to estimate important states like the SoC, balance the cells, and

detect faults. Each of these tasks is important to make sure the battery works well and stays reliable.

4.1 Monitoring Voltage

Voltage monitoring is one of the most important tasks of a BMS. It helps keep the battery pack safe
by checking for problems like overcharging, over-discharging, and differences in voltage between
cells. If these problems are not detected, they can cause the battery to perform poorly, overheat, or
even fail completely.

There are two main types of voltage measurement in a BMS: individual cell and pack-level. Both

types play important roles in ensuring the safety and performance of Li-ion batteries. [1, 7]

* Cell-Level Voltage Measurement:
Individual cell voltage measurement is important for maintaining cell balance and identifying
weak or faulty cells. Wires connect each cell to a multiplexer, which sends the voltage data to
an ADC as shown in the Figure 9. The ADC converts the analog voltage into digital data that
the BMS can read.

12
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Figure 9: Cell Connection to Multiplexer. [5].

* Pack-Level Voltage Measurement:
Pack-level measurement focuses on the total voltage across the entire battery pack. While this
method is simpler and less costly, it does not provide detailed information about individual

cells, making it suitable for small or less critical systems [7,17]

4.2 Methods for Measuring Voltage

Different methods for measuring voltage in a BMS are designed to ensure accurate and reliable

monitoring of the battery pack.

» Analog-to-Digital Converters: ADCs are most commonly used for digitizing voltage data.
They provide high-speed and accurate measurements essential for real-time monitoring [1],

one of the example is shown in Figure 9.

* Differential Operational Amplifiers: Differential amplifiers can measure the voltage differ-
ence between two points while ignoring common noise, making them ideal for applications

with series-connected cells and high common-mode voltages [1].

* Integrated Circuits: Specialized ICs, such as LTC6804, are designed for high-precision
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voltage monitoring. They integrate multiple features, including voltage, temperature, or

current detection all in one while reducing the complexity of the circuit [21].

Table 1 compares voltage measurement methods based on accuracy, cost, complexity, ease of
use, and their application scenarios. The comparison includes the methods previously explained,

highlighting their strengths and limitations in different contexts.

Table 1: Comparison of Voltage Measurement Methods.

Method Accuracy Cost Complexity Ease of Use Applications
Analog-to-Digital Convert- | High Moderate Moderate High Real-time monitoring
ers (ADCs)

Differential Operational | Very High High High Moderate Series-connected cells
Amplifiers

Integrated Circuits (ICs) Very High Variable Low High High-precision systems

4.3 Monitoring Current

Monitoring current is just as important as monitoring voltage because it tracks the energy moving
into and out of the battery pack. This information is crucial for calculating the SoC and detecting

unusual situations, like overcurrent or short circuits [1,7].

4.4 Methods for Measuring Current

There are different types of current measurement methods used in a BMS, each designed for
specific applications. These methods ensure accurate and reliable monitoring, which is essential

for managing the battery’s performance and safety.

* Shunt Resistors:
Shunt resistors are a common method for measuring current. Works by measuring the voltage
drop across a small resistor placed in series with the current path. This method is accurate
and affordable but generates heat, especially in high-current systems. Shunt resistor diagram

is shown in the Figure 10 [6,7]
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Figure 10: Shunt Resistor Diagram [6].

Amplifiers enhance weak signals from the shunt resistor or Hall-effect sensor, allowing the

ADC to process the data more effectively [7].

* Hall-Effect Sensors:
Hall-effect sensors work by measuring the magnetic field produced by an electric current and
turning it into a voltage signal that matches the current level. These sensors are non-invasive,
meaning they don’t interfere with the current flow, which makes them a great choice for high-
current systems. However, they tend to be a bit less precise and more costly compared to shunt

resistors. [7].
To improve accuracy, current measurement systems often use filters to reduce electrical noise. This
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method ensures that the signals reaching the ADC are cleaner and more reliable, allowing for precise

current measurements even in noisy environments [1,7, 17].

Table 2 compares current measurement methods based on accuracy, cost, complexity, ease of
use, and their application scenarios. The comparison includes the methods previously explained,

highlighting their strengths and limitations in different contexts.

Table 2: Comparison of Current Measurement Methods.

Method Accuracy Cost Complexity Ease of Use Applications
Shunt Resistors High Low Low High Low-to-medium current systems
Hall-Effect Sensors Moderate Moderate Moderate High High-current applications

4.5 Monitoring Temperature

Monitoring temperature is one of the most important tasks in a BMS because Li-ion batteries are
highly sensitive to temperature changes. Excessive heat can cause thermal runaway, a dangerous
condition where the battery overheats uncontrollably, potentially leading to fires. Low temperatures,
on the other hand, reduce the efficiency and capacity of the battery and performance [1].

By tracking temperature, the BMS can ensure the battery operates in safe range, which is typically
between -0°C and -10°C on the low end and +45°C to +65°C on the high end. The measured data
helps the BMS manage cooling and heating systems to prevent overheating or freezing. Additionally,
temperature data can be used to adjust charging and discharging rates, ensuring optimal performance

and extending the battery’s lifespan [5, 7].

4.6 Methods for Measuring Temperature

There are several methods to monitor temperature in Li-ion batteries, each using different types of

sensors that are chosen based on accuracy, cost, and application.

* Thermistors:
These are temperature-sensitive resistors widely used in BMS designs for monitoring tem-
perature. Thermistors change their resistance as the temperature changes, allowing precise
measurements. There are two main types of thermistors: Negative Temperature Coefficient

(NTC) and Positive Temperature Coefficient (PTC) [22].
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Resistance (Q)

— NTC Thermistors: NTC Thermistors have a resistance that decreases as the temperature
increases, as shown in the Figure 11. NTC thermistors are commonly used in BMS
systems due to their high sensitivity and wide operating temperature range. They are

ideal for applications requiring precise temperature control, such as preventing battery

overheating.

— PTC Thermistors: PTC Thermistors have a resistance that increases as the temperature
rises, a complete reverse version of NTC. PTC thermistors are often used for overcurrent

protection or as temperature sensors in applications where a rapid response to temperature

increase is needed.

Both types of thermistors are compact, cost-effective, and easy to integrate into BMS systems,

making them a popular choice for temperature monitoring [7,22].

Resistance of 100K thermistor
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Figure 11: Thermistors vs. Temperature Relation [7].

* Resistance Temperature Detectors:
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RTDs measure temperature by changing resistance in response to temperature changes. Even
though both RTDs and thermistors operate by this principle, there are important differences
between the two methods. RTDs are made of pure metals, such as platinum, which provide
higher accuracy and stability over a wide temperature range, typically from -200°C to 850°C.
This makes them more suitable for high-end applications like EVs. However, RTDs are more
expensive and require additional circuits, such as amplifiers, to process their signals effectively.
Despite these challenges, their reliability and precision make them valuable in systems needing

high accuracy. [23].

* Infrared Sensors:
Infrared sensors measure surface temperature without physical contact, making them ideal for
sealed battery packs. However, they are more expensive and can be sensitive to environmental

interference [24].

Table 3 compares temperature measurement methods based on accuracy, cost, complexity, ease of
use, and their application scenarios. The comparison includes the methods previously explained,

highlighting their strengths and limitations in different contexts.

Table 3: Comparison of Temperature Measurement Methods.

Method Accuracy Cost Complexity Ease of Use Applications
Thermistors Moderate Low Low High General BMS systems
RTDs (Resistance Tempera- | High High Moderate Moderate High-end applications

ture Detectors)

Infrared Sensors High High Moderate High Sealed or hard-to-access packs

Monitoring voltage, current, and temperature is very important for a BMS. These measurements
show the battery’s condition and help it work safely and efficiently. Using sensors and methods, the
BMS protects the battery, improves its performance, and makes it last longer. This is essential for

modern systems like EVs, renewable energy storage, and customer electronics [7].
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5 State Estimation

State estimation is one of the most important functions of a BMS as it provides important information
about the battery’s condition and performance. Understanding these metrics helps prevent damage
caused by overcharging, deep discharging, self discharging and excessive cycling, which can lead to
reduced efficiency and capacity loss. This section discusses the main state estimation metrics, such
as SoC, SoH, DoD, and EoL, with the methods used to determine them. Accurate state estimation
is important in applications like EVs and renewable energy systems, where variations in load and

temperature significantly affect battery performance and lifespan [7,25].

5.1 State of Charge

The SoC represents the amount of energy remaining in a battery as a percentage of its total capacity.
SoC is important for managing the charging and discharging processes to prevent overcharging
and over-discharging, both of which can lead to battery damage and reduced lifespan. It is a
critical parameter in energy management systems for EVs, renewable energy storage, and portable
electronics [1,7]. SoC is formulated in various forms in different publications, depending on the
application and the estimation methods used.

One common method for estimating SoC is Coulomb Counting, which calculates the state of charge

by integrating the current entering and leaving the battery over time [26,27].

5.2 Coulomb Counting Method

The Coulomb Counting Method is a widely used technique for estimating the SoC of a battery.
It calculates the SoC by integrating the current flowing in and out of the battery over time, pro-
viding real-time insights into the remaining capacity. This method is valued for its simplicity and

compatibility with various applications, such as EVs and renewable energy systems [27].
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5.2.1 Cumulative Capacity Change

The cumulative capacity change between two time points, ¢; and ¢, is calculated using the Equation
1[1]:
to
n =/ i(r)dr )
t1

Here:
. E Cumulative capacity change from ¢, to ¢,
e i(7): Current at time 7,
* 7: Time variable.
The current, i(7), determines whether the battery is charging or discharging:
* i(7) > 0: The battery is discharging.
* i(7) < 0: The battery is charging.

Cumulative Capacity Change is important for the Coulomb Counting Method as it calculates the

energy exchange during a specific interval, forming the base for SoC updates [1].

5.2.2 SoC Update

Using the cumulative capacity change, the SoC at time ¢, is updated as in Equation 2 [1]:

Qtz = Qt1 - QE (2)

Here:
* (Q1,: SoC at time o,
* (Qy,: SoC at time ;.
Equation 2 adjusts the SoC by accounting for the net energy flow:
o If QE > (: The battery has discharged more energy than it has charged, reducing SoC.
o If Qﬁ < 0: The battery has charged more energy than it has discharged, increasing SoC.

SoC update ensures that the SoC shows the current energy state of the battery in real time [1].
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5.2.3 Proportional SoC Calculation

Proportional SoC calculation expresses the SoC as a percentage of the total capacity, the Equation
3 is used [7]:
SoC' =

chrrent
100 3
o X (3)

Here:
* Qeurent: Remaining capacity of the battery,
* (': Nominal total capacity of the battery.

This Equation simplifies communication of the battery’s state. For example, an SoC of 80% indi-

cates that 80% of the battery’s total capacity remains available [27].

Coulomb Counting method is simple and works well for real-time SoC monitoring, but it has some
problems, like needing accurate starting values and errors that build up over time. These issues are
often fixed by adding other methods, like using Open Circuit Voltage recalibration or adjusting for

temperature [1,7].

5.3 Voltage Method

The Voltage Method is a straightforward approach to estimate the SoC of a battery. It involves
measuring the battery’s voltage and comparing it to a pre-determined curve that shows how the
voltage changes with the SoC. This curve is developed through controlled tests and is specific to the
type of battery being used. By matching the measured voltage to the curve, the remaining charge in
the battery can be estimated [26].

However, the accuracy of this method can be affected by factors like the current flowing through
the battery and the temperature. For example, when a battery is charging or discharging, its voltage
can shift due to internal resistance. To address this, corrections are made based on the current.
Additionally, the impact of temperature is accounted for by using a reference table that shows how
the battery’s open-circuit voltage (OCV) varies with temperature. These adjustments help improve
the method’s accuracy, especially under different operating conditions [18,26].

Despite its simplicity, the Voltage Method has some limitations. One key issue is that voltage

can change rapidly with current and temperature, making it difficult to obtain stable readings in
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real-time systems, such as EVs. Another drawback is that this method often requires a controlled
discharge and recharge process, which is time-consuming and interrupts normal operation. This
makes it unsuitable for applications that need continuous monitoring [1,26].

Due to these challenges, the Voltage Method is not widely used in dynamic systems. Instead, it is
typically employed during battery testing to create discharge curves or in backup systems where the
battery operates under steady conditions. While it is not ideal for real-time applications, it remains
a useful tool for understanding basic battery behavior and can be combined with other techniques,

such as Coulomb Counting, to enhance accuracy [1].

5.4 Kalman Filtering for SoC Estimation

Kalman Filtering is a mathematical technique developed in 1960 by Rudolf E. Kdlmaén to estimate
the state of a dynamic system from noisy and incomplete measurements. It provides an optimal
solution to the problem of predicting, updating, and correcting the state of a system in real-time.
Originally designed for aerospace applications like navigation and control systems, it has since been
adapted for various fields, including robotics, economics, and BMS [7].

Kalman Filtering was created to overcome the challenges of traditional estimation methods, which
often had difficulty dealing with uncertainties and noise in real-time systems. Kalman Filtering

provides several advantages:
* Dynamic State Estimation: Tracks changing variables over time.

* Noise Management: Handles uncertainties in both the system model and sensor measure-

ments.

* Real-Time Operation: Processes data sequentially, making it suitable for systems like EVs

and drones.

5.4.1 Formulation

Kalman Filtering consists of two main steps, prediction and update. In each step, specific equations
are used to estimate the system’s state, such as the SoC, and improve the estimate over time as new
measurements are collected. This process allows the filter to continuously to adjust and provide

more accurate results.

* Prediction: Uses a system model to predict the next state of the system.
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» Update: Includes new measurements to correct the prediction and minimizing error.

This process runs iteratively, adjusting the state estimate as more data becomes available.

5.4.2 Prediction Step

The prediction step calculates the next state () and its associated uncertainty (/") based on the

previous state and system dynamics [7].

Predicted State

T, =A-Tp_1+ By 4)
* 2, : Predicted state (SoC) at time £,
» A: State transition matrix, representing the system dynamics,
* Z1_1: Previous state (SoC) at time k — 1,
* B: Input control matrix, linking the input uy, to the state,
* uy: Input, such as current flowing in or out of the battery.

This Equation calculates the next state using the system model and external inputs, giving a starting

point for adjustments.

Predicted Error Covariance

y = APy AT +Q (5)
» P, : Predicted error covariance, representing the uncertainty in the prediction,
* Pj,_4: Error covariance from the previous step,
» A: State transition matrix, propagating uncertainty forward,
* (): Process noise covariance matrix, accounting for inaccuracies in the model.

This equation calculates the uncertainty in the predicted state by considering the previous uncertainty

and process noise.
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5.4.3 Update Step

makes the prediction better by real-time sensor measurements (zj,), correcting both the state estimate

and the error covariance [7].

Kalman Gain
P - HT

K, —
*“H-P, HT+R

(6)

* K}j: Kalman Gain, determining the weight of the predicted state vs. the measured value,
» P, : Predicted error covariance,
* H: Measurement matrix, linking the predicted state to the measurement,
* R: Measurement noise covariance, accounting for sensor inaccuracies.
This equation improves the state estimate by adjusting the prediction using the measurement and

the difference between the measurement and the prediction

Updated State

» 7. Updated state estimate at time £,

* 2. Measured value (e.g., voltage),

* H: Measurement matrix, mapping the predicted state to the observed measurement space,
e K. Kalman Gain,

* 2, — H - 2, : Residual, the difference between the measured and predicted values.

This equation updates the state by correcting the prediction based on the measurement and the

residual.

Updated Error Covariance

Po=(I—-K,-H) P, (8)
* Pj: Updated error covariance, representing the uncertainty in the refined state estimate,
* [: Identity matrix, ensuring consistent dimensions,
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* K} - H: Correction term, reducing uncertainty using the measurement.

This equation updates the error covariance to show the improved state estimate after adding the

measurement.

The prediction step calculates the next state and its uncertainty using the system model. The update
step improves these estimates using real-time measurements. Together, these steps allow Kalman
Filtering to estimate states like SoC accurately, even in noisy and changing environments [7].

5.5 Extended Kalman Filtering (EKF)

The standard Kalman Filter works well for linear systems, but battery systems often have non-linear
relationships between variables like voltage, current, and SoC. The EKF solves this problem by
using a first-order approximation to linearize the system around the current state.

5.5.1 Key Changes in EKF

* Linearization: Instead of using fixed matrices A and H, the EKF calculates Jacobian matrices:

— A: Represents the linearized system model.

— H': Represents the linearized measurement model.

» State Update: The state prediction and update equations are similar to the standard Kalman

Filter but use the linearized models:
QAL‘]; = f(i’k_1) + B- U (9)

2, = h(Z, ) + noise  (10)
Where:

— f(Zk_1): Non-linear system model.

— h(z}): Non-linear measurement model.

* Impact on Results: By accounting for non-linearities, the EKF improves SoC estimation

accuracy, especially in situations like:
— Large changes in load or voltage.
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— Complex battery behaviors, such as polarization and hysteresis effects.
These advanced filtering techniques are essential for reliable battery management because they:

* Improve System Safety: Accurate SoC estimates prevent dangerous conditions like over-

charging or deep discharging, which can damage the battery or cause safety hazards.

* Enhance Performance: Reliable state estimation ensures the battery is used efficiently,

extending its lifespan and improving overall performance.

* Adapt to Complex Conditions: Advanced methods like EKF handle non-linear systems,

making them ideal for unstable environments like EVs or renewable energy systems.

Kalman Filtering and its extended version (EKF) are powerful tools for estimating the State of
Charge in battery management systems. While the standard Kalman Filter works well for linear
systems, the EKF is better suited for non-linear systems, providing more accurate and reliable results.
These methods help ensure safe, efficient, and reliable battery operation, even in challenging and

changing environments.

5.6 State of Health

The SoH shows the overall condition of a battery compared to its condition when it was new. It is
usually given as a percentage of the battery’s original performance. For example, a battery with 80%
SoH can still hold 80% of its initial capacity. Keeping track of SoH is important because it helps

predict how long the battery will last and when it might need maintenance or replacement. [1, 17].

5.6.1 State of Health Calculation

» Capacity Fade: The ratio of the battery’s current capacity to its rated capacity is a primary

indicator:

Ccurren
SoH = L % 100 9)
C(rated

Where:

— Clurrene: Current capacity of the battery.

— Craeq: Rated capacity of the new battery.
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* Internal Resistance: As batteries age, their internal resistance increases. This can be ex-
pressed as:

REOL - Rcurrent
SoH = x 100 (10)
REOL - Rnew

Where:

— RpoL: Resistance at end of life.
— Rpew: Resistance when the battery was new.
— Reureni: Current internal resistance.

* Cycle Count: The number of charge-discharge cycles completed by a battery is used to

estimate its remaining life, especially in applications like EVs and renewable storage systems.

5.6.2 Methods for SoH Estimation

» Capacity Fade Monitoring: Measures how the battery’s capacity decreases over time through

regular charge-discharge tests.

* Internal Resistance Measurement: Tracks changes in resistance using voltage and current

measurements.

* Data-Driven Methods: Uses machine learning models trained on historical data to predict

SoH based on real-time measurements.

In Table 4 comparison of three different SoH estimation methods are compared, Capacity Fade
Monitoring, Internal Resistance Measurement, and Data-Driven Techniques. The table evaluates

these methods based on ease of use, cost, effectiveness, and typical applications.

Table 4: Comparison of SoH Estimation Methods.

Method Ease of Use Cost Effectiveness | Applications

Capacity Fade Monitoring Moderate Low High General SoH estimation in small
and medium battery systems.

Internal Resistance Mea- | Moderate Moderate High Diagnostics in EVs and renewable

surement energy systems.

Data-Driven Techniques Low High Very High Advanced predictive maintenance

for EVs and large-scale applications.
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5.6.3 Applications

SoH is used in predictive maintenance to determine when a battery needs replacement. For example,
in EVs, a battery may be considered at the End of Life (EoL) the battery when the SoH drops below
80% [15,28].

5.7 Depth of Discharge

The DoD measures how much of a battery’s total capacity has been used during a single discharge
cycle. It is shown as a percentage of the battery’s full capacity. For instance, a DoD of 80% means
that 80% of the battery’s capacity has been drained in one cycle. Controlling DoD is important
because discharging a battery too deeply can greatly reduce its lifespan and make it less efficient
over time. [1, 3].

When a battery is discharging, the DoD is defined as the percentage of the capacity that has been

discharged relative to the rated capacity [26]:

Ore €ase
DoD = == 100% (11)

rated
Here:
* Cleleasea: The capacity discharged by any amount of current.
* Craea: The rated capacity of the battery.

This Equation highlights the percentage of energy that has been used in relation to the battery’s

total capacity.

5.7.1 Relationship Between DoD and SoC

DoD and SoC are closely related and complementary metrics:
DoD = 100% — SoC (12)

This equation illustrates that when a battery has a higher DoD, its SoC is correspondingly lower.

For instance:

* If the battery’s SoC is 80%, the DoD is 20%, indicating that 20% of the battery’s total capacity

has been used.
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* If the battery’s SoC is 30%, the DoD is 70%, reflecting more significant energy utilization.

Both metrics are essential for understanding the battery’s energy state. SoC helps monitor available

energy, while DoD is used to analyze performance and cycle life [26].

5.7.2 Importance of DoD

* Battery Lifespan: Regularly discharging a battery deeply (using high DoD values) speeds
up its aging process because it puts more stress on the electrodes. Most lithium-ion batteries

work best when used within a moderate DoD range, usually between 20%—-80% [26].

* Performance Optimization: Controlling DoD helps find a balance between using the battery’s
capacity and extending its cycle life. This is especially important for applications like EVs and

renewable energy systems [26].

5.8 End of Life

The EoL of a battery is the point where its performance falls below acceptable levels for its
intended use. This usually happens when the SoH decreases to less than 80% of its original
capacity. Determining EoL is important because it helps plan for battery replacement and ensures

the reliability of the system [18].

5.8.1 Methods for Estimating EoL

* Threshold-Based Estimation: Specific limits for capacity, internal resistance, or energy

retention are predefined to mark the EoL [17].

* Cycle Life Prediction: Cycle life data is analyzed to estimate when the battery will reach its

EoL based on usage patterns and operating conditions [17].

* Data-Driven Models: Machine learning or statistical approaches predict EoL using historical

and real-time performance data [17].

EoL estimation ensures safety and cost-effectiveness by preventing the overuse of degraded batteries,

which could lead to failures or safety risks.
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5.9 Other Metrics

Beyond SoC, SoH, DoD, and EoL, additional metrics are used in specific applications to provide

further insights into battery performance [7].:

* State of Power (SoP): Indicates the battery’s ability to deliver power under specific conditions.

It helps evaluate performance during peak loads, such as acceleration in EVs.

* Internal Resistance: Measures the battery’s resistance to current flow. Higher internal

resistance correlates with aging and reduced efficiency.

» Temperature Sensitivity: Tracks how temperature variations impact battery performance, as

extreme conditions can accelerate degradation.

These metrics work alongside the main parameters, providing a more complete picture of how

batteries perform in challenging environments, such as renewable energy systems and EVs.

30



6 CELL BALANCING

Cell balancing ensures that all cells in a battery pack have the same charge level. This process is
important because it helps maximize the battery’s capacity, prevents safety issues like overcharging,
and extends the overall lifespan of the battery pack. [1, 16].

Imbalances in cell charge levels occur because of variations in cell chemistry, aging, and operational

conditions. These imbalances can cause [8, 17]:

* Reduced Capacity Utilization: The overall capacity of the battery pack is limited by its

weakest cell.
 Safety Risks: Overcharging or over-discharging individual cells can lead to thermal runaway.
* Increased Heat Generation: Uneven charge distribution increases the risk of local overheat-
ing.
6.1 Methods of Cell Balancing

Cell balancing is a process used in battery packs to ensure all cells have the same charge level. This
helps improve the battery’s performance, safety, and lifespan. There are two main methods of cell
balancing: passive balancing and active balancing. Each method is chosen based on the system’s

needs and size [7].

6.1.1 Passive Balancing

Passive balancing dissipates excess energy from higher-charged cells as heat through resistors as
shown in Figure 12. This method is simple and cost-effective, making it suitable for smaller systems
or those with low energy density requirements. However, the energy lost as heat reduces overall
efficiency and necessitates careful thermal management [8]. In the representation of Formula 13

below, power is dissipated as heat in terms of current and resistance of the system.

P=1I°R (13)
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Where:
* P: Power dissipated as heat,
e [: Current through the resistor,

* R: Resistance of the balancing circuit.

o

Battery *
Cell

I:{DISC HARGE

Figure 12: Passive Balancing Curcit [8].

6.1.2 Active Balancing

Active balancing redistributes energy from higher-charged cells to lower-charged cells, improving
efficiency by minimizing energy loss. Several techniques are used [1, 16]:
Capacitor-Based Balancing: Energy is temporarily stored in capacitors and redistributed to lower-

charged cells as shown in Figure 13.
» Advantages: Low cost and simplicity.

* Limitations: Limited energy transfer per cycle.
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Figure 13: Capacitor based active balancing [9].
Inductor-Based Balancing: Inductors create magnetic fields to transfer energy between cells. This
method is highly efficient for large systems like EVs.
» Advantages: High energy transfer efficiency.
* Limitations: Increased circuit complexity.

Converter-Based Balancing: DC-DC converters directly transfer energy between cells or modules,
enabling precise balancing for large and high-performance systems. A DC-DC converter transfers
extra energy from cells that are overcharged to those that are undercharged. In more advanced

systems, energy can also be moved between different modules to ensure balance.
* Benefits for Li-ion Batteries:

— Efficiency: Minimizes energy loss compared to passive balancing.

— Precision: Provides accurate energy redistribution, critical for Li-ion systems sensitive to

overcharging and thermal runaway.

— Scalability: Suitable for large systems like electric vehicles and renewable energy storage.
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* Challenges: Higher cost, increased design complexity, and the need for proper thermal

management.

6.2 Comparison of Balancing Methods

Cell balancing techniques are generally divided into two main types: passive balancing and active

balancing. Each method is designed for specific applications and use cases.

Table 5: Comparison of Passive vs. Active Balancing.

Aspect Passive Balancing Active Balancing

Efficiency Low; energy is dissipated as heat High; energy is redistributed between cells
Complexity Low; simple resistor-based circuits High; requires complex circuits

Cost Low; inexpensive to implement High; advanced hardware increases cost

Heat Generation

High; significant energy is wasted as heat

Low; minimizes heat generation

Applications

Small systems, cost-sensitive designs

High-performance systems

As shown in Table 5, passive balancing is simple and affordable, making it a good choice for small,

low-power systems where efficiency is not a concern. However, it wastes energy by converting it into

heat, which can impact the overall performance of the system. On the other hand, active balancing

is much more efficient because it transfers energy between cells instead of wasting it. Although

active balancing is more complex and costly, it is necessary for high-performance systems like EVs

and renewable energy applications, where efficiency and safety are extremely important. [1, 16].

6.3 Comparison of Active Balancing Methods

Active balancing can be implemented using various techniques, each with its own strengths and

weaknesses.

Table 6: Comparison of Active Balancing Methods.

Method

Advantages

Disadvantages

Applications

Capacitor-Based

Low cost, simple design

Limited energy transfer per cycle

Moderate balancing require-
ments

Inductor-Based

High efficiency, suitable for
large systems

Increased circuit complexity

Electric vehicles, renewable
energy systems

Converter-Based

Precise energy redistribu-
tion, scalable

High cost, complex design

High-capacity battery packs

As seen in Table 6, active balancing methods differ in how they transfer energy and where they

34




are best used. Capacitor-based balancing is simple and cost-effective. It uses capacitors to store
and move energy temporarily, but its energy transfer ability is limited. This makes it suitable for
systems with moderate balancing needs [16]. Inductor-based balancing is more efficient and works
well for large systems, such as EVs. However, it needs more complex circuits, which makes the
design process harder [16]. Converter-based balancing is the most precise and scalable. It allows
energy to be moved directly between cells or modules. This method is ideal for large battery packs
in applications like grid storage and EVs. However, it is more expensive and complex, so it is less

common in smaller systems [1].

6.3.1 Challenges in Cell Balancing

Using active balancing makes the design more complex and expensive, but its advantages are greater
in high-performance systems. Passive balancing is still a good choice for smaller or less demanding
applications. Both methods are important in modern battery management systems, as they help

ensure safety, efficiency, and long-lasting performance. [1, 16].
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7 SAFETY MECHANISMS

Ensuring the safety of Li-ion batteries is one of the most important tasks of a BMS. Li-ion batteries
have high energy densities, creating risks like thermal runaway, overcharging, over-discharging, and
internal short circuits. The safety features in a BMS are designed to monitor, detect, and respond

to these conditions to prevent failures and keep the battery performing well. [7].

7.1 Overcharge and Overvoltage Protection

Overcharging and overvoltage conditions can lead to serious damage, such as electrolyte breakdown
and thermal runaway. The BMS keeps track of cell voltages and activates protective measures when

voltage limits are crossed [7].

Voltage Threshold Monitoring The BMS continuously monitors cell voltages and checks them if they
are near to the safety limits. If a cell voltage gets close to the overcharge limit, the system either

slows down the charging rate or disconnects the charger [7].

Rate-of-Change Analysis The slope of the OCV to the SoC curve can predict dangerous voltage
levels. The following equation 14 determines the maximum safe rate of voltage change as seen in

the Figure 14 [7]:

av av

—=C-—-1 14

dt dQ (14)
where ‘fi—‘t/ is the voltage change over time, C is the cell capacity, 2—5 is the slope of the OCV-SoC

curve, and [ is the current [7].
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Figure 14: End of charge detection [7].

7.2 Overcurrent Protection
Excessive currents during charging or discharging can overheat the battery and damage components.

The BMS uses fuses or circuit breakers as a safety system [7].
Current Monitoring Current sensors track the flow of charge through the battery pack. When
currents exceed safe levels, the BMS interrupts the circuit.

Fault Diagnosis The BMS detects blown fuses by measuring voltage on both sides as represented in

Figure 15. This ensures the system responds quickly to prevent further damage.
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Figure 15: Lost Connection Detection [7].

7.3 Over-Temperature Protection

Temperature monitoring is important for avoiding thermal runaway and ensuring battery efficiency.
The BMS uses thermal sensors distributed across the pack to detect unusual temperature rises.

Protective measures include [7]:
Thermal Shutoff The BMS disconnects the battery pack if temperatures exceed safety limits.

Plausibility Checks Rapid temperature changes outside the expected range are flagged as sensor

errors or faults to avoid false alarms.
Safety features in a BMS use real-time monitoring, fault detection, and protective measures to
ensure Li-ion batteries operate safely. By using advanced methods and technologies, the BMS not

only reduces risks but also improves the lifespan and performance of battery packs.
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8§ METHODOLOGY

The proposed BMS shown in Figure 16 is designed to manage Li-ion battery packs as shown in
Figure 17 efficiently, ensuring safety, and reliability. This design is not a fixed or final version;
components and methods may change or evolve during the second semester as we refine and optimize
the system. Initially, planned to implement the system on an STM32F409 Discovery Board for ease
of development. If time permits after successful implementation, the system may migrate the design

to a standalone STM32 or any microcontroller for a more compact and cost-effective solution.

8.1 Core Features of the BMS

The BMS is structured around critical components that ensure efficient and safe battery operation.

8.1.1 Active Balancing System

To maintain charge uniformity across cells, the capacitor-based active balancing method has been
selected, as it is considered the easiest to implement for this project. In this method, energy is
temporarily stored in a capacitor and is then redistributed to undercharged cells. Although it has
limitations in energy transfer capacity when compared to inductor or converter-based balancing, its
simplicity, low cost, and reduced circuit complexity make it suitable for this project. Capacitor-
based balancing ensures that all cells are kept within safe operating limits without significant energy

loss or design challenges being introduced.

8.1.2 Voltage Monitoring

Voltage monitoring is essential for understanding the energy state of the battery. The voltage of
each cell, which is under 4.2V, can be directly read by the ADC on the STM32F409 Discovery
Board. However, the total battery pack voltage of 67.2V is too high for the ADC’s input range.
Instead of physically dividing the pack, four buck converters are connected to specific cell groups:
cells 14, 5-8, 9—12, and 13-16. Each converter reduces its group’s voltage (maximum 16.8V) to

a range of 0-5V, which is suitable for ADC readings. This setup allows efficient monitoring of the
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pack without changing its physical structure.

8.1.3 Current Sensing

Accurate current measurement can be achieved by using a shunt resistor combined with the Analog
Devices AD8418A current sense amplifier. This setup amplifies the voltage drop across the resistor,
allowing for precise ADC readings. The AD8418A is selected because it is performs well in low-
to-medium current systems and covers our voltage range 2 V to +70 V, continuous operation while

ensuring both safety and reliable operation [29].

8.1.4 Temperature Monitoring

The system is going to use Analog Devices TMP36 temperature sensors, which operate over a wide
range of —40°C to +125°C, making it suitable for this project. These sensors monitor cell and system
temperatures, allowing steps to be taken to prevent overheating or freezing. The collected data is

processed by the STM32 Discovery Board, which activates safety mechanisms when needed [30].

8.1.5 Independent Power Supply:

The BMS is powered by a separate battery, ensuring it operates independently of the main battery
pack. This setup allows the system to stay active even during deep discharge conditions, improving

reliability.

Multiplexer for Input Expansion: With at least 19 data points, including cell voltages, converter
outputs, and temperature sensors, the STM32 Discovery Board’s ADC pins are not enough. To
address this, a 16:1 multiplexer will be used to expand the input capacity. By reading inputs one
after another through the MUX, the system remains scalable and can support additional sensors if
needed.

Because of the use of the STM32F409 Discovery Board or any similar board, we are limited by the
number of available inputs and outputs. This limitation makes the use of a multiplexer necessary,
which creates small delays in data collection. If the initial implementation on the Discovery Board
is successful, the system might move to a standalone STM32 or any microcontroller to optimize the

system further.
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8.2 System Architecture and Flow

The proposed BMS brings together sensors, processing units, and safety features into one complete

design.

8.2.1 Data Collection

Individual cell voltages are read directly by the STM32 Discovery Board’s ADC. Buck converters
reduce the total pack voltage from specific cell groups to make it compatible with the ADC. Current
is measured using a shunt resistor and the AD8418A amplifier, while temperature data is collected
using TMP36 sensors. These inputs are sent one after another to the microcontroller through the

multiplexer.

8.2.2 Processing

The STM32 Discovery Board processes the collected data to calculate key metrics such as SoC
and SoH with Kalman filtering. It also monitors safety thresholds and triggers actions to prevent

overcharging, over-discharging, or overheating.

8.2.3 Action

Based on the processed data, the system activates balancing circuits, adjusts charge/discharge rates,
or disconnects the battery pack to ensure safety. The system also logs data for diagnostics and

displays relevant information on a user interface.

8.3 Practicality and Ease of Integration

By starting with the STM32 Discovery Board, we avoid the challenges of designing connections
for a standalone microcontroller. This makes the implementation simpler and offers flexibility
for prototyping. Additionally, the chosen components, like the AD8418A current amplifier and
TMP36 sensors, are affordable and easy to integrate into the system. Active balancing using

capacitors minimizes energy loss without adding extra circuit complexity.
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8.4 Limitations and Future Improvements

While the system is designed to be reliable and efficient, it has some limitations. Active balancing
with capacitors, though simple, may not be as efficient as inductor or converter-based methods
for larger systems. The use of multiplexers causes delays in data collection, which could impact
performance in fast-changing conditions.

In the future, if time is available, the goal is to improve the design by switching to a standalone STM32
or another microcontroller and testing more advanced balancing techniques, such as converter-based

methods, for better precision and efficiency.
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9 BMS SIMULATION

This simulation was published by MathWorks on Nov 22, 2019, and was made with using Simulink.
The simulation model enables desktop-based testing, allowing for the evaluation of various scenar-
10s without risking damage to the real battery system. This system is designed to represent a battery
integrated in an electric vehicle, with the simulation starting under conditions where the battery
is charged 75% and the ambient temperature is 15°C. The simulation incorporates three primary
operational states: driving, standby, and charging. Additionally, the system features a BMS ECU,
which is responsible for monitoring the battery and executing control algorithms. A battery pack
is also included within the simulated setup to ensure a comprehensive representation of the actual

system. The Figure 18 shows a general look of the simulation in its most general and external form.
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9.1 Battery Pack and Cell Module

The simulation model incorporates two configurations of the battery pack: a smaller pack containing
6 cells and a larger pack with 96 cells inside of the battery pack module as shown in the Figure 19.
In the smaller pack, the 6 cells are connected in series as shown in the The Figure 20. Electrical
connections are represented by blue cables, while thermal connections are represented by orange
cables. The cells are designed to exchange heat with each other, although the thermal layout is
asymmetric. In particular, the sixth cell at the bottom is thermally isolated to manage heat more
effectively [10].

Each individual cell is modeled using an equivalent circuit as shown in the Figure 21, which
integrates parameters such as temperature, SOC, and potentially aging dependencies. These pa-

rameters provide a more accurate representation of the cell’s behavior under varying conditions [10].

Cell_Voltages k
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) Balcmd Pack_Current
BalCmd Cell_Temperatures jp
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Figure 19: Battery pack module [10].
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Figure 21: Circuit of a cell [10].

9.2 Cell Monitoring

The cell monitoring unit includes a passive balancing circuit. Based on the balancing logic defined
by the BMS algorithm, the switches which are shown in the Figure 22 are selectively closed for cells
that require partial discharge to lower their SOC. This ensures that all cells maintain an optimal

charge balance [10].
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9.3 Precharge

The precharge unit is critical for managing the connection of the charger and inverter. A resistor
which is shown in the Figure 23 is preconnected during this process to prevent an excessively high

current from rushing into the battery pack, which could cause potential damage [10].
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9.4 Charger Load

The final unit within the battery pack is designed to simulate the behavior of current sources. These
current sources represent both the Charger and the DriveLoad, which are important components in
the system that shown in the Figure 24. The Charger and DrivelL.oad are simplified as current sources,
and their output is governed by the charging and driving profiles, respectively. These profiles are
obtained from the source block, ensuring that the current sources accurately follow the real-time
dynamics of the charging and discharging processes. This allows for precise modeling of the energy

flow and performance within the battery system, facilitating better analysis and control [10].
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measurements from the battery pack.

Temperature also plays a crucial role in limiting

9.5 BMS ECU and Current Power Limit

The BMS ECU performs important functions such as monitoring, protecting, limiting, and reporting

The BMS uses individual cell voltages and temperatures to determine the maximum allowable
charge and discharge current levels. A low SOC corresponds to a low voltage, making it critical to
prevent cells from delivering excessive current, as this could result in a significant voltage drop. To
address this, the system at the Figure 25 compares the minimum cell voltage within the module to
the "discharge current limit" threshold and calculates a voltage-based current threshold [11].

current delivery and intake. At excessively high or
low temperatures, current thresholds are adjusted to protect the cell materials during charging and

discharging processes. The BMS compares high and low temperature thresholds using the most
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restrictive value as the current limit to ensure safe operation [11].
* State of Charge (SOC): Low SOC correlates with low voltage, influencing current thresholds.
* Cell Voltages: Voltage thresholds are used to determine current limits.

* Cell Temperatures: The allowable current delivery is modulated on the basis of cell temper-

atures, ensuring safe operation.

MinCellVolt

UnderCellVoltageLimit %

UnderVoltageLimit +
g
single(max(max(Battery(1).R0_LUT)))
. [hT_DCH —>—»{ min | b
InternalCellResistance DischargeCurrentLimit
DischargeCurrentLimit
lowT_DCH >

Figure 25: Discharge current limit [11].

9.6 State Machine

The BMS state machine defines its main operational states using components that are either active
or inactive depending on specific conditions. Three parallel states are defined, which can operate

simultaneously [11]:
* Charging: Includes constant current and constant voltage phases.

* Fault Monitoring: Activates fault states if current, voltage, or temperature values reach unsafe

levels.

* Contactor Control: Controls the on and off switching sequences for the charger and inverter

to avoid large current surges when charging begins.

9.7 SOC Estimation

In this simulation, the SOC is not measured directly. Instead, the model compares different
estimation methods, including Coulomb counting, Unscented Kalman Filter (UKF), and Extended

Kalman Filter (EKF) which are shown at the Figure 26 [12].
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Figure 26: SOC estimation [12].

9.8 Cell Balancing Logic

Maintaining consistent SOC levels across individual battery cells is important for overall pack
performance. Cells with the highest SOC limit the total amount of charge that can be added to
the pack. The balancing logic calculates the peak-to-peak voltage across cells to activate passive

balancing circuits [12].

9.9 Simulation Results

The graphs illustrate the behavior of various components of the battery under different conditions
such as driving, charging, and idle states. The analyzed components include cell voltages, pack
current, cell temperatures, and SOC estimation. These factors play a crucial role in determining the
performance and reliability of battery systems, directly affecting their lifespan and efficiency. The
simulation results emphasize the importance of thermal management and balancing operations in
maintaining the battery’s health and performance.The different stages of the simulation are shown

in the Figure 27.
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Figure 27: Different stages of simulation [13].

At the beginning of the simulation, slight variations were observed in the individual cell voltages
that shown at the Figure 28, reflecting the differences in the initial SOC of each cell. As current
flows through the cells, these differences diminish, and by the end of the simulation, cell voltages
converge. This process is a result of the balancing procedure, which ensures the battery functions
more efficiently and has a longer lifespan [13].

Initially, variations in cell voltages were observed due to the current flow, but by the end of the
balancing process, the voltages of all cells closely matched. The balancing operation ensures a
homogeneous charge distribution among the battery cells, thus improving the overall performance

of the battery [13].
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Figure 28: Cell Voltages [13].

The pack current that shown at the Figure 29 is a critical parameter that shows how different current
values impact the battery during the simulation. During the charging phase, when cell voltages
approached their maximum values, the pack current was observed to remain stable. This indicates
that the current was limited to prevent overcharging, as maximum cell voltages approached the 4.2V
threshold. This current limitation is a strategy used to extend battery life by preventing damage
caused by excessive current [13].

During the charging process, the limitation of current once the voltage threshold is reached is a
key strategy to protect the battery’s longevity. Without this limitation, excessive current flow could

cause dangerous levels in cell voltages, shortening the battery’s lifespan significantly [13].
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Figure 29: Pack current [13].

Throughout the simulation, cell temperatures showed variability across different cells that shown at
the Figure 30. Notably, Cell 6 reached significantly higher temperatures compared to Cell 1. This
difference is attributed to Cell 6 being thermally insulated on one side. The temperature differ-
ence between cells is critical, as uneven thermal distribution can lead to accelerated degradation,
particularly in Cell 6 [13].

Although the maximum temperatures observed during the simulation were not alarming from a
safety perspective, the activation of thermal management systems becomes important. Reducing
temperature variations among cells is important for extending the overall life of the battery. Thus,

efficient thermal management is crucial for the balanced and effective operation of batteries [13].
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Figure 30: Cell temperatures [13].

SOC estimation which is shown at the Figure 31 is an important parameter for determining the
battery’s charge level and was examined in the simulation using three different methods: Coulomb
counting, UKF, and EKF. The yellow curve represents Coulomb counting, the blue curve represents
UKEF, and the orange curve represents EKF. Accurate SOC estimation is critical for optimizing
battery life and ensuring safe operation [13].

While Coulomb counting is a simple and commonly used method, it is prone to cumulative errors.
More advanced techniques, such as UKF and EKF, capture the dynamic variability of the system

more effectively, offering more accurate results [13].
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Figure 31: SOC estimation results [13].
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10 RESULTS AND DISCUSSIONS

Results

The research and analysis in this report created a basic design for a BMS that meets the main needs
of Li-ion battery packs. The proposed system combines monitoring, balancing, and estimation
features, focusing on simplicity and cost-effectiveness.

The active balancing method is going to use capacitors to move energy between cells, helping to
keep the charge balanced and extend the battery’s life. This method is easier to implement compared
to more complex approaches like inductor-based or converter-based balancing. While it may not be
as efficient for large systems.

The voltage monitoring system will handle individual cell voltages directly through the STM32F409
ADC, as each Li-ion cell operates below 4.2V. To monitor the total pack voltage of 67.2V, the battery
is divided into four sections, with each section’s voltage reduced by a buck converter to a range of
0-5V, which the ADC can read. This approach avoids physically splitting the battery pack, making
the system design simpler.

For current measurement, the design is going to use a shunt resistor along with the Analog Devices
AD8418A current amplifier. This setup is going to provide accurate current readings while keeping
costs low. The temperature monitoring system will use TMP36 sensors, which are reliable, afford-
able, and can operate in a wide temperature range of -40°C to +125°C, making them a good choice
for Li-ion battery packs.

Because the STM32F409 Discovery Board has a limited number of input pins, a multiplexer is
going to be used to manage more than 19 data points from cell voltages, temperature sensors, and
buck converter outputs. This is going to introduce a small delay in data collection but that will
allows the system to be expanded and scaled easily.

The proposed BMS design shows potential for effectively managing key battery parameters and
provides a base for further development. However, the design is still in its really early stages, and

its performance has not yet been tested in simulations or in real-world conditions.
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Discussion

The proposed BMS design balances simplicity and functionality. Active balancing was selected
instead of passive balancing because it is more efficient and better at maintaining battery health.
Within active balancing methods, capacitor-based balancing is chosen because it is the easiest to
implement and does not require complex circuits. While this method has some limits, such as
slower energy transfer, it fits well with the goals of our project.

The STM32F409 Discovery Board was chosen for prototyping because it is easy to work with and
provides enough functionality for initial testing. However, its limited input and output pins required
the use of a multiplexer to handle all the data points. This adds some delays in reading data, but it
was the most practical solution given our resources. If the implementation on the Discovery Board
is successful, and time remains, the system could later be moved to a standalone STM32 or any
microcontroller, which would make it more compact and scalable.

This design focuses on simple and affordable components, such as the TMP36 temperature sensors
and AD8418A current amplifier, to make the system cost-effective and easy. While the design is
not perfect, it provides a base for understanding how a BMS works and can be improved in future

stages.
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11 CONCLUSIONS AND FUTURE WORKS

Conclusion

This report presents a detailed study of Battery Management Systems for lithium-ion batteries. It
reviews important methods for monitoring and managing battery parameters and proposes a system
that balances cost, simplicity, and functionality. The proposed BMS is going to use active balancing,
reliable sensors, and simple monitoring techniques to ensure the safety and efficiency of the battery
pack. The STM32F409 Discovery Board is going to be used for prototyping, with plans to move to a
standalone microcontroller in the future if time is available. While the design has some limitations,

it serves as a starting point for learning about BMS design and preparing for further development.

Future Works

The next steps for this project will focus on implementing and improving the proposed design. The

key areas for future work include:

* Expanded Testing and Simulations: Additional tests and simulations will be performed to
evaluate the system under different conditions, such as varying loads and temperatures before

the prototyping stage. This will help improve the system’s reliability and performance.

* Prototyping: The proposed design will be implemented on the STM32F409 Discovery Board
to test its functionality. This will help identify any issues in the design and evaluate its

performance under real-world conditions.

» Standalone Microcontroller Integration: If the Discovery Board implementation is suc-
cessful and if we have time left, the system can be migrated to a standalone STM32 or any

microcontroller. This will make the design more compact and reduce the overall cost.

* Improving Balancing Methods: Capacitor-based balancing is used in the current design for
simplicity, but in the future, we might explore inductor-based or converter-based balancing to

improve efficiency and energy transfer capabilities.
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* Circuit Design and Hardware Development: Detailed circuit diagrams will be created, and
the hardware will be prepared for fabrication. This will include designing PCBs and ensuring

all components are correctly integrated.

By focusing on these areas, the project will move closer to a fully functional BMS that can be used

in real applications.
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