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Abstract

The thesis presents an affordable automated test bench tailored specifically for a unique
prototyping automotive battery pack. This automated test bench removes the need for manual
involvement during the testing process. Software tools applied in this automated test bench are
NI TestStand, NI LabVIEW and Arduino. The automated test sequence begins after the testing
operator verifies the wiring connections and scans the battery pack’s QR code to log its serial
number. The already logged serial number is then saved into NI TestStand, which initiates the
necessary test sequences. NI TestStand coordinates the test process by integrating NI LabVIEW
and Arduino programming files, running them as part of the automated workflow. Once the test
sequence is complete, NI TestStand generates a detailed final report on the battery's
performance.

The thesis describes a range of tests and verifications performed on a prototype battery, such as
measuring environmental temperature and humidity, monitoring cell voltage and temperature,
writing and reading data to EEPROM, and conducting equipotential, isolation, and dielectric tests.
The hardware tools utilized in this automated test setup comprise a prototyping battery pack, a
GW Instek GPT 9804 safety tester for quality test measurements, two Arduino controllers for
managing relays and communicating with the battery, and a sensor for monitoring environmental
humidity and temperature.

Since this automation system functions autonomously, the test report data is automatically saved
in cloud storage. Microsoft Azure is selected as the cloud storage platform, offering both Cold and
Hot storage options. The test setup can be accessed remotely via the RDP protocol, or data can be
transferred across multiple platforms using the FTP protocol. Cybersecurity protections and IT
readiness are set up to keep cloud storage, remote monitoring, and file transfers safe and reliable.
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Abbreviations

ACK
API
ASClII
BMS
cMC
CIPO
COPI
CR
CRC
)
DAC
DCIR
DEC
DLC
ECU

Acknowledge (bit)

Application Programming Interface

American Standard Code for Information Interchange

Battery Management System

Cell Module Controller (board)

Controller Input Peripheral Output (SPI serial communication protocol)
Controller Output Peripheral Input (SPI serial communication protocol)
Carriage Return (UART)

Cyclic Redundancy Check (mathematical technique for error correction)
Chip Select (SPI serial communication protocol)

Digital-to-Analog Converter

Direct Current Internal Resistance (quality test for battery)

Digital Equipment Corporation

Data Length Code (bits)

Electronic Control Unit

EEPROM Electronically Erasable Programmable Read-Only Memory

EIA Electronic Industries Association

EOL End of Line

EMC ElectroMagnetic Compatibility

EMF  Electro-Magnetic Field

EOF End of Frame (CAN frame)

EV Electrical Vehicle

FPCB Flexible Printed Circuit Board

FTP File Transfer Protocol

GBA  Global Battery Alliance

GND  Ground (electrical wiring)

GRS  Geo-Redundant Storage (Microsoft Azure)

GSM  Global System for Mobile Communications

HDD  Hard Disk Drive

HDL Hardware Description Language

HID Human Interface Device

HTML Hyper Text Markup Language

HTTP  Hypertext Transfer Protocol

HTTPS Hypertext Transfer Protocol Secure

12C Inter-Integrated Circuit

IC Integrated Circuits

IDE Integrated Development Environment (Arduino)

IEC International Electrotechnical Commission (standard)
IS Internet Information Services (Windows operating system)
IOPS  Input/Output Per Second

1/0 Input/Output

ISO International Organization for Standardization (standard)
IT Information Technology

LabVIEW Laboratory Virtual Instrument Engineering Workbench
LED Light-Emitting Diode

LF Line Feed (UART)

LFP Lithium Iron Phosphate

LRS Locally Redundant Storage (Microsoft Azure)

LTO Lithium Titanate Oxide

NACK Not Acknowledge (bit)



NAT Network Address Translation

NI National Instruments

NL New Line (UART)

NMC Nickel Manganese Cobalt

NO  Normally Open (relay)

NoSQL Not Only Structured Query Language

NTC Negative Temperature Coefficient

NXP  Next eXPerience

OEM Original Equipment Manufacturer

OLED Organic Light-Emitting Diode (display screen)
oSl Open Systems Interconnection

PCB  Printed Circuit Board

PDF  Portable Document Format

PDU Protocol Data Unit

QR Quick Response

R&D Research and Development

RA-GRS Read-Access Geo-Redundant Storage (Microsoft Azure)
RAM Random Access Memory

RDP  Remote Desktop Protocol

RG Resource Groups (Microsoft Azure)

RTL  Register Transfer Level

RTOS Real-Time Operating System

RTU Remote Terminal Unit

SA Storage Account (Microsoft Azure)

SCL  Serial Clock (12C serial communication protocol)
SCLK  Serial Clock signal (SPI serial communication protocol)
SDA  Serial Data (12C serial communication protocol)
SAE  Society of Automotive Engineers (Standard)
SFTP  SSH File Transfer Protocol

SLA  Sealed Lead Acid (battery)

SMB Server Message Block (Microsoft Azure)

SOC State of Charge (battery)

SOF Start of Frame (CAN frame)

SPI  Serial Peripheral Interface (communication protocol)
SQL Structured Query Language

SRAM Static Random-Access Memory

SSH  Secure Socket Shell

SSL  Secure Sockets Layer (encryption)

SSD  Solid State Drive

TCP Transmission Control Protocol

TLS Transport Layer Security (encryption)

X Texas Instruments

UART Universal Asynchronous Receiver/Transmitter
UL  Underwriters Laboratories (standard)

UN  United Nations (Standard)

USB Universal Serial Bus

VI Virtual Instrument (LabVIEW)

VPN Virtual Private Network

WIFI Wireless Fidelity

XML Extensible Markup Language

XOR Exclusive OR logic

ZRS Zone-Redundant Storage (Microsoft Azure)
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1 Introduction

The global automotive battery market is experiencing substantial growth. According to a
2019 report by McKinsey and the Global Battery Alliance (GBA), global battery demand
was forecasted to reach 2.6 TWh annually with a 25 percent yearly growth rate by 2030.
However, a 2022 analysis by McKinsey Battery Insights indicates that the entire lithium-
ion (Li-ion) battery chain, spanning from mining to recycling, could expand by over 30
percent annually from 2022 to 2030. By 2030, the Li-ion battery market is anticipated to
exceed $400 billion, with a total market size of 4.7 TWh [1].

Batteries are rapidly produced in high-speed, automated factories to meet the significant
demand mentioned earlier. Battery technology advances every year in many different
ways. As a result, numerous automotive companies are creating prototypes for their
latest electric vehicle (EV) and hybrid batteries to stay ahead of these fast-paced
innovations. During the development stage, these new and evolving batteries require
adjustments in various aspects like design, functionality, software integration, assembly
processes, performance metrics, safety standards, and testing protocols—from examining
individual battery cells to end-of-line testing. During the prototyping phase, the
production rate is relatively low, but the emphasis on the development process is
significant. This means that high-speed serial factories are not required at this stage, as
the assembly is primarily carried out manually by human workers, and testing during

production is only partially automated.

The thesis aims to create an affordable semi-automatic testing setup (shown in Figure 18)
specifically designed for a unique prototyping automotive battery pack (shown in Figure
19). This proposed semi-automatic test bench is tailored exclusively for one unique
battery pack and is not compatible with other types of batteries. Information regarding
the unique battery pack is provided in Section 3. This automated test bench verifies
environmental conditions and battery communication signals, performing quality tests
automatically without the need for human intervention. Once all testing steps concluded,
the semi-automated test bench generates a test report and stores the test result in Azure
cloud storage. This automated test bench can be remotely monitored via developers to
check the test results if needed. Also, developers can remotely transfer test report files to

their personnel PCs or company Azure server if intended. The development of this
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automatic testing setup took place at the Prototyping factory within IONCOR Oy situated

in Uusikaupunki.

In 2019, IONCOR Oy (previously known as Valmet Automotive until rebranding in August
2024) opened a battery factory in Salo, Finland, and later expanded with another facility
at their vehicle manufacturing site in Uusikaupunki. These developments highlight
IONCOR's strong market position and commitment to electric battery mobility. Since
2017, the company has also independently produced battery systems and packs.
IONCOR's expertise includes testing high-voltage batteries, centered around a state-of-
the-art testing facility in Bad Friedrichshall, Germany, which serves as the hub for their

testing operations [2].

Section 1 will first cover the technical background of automotive batteries, followed by an
introduction to the primary focus: the proposed automated test bench. Section 2 covers
the background knowledge and motivations for the thesis. Section 3 details the unique
prototype battery pack used with the proposed test bench. Section 4 presents the overall
schematic of the test bench, including the integration of components and introduction to
its controllers and software tools. Section 5 thoroughly examines the testing and
validation sequence for the prototype battery pack. Sections 6, 7, 8, and 9 discuss IT
features like Virtual Private Network (VPN), Azure cloud storage, remote monitoring, and
remote data transfer, respectively. Section 10 delves into the methodology employed in
this thesis and explores other methodologies applied in automotive battery testing. It
provides a concise overview of the process of designing a battery from its electrical
foundations and its progression toward mass production in a factory setting. Section 11
explores further studies and tools used during the thesis. Finally, Section 12 summarizes

all the findings.

1.1 Evolution of automotive batteries

The following chapters will provide a summary of the evolution of quality tests for EV-
hybrid automotive batteries compared to SLA (Sealed Lead-Acid) batteries. The historical
development of the electrical aspects of automotive batteries will be examined, with a
focus on their evolution independently of chemical differences and cell architecture.

Additional academic references will be included to discuss the electrical behavior of
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batteries with varying cell chemistry and architecture. Furthermore, communication
protocols for digital data exchange in printed circuit board (PCB) circuits will be reviewed,
along with an overview of how messages appear in these protocols. Each chapter will

conclude with a summary to enhance understanding of automotive battery evolution.

1.2 Battery testing in automotive industry

When this thesis discusses automotive batteries in the context of automation test setups,
it specifically means hybrid/EV batteries, not SLA batteries. The proposed test setup
outlined in this thesis includes specialized tests designed for hybrid/EV battery packs,
which are not applicable to SLA batteries. For instance, tests like Isolation (also known as
electrical insulation), dielectric (also known as high voltage withstand), and equipotential
(also known as ground bonding) outlined in this automation test setup, are tailored for

hybrid/EV batteries and are not conducted for SLA batteries.

SLA batteries were traditionally utilized in combustion engine vehicles for tasks like
initiating the engine and powering auxiliary systems such as lighting. Typically, SLA
batteries in standard passenger vehicles operate at 12 volts, with their positive terminals
linked to various electrical components. Meanwhile, the negative terminal of the SLA
battery is commonly connected to the vehicle's metal chassis. Similarly, the negative
terminals of other electrical components are also often connected to the metal chassis.
To prevent any potential variance in voltage across the metal chassis, it is advisable for
the negative wires of these components to be of equal length, as illustrated in Figure 1

(right).

SLA batteries are still used in hybrid and electric vehicles. For instance, during the startup
process of an EV or hybrid battery, contactors need to be closed. To do this, an external
power source like an SLA battery or another DC power supplier is required. Additionally,
some SLA batteries provide power for auxiliary equipment such as the Battery
Management System (BMS) and lighting. The electrical schematic for SLA batteries is the
same one witnessed in combustion engine cars. However, unlike combustion engine
vehicles, in hybrid and electric cars, the negative terminal of the EV battery is not
connected to the chassis but rather to the DC/AC converter. Both the positive and

negative terminals of EV batteries must be effectively isolated from the vehicle's chassis
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[and its battery metal’s chassis] due to the higher power/energy density compared to SLA
batteries. This crucial isolation for both terminals of EV/Hybrid batteries from exterior
metal frame of battery is guaranteed via isolation and dielectric tests. The detailed logic
behind isolation and dielectric tests will be explained in Subsections 5.8 and 5.9.

Additionally, these test conditions will be outlined in Subsection 1.7.

In Figure 1 (left) ground wires are included to connect electrical parts like the EV/hybrid
battery, converter, and electric motor, etc, ensuring they all have a common grounding
point. To guarantee safety, equipotential tests are carried out to make sure that all
exposed metal parts can be safely touched like the car's chassis, are at the same voltage
level. This helps prevent electrical shocks by ensuring that these parts are properly
grounded. A crucial aspect of UN regulation ECE R100 specifies that the equipotential
bonding between two high-voltage components must be less than 100 milliohms in their
conductivity resistance. This mentioned conductivity resistance restriction applies to the
vehicle's chassis [3]. Therefore, the conductivity resistance across the battery's chassis
alone should be less than 100 milliohms before assembling with an EV vehicle. The
detailed logic behind the equipotential test will be discussed in Subsection 5.6 and test

conditions will be outlined in Subsection 1.7.

Fully Electrical (or hybrid ) Vehicle Combustion Engine Vehicle

\\\ulu,,

SLA battery

SLA battery

BATTERY

12 Volts

Hybrid & EV DC/AC 3 phase
Battery Converter electrical motor

Figure 1. Battery wiring in Combustion Engine and EV cars



1.3 Battery cell chemistry history used in automotive industry

Contrary to popular belief, battery technology has ancient roots dating back to
approximately 1000 BCE during the Parthian Empire in ancient Iran, as evidenced by the
discovery of early batteries near Baghdad. Although the precise purpose of these ancient
batteries is unclear, their components bear resemblance to modern counterparts. The
first recognized battery in Western history was developed by Allesandro Volta in 1782.
Additionally, the Daniell cell, based on Faraday's principles, emerged as the first modern

storage cell in 1836 [4].

This thesis exclusively examines batteries used in the automotive sector. The practical
application of batteries in vehicles commenced in the late 19th century with the advent of
rechargeable SLA batteries, initially utilized for electrical accessories like lights and
ignition systems. As the early 20th century dawned, Lead-Acid batteries emerged as the
predominant energy solution for electric cars, primarily due to their cost-effectiveness,
notwithstanding their disadvantages of heaviness, low energy density, and restricted

longevity. These limitations prompted the investigation of alternative solutions [5].

In the present era, three prominent contenders for lithium-ion battery cell chemistry have
emerged: NMC (Nickel Manganese Cobalt), LFP (Lithium Iron Phosphate), and LTO
(Lithium Titanate). Determining superiority among these options is challenging as each
one exhibits both advantages and disadvantages. Figure 2 illustrates a radar chart
comparing cost, energy density, power density, safety features, susceptibility to
overcharging and over-discharging, tolerance to high and low temperatures, mechanical

stress, and lifespan for all three options [6] [7] [8] [9].

Power density denotes the amount of power delivered per unit of weight or volume. In
automotive batteries, higher power density is favored for applications emphasizing rapid
car acceleration, superior performance, and swift charging/discharging. The power
density characteristic is similar to how capacitors behave electrically. On the other hand,
energy density signifies the quantity of energy stored per unit of weight or volume.
Batteries with higher energy density can store more energy, thereby extending the
driving range of electric vehicles between charging stations. An excellent example of

energy density is gasoline, commonly used as fuel in internal combustion engines.



Comparison in Different Battery Cell Chemistries

et FP =#=NMC =e=LTO

Overcharged Robustness

High Lifetime Overdischarged Robustness

High Energy Density Overtemprature Robustness

High Power Density undertemprature Robustness

Mechanical Robustness High C-rate

Low Cost

Figure 2. Battery Cell Chemistry Comparison for LFP, NMC and LTO

In Figure 2, a high C-rate indicates that batteries in electric or hybrid vehicles can be
charged or discharged quickly relative to their capacity, beneficial in situations requiring
rapid energy exchange. Figure 2 shows that, in terms of C-rate, LTO chemistry can be
charged faster than NMC and LFP. The figure also shows that for overcharging (beyond
100% SOC), LTO, LFP, and NMC are prone to degradation and capacity loss, with LTO
being the least and NMC the most susceptible. Conversely, for over discharging (below
0% SOC), both NMC and LFP show similar susceptibility to degradation and capacity loss,

while LTO is more affected.

Additionally, the references evaluated temperature tolerance under load and without
load. At lower operational temperatures, all chemistries perform similarly; however, at
higher temperatures, LTO is more stable than NMC and LFP. Mechanical stress, especially
from direct damage, is crucial for passenger safety, with LTO chemistry showing the least

susceptibility in this regard.

Different battery cell chemistries can impact electrical test standards due to changes in

internal resistance. The choice of battery cells in the industry is often a subject of debate
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depending on their intended application. In the next subsection, battery cell architectures

that can directly affect electrical behaviors, will be introduced and studied.

In this thesis, the prototyping battery used in the proposed test bench features NMC
chemistry. NMC cells operate over a wider voltage range than the other chemistries
discussed in Figure 2. Specifically, NMC operates between 3.0V and 4.2V per cell, whereas
LFP ranges from 2.5V to 3.65V, and LTO ranges from 1.8V to 2.85V [10]. The battery pack
tested in this thesis uses NMC chemistry. Subsection 5.4 explains that the voltage
tolerance for NMC cells, as shown in the TestStand report, can be verified by reading the

battery cell signals' voltage in the prototyping battery pack using the Arduino controller.

1.4 Automotive battery cell architectures

Automotive battery cell architectures are catergorized into three subgroups namely,
cylidrical cell, prismatic cell, and pouch cell. In a simple battery cell architecture, electrode
defines battery polarity, electrolyte enables the flow of ions between electrodes,
facilitating the conversion of chemical energy into electrical energy, and Separators

prevent direct contact between electrodes while allowing ion flow.

Subsection 1.4 provides visual explanations for the definitions of electrodes, separators,
and electrolytes in different cell architectures. The battery pack assembly process can be
directly influenced by the shape of the battery cell architecture. At the conclusion of
Subsection 1.4, the architecture utilized in the battery pack tested on the proposed test

bench will be specified.

1.4.1 Cylindrical Cell Architecture

This familiar and widely acknowledged configuration (Figure 3) consists of a metallic
enclosure housing internal elements like positive and negative electrodes, electrolyte,
and separators. The cathode is the positive electrode, and the anode is the negative
electrode. The most common cylindrical battery cell size widely utilized in the automotive
industry, particularly in vehicles like Tesla Model S and Model X, is 18650. This
designation number signifies its dimensions of 18 millimeters in outer diameter and 65

millimeters in length [11].
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Figure 3. Cylindrical battery cell architecture [12]

1.4.2 Prismatic Cell Architecture

Lithium prismatic cells have a flat, rectangular, or square shape that can be stacked easily,
unlike cylindrical cells. They are called "prismatic" because they look like prisms, with
their shape resembling that of a box or rectangle. Typically, this type of cell is housed
within a robust metal casing for protection [11]. Well-known automotive companies like

BMW and Volkswagen utilize this cell architecture in their vehicles.
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Figure 4. Prismatic battery cell architecture [12]

1.4.3 Pouch Cell Architecture

A pouch lithium-ion battery cell is recognized for its flexible and flat-cell design,
resembling a pouch. It is usually created by layering flat electrodes and separators, which
are then enclosed in a flexible pouch or bag made of materials like aluminum or various
polymers, sealed with heat [11]. Automotive manufacturers such as Hyundai and Ford

incorporate pouch cells into their vehicles' battery systems.
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Figure 5. Pouch battery cell architecture [12]

1.4.4 Battery Cell Architectures comparison

The battery cell architectures, as depicted in Figure 6, were compared based on space
efficiency for stacking within battery modules, manufacturability in terms of time and
complexity, weight relative to electrical capacity, resistance to physical damage, cost,
durability, and technology maturity development, with citations from [11] [12] [13] [14].
In Figure 6, comparisons of power density, energy density, and heat dissipation were
excluded due to significant disagreements in the sources previously mentioned. It is
noted that unlike cylindrical cell, pouch cell technology is still in its early stages of
development, while prismatic cell technology is not yet fully matured, indicating potential

changes might be depicted in Figure 6 in the future.

Attributes in Battery Cell Architectures
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Mechanical Robustness

Figure 6. Battery cell Architecture comparison for Cylindrical, Prismatic and Pouch cell
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1.4.5 Battery Cell Architecture in assembly process

EV-hybrid batteries are made up of individual battery cells. These cells can be stacked to
form larger units, known as “Stacked Cell units” or “Battery modules,” to meet the
required nominal voltage and current. When assembling these cells, it is important to
consider their polarities. For instance, to achieve a higher voltage, cells are connected in
series—two 3.7V cells connected in series will result in a total voltage of 7.4V. Conversely,
to achieve a higher current, cells are connected in parallel—two cells with 2000mAh
