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Abstract

In this thesis work, the design challenges of building a robust Battery Management Sys-
tem with the existing solutions are discussed highlighting the communication within the
battery pack. The initial plan of this master thesis work was to investigate wireless BMS
technologies and to implement a wireless BMS, as a demo prototype for three segments
with wired BMS for a full 7.2 kWh battery pack. After investigating the wireless BMS
solutions, it was clear that the available resources and support for wireless BMS solutions
were limited to use it in real-time application. It also means that the complexity involved
in real-time analysis of the antenna, frequency, and battery pack as a wireless channel to
build a wireless BMS compatible container was out of this thesis scope.

Due to all these limitations, the thesis work redefined and divided into two sections.
In the first section, the problems with wired BMS are discussed and the wireless BMS
concept is introduced, with Wireless BMS protocols and technologies were discussed. The
commercially available Wireless BMS solutions to use in 2020 are analyzed with design
considerations. It concluded by highlighting the advantages and challenges of Wireless
BMS.

In the other section, the robust wired BMS is designed for a 7.2 kWh Li-Ion battery
pack for a Formula Student Electric Car and compared with conventional BMS design.
The highlight is on challenges in housing the BMS inside the battery pack and integration
issues with respect to cable harness management. The new BMS communication protocol
is discussed and implemented to reduce the complexity of communication inside a battery
pack. And BMS design methodology is explained by choosing the topology, components,
and design considerations in circuit and PCB development. Later integrating this BMS
within the pack is discussed and concluded with the cell testing results, which was done to
understand the cell behaviors as an input to design BMS software.

This work gives a better idea about real-time implementation and integration of BMS
in the battery pack with design considerations and challenges. It also highlights the tech-
nology research on the analysis of futuristic Wireless BMS solutions and its challenges.

Keywords: BMS, Wireless BMS, communication, cable harness complexity, electric
vehicle battery pack
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Popular Science Summary

The major challenge in the transition to electromobility is Battery Storage. Battery man-
agement systems (BMS) in Electric Vehicles is to ensure the safe and reliable operation
of Lithium-Ion batteries and it plays a very critical role. Current wired BMS solutions
suffer from lack of diagnostics, fault-tolerant operation with respect to the physical failure
of wire harness, poor scalability, maintenance of wire harness with their weight, and added
complexity during assembly, and troubleshooting. Wireless Battery Management Systems
are developed as the potential false proof systems in BMS technology because of their high
level of scalability, flexibility, fault tolerance, and diagnostics.

In the Wireless BMS concept, the battery pack is built by series or parallel inter-
connecting cells, with the integrated wireless cell stack monitoring modules. Each and every
wireless monitoring unit integrated with voltage, current, temperature sensors connected
to a wireless gateway, which acts as a Master BMS module. So all the sensor nodes
communicate with master BMS wirelessly. Through technology research and investigation
of wireless BMS, it is clear that they are future of battery management system which
eliminates the issues with the present solution. Linear technology’s SmartMesh IP and
Navitas Solution’s WiBaAN proprietary protocols are leading ones in this line, with many
additional benefits including cable harness elimination. They have proven to be flexible,
reliable with low latency, high throughput, and robust communication even in harshest RF
environments, with these improvements in this technology, all the semiconductor OEMs
are leaning towards it. To implement a wireless BMS, the battery pack should be studied
and designed considering it as a wireless channel to achieve reliable wireless communication
in it.

The wired BMS can be optimized by moving from conventional CAN bus to isoSPI
protocol, which is an isolated 2-wire differential signal encoded with full-duplex SPI signals
for BMS communications. It cuts down the cost of additional components required for CAN
bus, and also it gives flexibility over BMS architecture, allowing to use any of modular,
distributed and centralized communication. It’s more reliable in the moderately high noisy
battery pack environment. The efficient BMS using this communication will reduce the
entire battery pack cable harness used for signals and the sensors.

In this thesis work, the investigation on wireless BMS solutions is carried out along with



vi

the implementation of robust wired BMS using isoSPI from choosing the cells, components,
designing electronics to integration. The BMS is designed with just five-set of twisted-pair
cables, eliminating more than 400 numbers of cables being used in conventional BMS setup
for the same 8KWh, 130 series cells Li-lon Battery Pack of Lund Formula Student’s first
electric car. The Wireless BMS will be the future of BMS and isoSPI is the best-wired
alternative for today, which can almost eliminate the complex cable management.
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Notations and Symbols

ACU - Accumulator Control Unit

AD - Analog Devices

ADC -Analog to Digital Converter

AES - Advanced Encryption Standard
AIR - Accumulator Isolation Relay

AMS - Accumulator Management System
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ECU - Electronics Control Unit

EMC - Electromagnetic Compatibility
EMI - Electromagnetic Interference

ESS - Energy Storage Systems



EV - Electric vehicle

FPC - Flexible Printed Circuit

FS - Formula Student

FSAE - Formula Society of Automotive Engineering
FSG - Formula Student Germany

FSK - Frequency-Shift Keying

GPIO - General Purpose Input Output

GUI - Graphical User Interface

HEV - Hybrid Electric Vehicles

HIL - Hardware in Loop

HV - High Voltage

HVD - High Voltage Disconnect

HW - Hardware

IMD - Insulation Monitoring Device

IEA - Industrial Electrical Engineering and Automation
IC - Integrated Circuit

IRENA - International Renewable Energy Agency
IoT - Internet of Things

IP - Intellectual Property

isoSPI - Isolated SPI

ISM - Industrial, Scientific and Medical

I12C - Inter-Integrated Circuit

kWh - Kilo-Watt per hour

LDO - Low Drop Out Voltage

LDO - Light Emitting Diode



LFS - Lund Formula Student

LFS18 - Lund Formula Student’s car 2018

LFS19 - Lund Formula Student’s car 2019

LFS20e - Lund Formula Student’s Electric Car 2020
LLNL - Lawrence Livermore National Security Laboratory
LT - Linear Technologies

LV - Low Voltage

MCU - Micro-controller Unit

MMCX - Micro-Miniature Coaxial

MPU - Microprocessor Unit

NC - Normally Closed

NIST - National Institute of Standards and Technology
NO - Normally Open

NTC - Negative Temperature Coefficient

OEM - Original Equipment Manufacturer

PC - Personal Computer

PCB - Printed Circuit Board

PCBA - Printed Circuit Board Assembly

PEC - Packet Error Correction

PER - Packet Error Rate

PIFA - Planar Inverted-F antenna

PLL - Phase Locked Loop

PSRR - Power Supply Rejection Ratio

PWM - Pulse-Width Modulation

RC - Resistor Capacitor
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RF - Radio Frequency

RTOS - Real Time Operating System

SCS - System Critical Signals

SEI - Solid Electrolyte Interface

SDK - Software Development Kit

SPI - Serial Peripheral Interface

SOC - State of Charge

SOH - State of Health

SOP - State of Power

SPST - Single Pole Single Throw

SW - Software

TT - Texas Instruments

TS - Tractive System

TSAL - Tractive System Active Light

TSCH - Time Synchronized Channel Hopping
TSMP - Tractive System Measuring Point
UART - Universal Asynchronous Receiver/Transmitter
USB - Universal Serial Bus

VREG - Regulated Voltage

WBMS - Wireless Battery Management System
WiBaAN - Wireless Battery Area Network
WiFi - Wireless Fidelity

ZIF - Zero-Insertion Force
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Chapter 1

Introduction

Technology advancement in automobile industry is emerging rapidly. From last two decades
the electrification of personal and public transport has taken a major turn and plays an
important role in reducing CO2 emissions and air pollution. EVs provide opportunities to
link the renewable power and low carbon print sector. Even through EVs are considered as
a energy-consuming sector, it opens the opportunity for continuous demand for electricity
that can be supplied by renewable, making the most of it and these vehicles can be used as
a local source of energy during peak hours. It also creates significant efficiency gains and
could emerge as an important source of storage for variable sources of renewable electricity.

According to International Renewable Energy Agency (IRENA) analysis[3], there will
be increase in electric vehicle fleet from 2 million in 2016 to 200 million by 2030. There are
challenges to overcome in achieving the potential increase of EVs. Vehicle cost, price of
battery pack and investing in charging infrastructure are the major challenges to overcome.
Today hybrid electric vehicles (HEVs) and Battery-operated electric vehicles (BEVs) are
in market. As storage being the major challenge of it, lot of research is going on to
increase the energy and power density, which intern reduces the vehicle mass and mileage
of vehicle on single charge. This thesis is carried out at Lund Formula Student, Industrial
Electrical Engineering and Automation (IEA) and Electrical and Information Technology
Department to Investigate a emerging Wireless Battery Management Technology (BMS)
and to implement a BMS for its first electric race car.

The wire-harness inside a battery pack is a huge problem at many circumstances, it can
lead to various problems such as physical connection failure with the mating connectors,
cables in the vibratory environments. The communication error under EMI is already a
concern for the data transmission rates, is also partially because of harness and connectors.
Ultimately it adds complexity during assembly, and difficulty in automated manufacturing
and design of battery pack. All these problems because of the wire harness lead to low pro-
ductivity and susceptible reliability with a risk factor of almost 50 percent. To be precise, it
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is an economic impact because of the quality, standard requirements, and cost we spend on
the wire-harness, connectors, protective shielding, insulation, signal isolation components.
It also includes the amount of energy and human resources needed in designing, testing,
and troubleshooting a battery pack is a major portion of the overall battery pack cost in
turn vehicle maintenance cost. As the number of cells in a battery pack increases, the
problems related to the harness increases, and this is the ongoing trend in the capacity and
size of battery packs today. The Investigation of available wireless BMS solutions is carried
out in this work and advanced wired BMS is implemented highlighting the conventional
BMS issues and Industry Design Techniques for a Formula Student Electric Car.

1.1 Motivation

Lithium-Ion batteries need to be maintained with considerable care if they’re expected
to work at their best over a long period. They can’t be operated to their full capacity,
ie to the end of state of charge (SOC). As the battery discharges to deliver the power
required to drive motor in an EV, the cells parameter changes, the charge, voltage reduces,
temperature fluctuates and its to be monitored to managed. To provide sufficient power
for a vehicle, 100 or more battery cells are required, configured in a series and parallel
combination, generating the maximum amount as 1000V or higher. The electronics inside
the battery pack must not fail at the very high voltage environment and able to minimize
the effect of common-mode voltage effects, by measuring, monitoring and managing each
cell in these cell stacks. The battery management electronics should be able to communicate
the measured data from each cell in every battery stack to a controlling master unit for
processing the data and to take the necessary actions required. In addition, operating a high
voltage battery stack in an extreme heavy-duty vehicle or other high-power applications
exposes BMS to tough conditions, like operation with significant electrical noise and wide
operating temperatures. The battery management electronics are designed to maximize
operating range by making sure, that cell operates at their healthy conditions to keep them
safer, reliable to use over longer lifetime, while reducing cost, size, and weight. Fast steady
growth in battery monitoring ICs has managed to perform to provide high performance,
reliability and increased life of battery packs in the automotive industry today. Reducing
the complexity of harness for signals and sensors data within the battery pack through
Wireless Battery Management System enhance the reliability, robustness, and safety of
the battery systems.

Battery Management System (BMS) plays an important role in controlling the power
delivery, charging and performance of EV Battery Pack. The BMS of electric vehicles is
to ensure an optimal and reliable operation of the energy storage system to guarantee for
safety of battery pack, reliability, durability and of electric vehicle.

The measurement hardware for data acquisition includes temperature, current and



1.2. Thesis Scope and Objective 3

voltage sensors, these modules are called cell controllers or BMS slave boards and can also
adjust the charge states of the individual cells by cell balancing. The real key function
of the BMS is implemented through corresponding algorithms in the BMS Master Board
that calculates and provides the necessary information about the state (e.g. energy and
performance) of the battery and controls the charging, discharging and responsible for
safety of battery pack and vehicle. Another major part of BMS system is communication
interface between BMS slave boards, BMS Master and main Vehicle Controller.

At Lund Formula Student, the transition from combustion to electric had been taking
place, so its decided to build our first electric car. The BMS was the major concern
as it’s critical to regulate and manage the battery pack, which is most important part
of electric car. This motivated me to take up this project and to work on it. Even
through the goal was to build a basic BMS as its our first year, I wanted to explore the
future trends and advancements in the BMS Technology, so I decided to investigate on
the Wireless Battery Management System and build a prototype of along with wired BMS
in my Thesis Work. But after the detailed investigation on wireless BMS technologies, it
was clear that the available resources and support for wireless BMS solutions were limited
to implement it in real-time application. It also means that the complexity involved in
real-time design of the antenna, frequency, and battery pack as a wireless channel to
design a wireless BMS compatible container was out of this thesis scope. Due to all these
limitations, the thesis work redefined and divided into two sections. In the first section,
the problems with wired BMS are discussed and the wireless BMS concept is introduced,
with Wireless BMS protocols and technologies were discussed. The commercially available
Wireless BMS solutions to use in 2020 are analyzed with design considerations. It concluded
by highlighting the advantages and challenges of Wireless BMS.

1.2 Thesis Scope and Objective

The technology research, investigation and analysis of the Wireless Battery Management
System is carried out as a part of this thesis work based on the commercially available
solutions and research works as of 2020. And at the other end robust Battery Management
System is designed from base for SKWh Li-Ton Battery Pack, which will be used in Lund
Formula Student’s Electric Car Drive-train and it’s extended to testing cells to understand
their behaviour in various conditions.

e The Battery Pack Architecture is discussed to understand the need of BMS and
the Wireless BMS technology is discussed by analysing various research projects
and prototypes. The need, limitations and the advantages of the Wireless BMS is
discussed in detail, with-respect to different vendors.

e Battery Management System is designed for the 8kWh Battery Pack. The cell stacks
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are supposed to be monitored by measuring each cell voltage and temperatures and
to be transmitted to the BMS Master, this results in a challenging and complex wire
harnessing, and the normally used communication protocols, doesn’t perform well in
this harsh environment within battery pack, which is exposed to EMI from HV con-
verters and other circuits. The wired SPI or 12C communication are susceptible to
noise and not suitable to use with longer transmission lines. The CAN, which is spe-
cialised and heavily used for automotive applications adds a complex hardware, which
leads to complex packaging challenges in regards to reliability, robustness, EMC and
also increase the total cost. Thus choosing a suitable reliable communication protocol
to reduce signal path and the complexity of cable harness during assembly of battery
pack is essential and considered as a priority in this design. And also reducing the
cable harness for both voltage and temperature sensing is also analysed and sensing
cables are eliminated in this work.

e In this work, a wired BMS with unique communication protocol is analysed, imple-
mented and evaluated for a 8kwh Li-lon Battery pack. Then compared to chosen
wireless BMS Solution, in terms of reliability, robustness, busload, safety, costs and
implementation effort.

e Testing the BMS while developing, is one of the major challenge. As its dangerous to
test the battery pack directly, without finalizing and confirming the reliable operation
of the BMS. Various testing methods like HIL and others are discussed.

e The cell selection and the tests on the individual cells is performed and evaluated
to get the best out the cells, by understanding their behaviour in various conditions,
and this data is used as a valuable input for the BMS Development.

1.3 Structure of the Thesis

The Thesis is divided into following chapters

e In Chapter-2 Battery Pack Architecture is discussed to introduce and understand
battery pack components and their need. Including Cells Choice, High Voltage Com-
ponents and BMS.

e In Chapter-3 Design Challenges of wired and wireless BMS after that various BMS
technologies are discussed, analysed and compared with the wired BMS solution.

e In Chapter-4 Development of Wired BMS design is discussed in all the aspects,
from choosing the components to packaging it and industry design standards while
designing these circuits is analysed and highlighted.
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e In Chapter-5 Cell testing for various parameters is discussed, for voltage, current,
temperature and pressure variations during change and discharge cycles.

Its followed by the future work and the conclusion to brief the entire thesis.






Chapter 2

Background

2.1 Traction System Battery Pack

The EV Drivetrain consist of three major components, It starts with a battery pack, it
is an array of Li-Ion cells connected in series, parallel or combination series and parallel
which generates power required fo the electric drivetrain. Then comes the inverter which
will convert this high DC voltage to AC power required for AC traction motors. These AC
motors are widely used in almost all-electric vehicles, these are easily controlled and driven,
these are reliable and cost-effective in the long run. The 3-Phase AC motor consists of three
coils wound around a stator. And the internal is a cage made up of aluminum or copper
rods which is called a rotor. And these AC Motor is connected to the transmission and to
shafts, which makes wheels rotate. In our battery pack design, we have used Li-polymer
prismatic pouch cells and our drive train consists of sevcon inverter [4] and Emrax-228 [5]
electric motor.

An EV Battery pack consists of various High Voltage and LV Electronic Boards with
the Cells in it. Accommodating all the components without increasing the size and weight
of the battery is challenging. The configuration of cells and the managing electronics places
an important role in the battery pack shape and size. The battery pack is made of cells,
to store energy and deliver it to the traction motor as per its requirement. The other
components include the packing architecture, electronics components and busbars to have
a interconnect between the cells and HV cables is necessary for the flow of electricity into
the drive train and to ensure its safety. Cells are made up of two elements and there will
be distributed over cathode and anode with foils, electrolyte, and a separator. To manage
everything the packing components consist of the Battery Management System (BMS), HV
power electronics with relays, resistors, and capacitors. The wiring harness, connectors,
internal cell support, housing, and a cooling system plays an important role in the battery
pack design.
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Here in Figure 2.1 is the generic battery pack from Johnson Matthey Battery System,
which shows almost all the components required in the battery pack [6]

Cell module

Cell busbar
Traction harness

Current
Measuring
Device

Main Contactor Relay

Slave module

Fuse
Individual cell

Cells

Vehicle Interface (Energy storage)
External casing
Isolation monitoring device i R
Master Electronics
Battery Management
System (BMS) and

power electronics

Figure 2.1: Generic Battery Pack Components [6]

2.1.1 Cell Choice and Configuration

Selecting a suitable cell is a very important part of building an EV battery pack. It’s
based on many factors like chemistry, geometry, charge and discharge C rate, capacity,
and the voltage. To choose exactly which cells to use, the target values were compiled.
This was done by analyzing the simulations and going through the rules. To make sure
the values were reasonable some studies of other electric formula student cars were done.
These studies showed that most of the other teams have a battery pack capacity in the
range of 6-8kWh. We choose to go with an 8kWh battery pack.

Since the packaging and building a battery pack with cylindrical cells is complicated
than the pouch or prismatic cells, and also with cylindrical cells, they comes with a low C-
rate, its decided to use the pouch prismatic cells. Based on the target values the ambition
was to build the lightest, least complex, and cheapest battery pack possible. By looking
at cell manufacturer Melasta’s database [7], all of their high power discharge cells and
respective specifications were recorded in an excel document. The specifications were
Voltage, Nominal Capacity, Width, Height, Charge and Discharge C-rate, Weight, and
Internal resistance.

After analyzing many cells, these two cells with similar ratings seems to be the viable
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options, and their details are in the Figure 2.2. Notice that the number of cells in series
only makes up 518V. The reason is that the capacity target of 8 kWh is sufficiently reached
with 140 cells, and the fact that the charging voltage is 4.2 V limits number in series to
600V /4.2V= 142 cells. It is easier to package 140 than 142 cells too. Charge C-rate was
not taken into account because it was larger than one for both options, making our charger
with the maximum charge power of 6.6 kW the limiting factor.

Battery model Nominal Voltage (V) Nominal capacity (Ah) C-rating discharg Weight (g)  Impedance USD/pcs
SLPB9145180 3.7 7.05 20 159 0.002 34.74
37 15 10 307 0.0015 74.24
Model Amount Extra % Order Amount Weight (kg) Cost (USD) Losses at 80kW
SLPB9145180 280 1.2 340 44.5 11812 2476
140 1.2 170 43.0 12621 3715

Figure 2.2: Two Cells Specifications

The two cell options are similar in all specifications but the capacity and volume,
which creates two different design conditions. 280 low capacity cells (140s2p) means many
connections that potentially could fail, many BMS-slaves and a more complex mechanical
structure. On the other hand, two cells in parallel mean lower resistance and thus lower
heat losses.140 large capacity (140slp) cells mean relatively few connections and BMS
slaves as well as a simpler mechanical structure. This, in turn, means shorter development
time, more testing time, and easier debugging. However, having cells only in series means
higher current through each cell that generates higher heat losses that can be difficult to
design for. The financial cost of the two options are quite similar and therefore not further
considered. The choice of which cell to use was, therefore, depending on the heat losses.

Due to relatively low mechanical complexity, we chose the 15Ah cells (SLPBA875175),
which are shown in Figure 2.3 and their detailed specifications and ratings are shown in
Figure 2.4.

The Battery Pack Configuration with, the Melasta’s SLPBA875175 is (140slp) 140
cells in series configuration, divided up into 5 segments for the LFS20e Car. All though,
it was in a later stage realized that the intended (140slp) would not be rules compliant
based on the energy level per segment in a 5 segment layout, and compromising late-stage
solution with (130slp) 130 cells in series with 5 segments. And the cells with 15Ah and
10C discharge rate would give us 150A, but based on the temperature rise, we limited the
discharge current.
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Figure 2.3: Chosen Cell

SLPBAS75175
Size 15 Ah Type Li polymer (LiCO»)
Nominal Voltage 3.7V Size Prismatic
Max Continuous Charge Current 15 A (1C) Peak Charge Current 30 A (20)
Max Continuous Discharge Current: | 150 A (10C) Peak Discharge Current | 225 A (15C)
Discharge End Voltage 2.75 V Energy Density 180 Wh/kg
Size 10.8 x 75.5 x 175mm | Power Density 1800 W /kg

Figure 2.4: Chosen Cell’s Specification
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2.1.2 Battery Pack Electronics

Let’s dive deep into the battery pack electronics, and understand the need of each and every
part of components. The Figure 2.5 shows the high-level view of the battery pack elec-
tronics. The battery pack is connected to the HV voltage terminals, which are connected
to the inverter.

CAN
(Vehicle Bus)|

@
& [] Pre-Charge Relay  Pre-Charge Resistor

Connector

ONC,

z P
‘ t
Highvoltage L

Current sensor Relay

Figure 2.5: Battery Pack Electronics Architecture|6]

It’s connected to the inverter with isolation relays or HV disconnect relays, which
connect and disconnect the battery pack to the inverter. These isolation relays are found
in both the positive and negative terminals.

In between this HV connection, there will be fuses which are not shown in the Figure 2.5,
they will be in series with isolation relay. There are pre-charge and discharge circuits to
handle the inverter capacitor load before connecting it to battey pack. Then there is a
PCB to control these precharge and discharge circuits. Most importantly it consists of
Battery Management System and Isometer to monitor the isolation between the battery
pack and chassis of the EV. The current sensor is part of the BMS.
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Accumulator control unit

The Accumulator control unit, or an ACU, its an MCU board to controls the connect and
disconnect of the accumulator pack from the inverter whenever it’s required. In our design,
it consists of two PCBs, one with the control logic and one with the HV relays. Since these
are known to glitches and have a tendency to occur, it’s divided into two PCBs. Since
the control logic will be low voltage and the Relay connection will be on high voltage,
the proximity to high current and voltage paths wires also collect a lot of interference,
hence it’s divided into two boards. However, during the PCB layout design stage, we
understood that combining both will lead to a very big card due to the size of the high
current contactors. And it will be difficult to place in the HV battery pack container.

We have taken care of the PCB traces for High Current flow as the entire tractive sys-
tem current, maximum of 150A is supposed to flow through these relays and PCB traces.
And the other potential problem going with only one board solution was electromagnetic
interference, EMI. The logic and MCU and other sensitive parts would have been suscep-
tible to EMI noise. Considering all these factors, the necessary logic is placed on the high
voltage board with relays and everything else is on the Accumulator Control Unit PCB.

Precharge and Discharge Circuit

When connecting a battery to an inverter, there will be an inrush current so there is a
capacitor inside an inverter, which will be charged up to the battery voltage before the
battery is connecting to the inverter directly. These capacitors are charged and discharged
slowly before connected to the load, so precharge and discharge circuit with relays and
huge resistors to limit the current while charging this capacitor is needed. This precharge
circuit is limit the inrush current without limiting the operating current.

The formula student design rules state that the voltage higher than 60 VDC is not
allowed in the tractive system five seconds after the disconnection of the battery poles. To
make sure of this a resistor is connected together with a relay in parallel with the input of
the inverter. This relay will close as soon as the shutdown circuit is broken. The purpose
of the precharge circuit is to protect both the inverter and the battery pack. It allows a
controlled charge of the input capacitors, preventing big inrush currents. In the precharge
circuit, a resistor and a relay are connected in parallel with the positive pole AIR.

The operation and Precharge and discharge circuit are explained here. The first circut
in Figure 2.6, represents discharge circuit, when the load is disconnected from the battery,
the discharge circuit activates the stored charge in the inverter capacitor discharges through
the resistor.

During pre-charge, as shown in the second circuit in Figure 2.6, the battery is connected
to the resistor in series with the capacitor, charging the capacitor with low current. Once
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Figure 2.6: Operation of precharge and discharge circuit

it charges, the AIRs closes, now the battery is powering the inverter, which means the
load as shown in the third circuit in Figure 2.6. The choice of these relays and resistors is
important, in our design 470-ohm resistor rated with 600W is chosen.

Accumulator Isolation Relays

The relays used to connected and disconnect the load, inverter as the contractors are
Gigavac GV224CPB. These PCB mounted relays are rated to 800V and 200A even through
our maximum limits are 480V with 150A at max. They are normally open type relays,
which means that as long as no current flows through the coil the poles are not connected
and it’s open. The important factor for choosing these relays is the auxiliary contact,
these are very useful which displays what state the relay is in without any additional logic
circuits.. The operating voltage is 24V, to energize the coil. The 24V version needs 0.3A
reducing the required current by half compared to the 12V relays.

Insulation Monitoring Device

In the battery pack of the EV the HV system must be galvanically insulated from the low
voltage ground. As the definition of the galvanic insulation, the systems are considered
to be galvanically insulated if the resistance is greater than or equal to 5002/V. In our
system, the TS voltage of 518V means 259k ohm and the with-stand voltage between the
circuits should be three times the TS voltage. IMD is used to make sure the two systems
are insulated from each other. The IMD measures the resistance between ground and the
positive and negative pole of the accumulator pack. If the measured resistance is lower
than 5009/V the shutdown circuit should be opened to ensure the safety of the people
handling the vehicle as well as the vehicle itself. In accordance with the FSG rules, this
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must be done without any programmable logic and a red indicator light must be activated
when the IMD opens the shutdown circuit. In the FSG rule book, the recommended IMD
to use is a Bender A-ISOMETERR(©)iso-F1 IR15-3204, which his shown in Figure 2.7 and
the same IMD is used in this battery pack.

Figure 2.7: Insulation Monitoring Device

The IMD comes pre-programmed to meet our specifications of the accumulator pack
and to comply with the 5009 /Vshut off point. It is then connected to the start and the
end of the cell series as well as to the ACU was the shutdown circuit can be opened if the
accumulator pack loses its insulation. The IMD also makes a measurement on the voltage
from the accumulator pack and if it goes below a point that is called the end of the charge,
the IMD opens the shutdown circuit to prevent damage to the cells.

Battery Management System

The battery management system also known as BMS is the monitoring and control system
of the battery pack. This is an integral part of the battery pack and a requirement to be
allowed to compete in the Formula Student competitions. The main function of the BMS
is to make sure that the cells are working as intended to ensure safety and performance as
well as provide information about the state of the battery pack. A BMS can generally be
set up in 3 main ways, centralized, where the data from each cell is directly transferred to
the BMS master with wires, Modular, where the data is transferred wirelessly from each
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cell to the BMS Master and Distributed, where a couple of cells are monitored by a BMS
slave which handles the data and transfers it to the BMS master with wires. Each type
has its own advantages and drawbacks shown and the most reasonable choice for us to use
is the distributed setup due to higher manufacturability and lower complexity compared
to a modular system while still avoiding most of the trouble that can be caused by the
multitude of wires in a centralized system.

We have used the Modular BMS topology, and this work mainly concentrates on the
BMS development for this F'S Car considering various factors.






Chapter 3

Wired and Wireless Battery
Management System

In Electric Vehicles the battery management systems (BMS) play a very important role.
The battery management system (BMS) of battery-electric road vehicles must ensure opti-
mal operation of the electrochemical storage system to guarantee the safety of passengers,
durability, and reliability. More than the battery pack electronics hardware for data ac-
quisition called slave and sensor boards, the important key element of the BMS is the SW
algorithms running on the master unit that processes the data and outputs the required
information about the state (e.g. energy and performance) of the battery and control the
cells. This system is implemented to typically measure cell voltages, and cell temperatures
and might also adjust the charge states of the individual cells by balancing. The balancing
is done through MOSFETs and resistors passively, by converting the excess charge into
heat.

In a battery pack, large number off lithium-ion cells are connected in various configu-
rations and grouped in modules, as shown in figure 1. Then these modules have connected
either series or in the combination of series and parallel or in parallel to produce the spec-
ified voltage and current. As an example, a typical battery pack from a hybrid car has
between 8 to 12 modules, each of them equipped with 10 or 12 cells. Within the current
commercial BMS, communication is realized by means of pretty complex bus protocols, e.g.
CAN-Bus. This requires the installation of a really large and complex amount of additional
wiring to interconnect the massive number of communication nodes [1]. Consequently, this
leads to a rise in cost, weight, and construction complexity, furthermore as complications
regarding the galvanic isolation of the cells. Additionally, the CAN-Bus limits the data
rate to 1 Mbps, which could turn out to be a bottleneck for the development of future
generations of battery sensor systems

17
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3.1 Design Challenges in Battery Management System

A design challenge in wired and wireless BMS is pretty similar. Significant basic require-
ments are very low latency, high throughput, low power wireless protocol. Another factor is
scalability, that gives the flexibility to go beyond maybe eight cells into a range of 24 cells,
32 cells, or even more than that per segment of the battery pack. The network formation is
a major challenge when the car is turned ON, the network should form in the least amount
of time. As of now, the requirement is 300 to 400-millisecond for turning the car ON and
for the batteries to join the network and start reporting information. These are the main
concepts and challenges that everyone is targeting with wireless BMS protocol.

Reliability is another challenge, the packet error rate is one of the top things that the
car manufacturers ask for. The automobile is a pretty challenging environment for the
signals. It’s like being in an enclosure of HV, LV, and multi-band frequencies. When there
are more wireless devices for specific needs inside that enclosure, there are lots of multi-
path and noise. There will be a lot of different propagation’s that can happen and interfere
with each other. So building and demonstrating a reliable wireless connection that meets
the requirements effectively a tough environment like an automobile is challenging and to
be fulfilled.

Power consumption is an important factor. Even though it’s inside a high power energy
pack with a lot of cells, designing wireless communication modules to work with low power
is important. In most of the car’s electric and hybrid electric vehicles, they still have
systems on that car running off of a 12V or 24V Low Voltage Battery dedicated to all
electronics circuits. And it’s not optimum to over utilize that battery because there will be
scenarios where the car should be able to start even after extended periods of time being
off because of static power consumption. Another scenario is to make sure that all this
energy is stored in this battery. It’s important to make sure to use the energy appropriately
and not abuse that energy to affect the range or the efficiency of the car from a drivability
point of view. It’s necessary to use the power budget there for what it’s intended for, not
the overhead of a protocol.

3.2 Robust Wired BMS Communication : isoSPI

The primary purpose of the BMS is safety, and that should be achieved with high reliability
and stable communication because all the signals of the BMS are system critical. Since
Electric Vehicle and Battery packs are electrically noisy environments, the design challenge
is to establish a highly reliable communication network. Even though a well-established
CAN bus can handle this, the size of the battery pack, signal cable harnessing, and the
additional cost needs to be considered.
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To use a CAN bus in the BMS applications, specifically for establishing the communica-
tion inside a battery pack, interconnecting each slave and interfacing each slave monitoring
IC with the CAN is complex. There will be around 30 to 40 Slaves Monitoring ICs in a
smaller battery pack consisting of around 100 to 200 Cells. In our battery pack, we have
25 monitoring ICs. And to establish a CAN communication with each ane every moni-
toring IC we need to interface over SPI to CAN, additionally, we need a CAN transceiver
1Cs, Insulator Circuits, and additional components, which are a lot more components that
consume PCB space and increase the cost and complexity of the entire system as shown
in the Figure 3.1, it’s a complex circuitry.[9]

If we consider the normal 4-wire SPI communication, it’s not reliable over long distances
and susceptible to noise, which is not an option we can consider in the BMS applications.
Because of all these limitations with CAN and SPI protocols with respect to BMS commu-
nication requirements linear technology developed their own protocol by translating the
4-Wire SPI signals to two-wire differential signals and its called isoSPI.

This isoSPI protocol translates the full-duplex 4-wire SPI signals into differential signals
without any additional hardware components requirement at the slave IC side. And it can
be used over 100 meters with a 1Mbps transmission rate [11]. As its a differential signal,
it’s more immune to EMI and other signal integrity issues. This differential signal then
transmitted via twisted pair with a signal inexpensive signal transformer coupling or a
capacitor coupling.

This isoSPI is integrated into all linear technology’s Battery Stack monitoring ICs, two
isoSPI ports are included as an input and output port. These input and output ports
enable all LTC681x monitoring ICs to be connected in a daisy-chain or reverse-dairy chain
for monitoring long and high voltage battery strings over a distance of 100 meters as shown
in the Figure 3.2.

To communicate with the master, its possible to communicate directly through SPI
with the first monitoring IC in the chain, without the need for additional components.
It’s also possible to communicate through isoSPI by converting the master’s 4-wire SPI
signals to iso-SPI by using dedicated converter IC LTC6820. This is advised and widely
used configuration.

The conversion from 4-wire SPI to two-wire isoSPI twisted-pair differential signals is
explained here. It uses the balanced differential signal pair with neither of the signals
referenced to the ground. By using this differential signal configuration, the common
mode noise doesn’t have any impact on the data, as it will equal on both the signals.
And it also used the transformer or capacitor coupled network, the preferably transformer-
coupled configuration between two ICs, which has an added advantage over the other. It
provides better isolation and shielding from large common-mode voltage swings created by
the system noise around by transmitting this system critical signals through the dielectric
barrier[10]. It’s the same technique used in the twisted pair Ethernet communication
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standards.

And this electrical isolation makes it easier for the transmission of the signal between the
modules, and between the master and slave modules despite large DC voltage differences
between every part of the battery pack. The selection of the transformer depends on the
stand-off DC voltage required.

The Figure 3.3 below shows the transmission of the differential waveform on the twisted
pair wiring, its ideal isoSPI waveform and then DC signal is a transformer-coupled without
any information loss. The timing, polarity, and width of the pluses encode into the normal
4-wire SPI signals.

0.6ps 0.8s

Figure 3.3: isoSPI waveform [10]

During the development of this isoSPI protocol, its undergone a wide range of (BCI)
bulk current injection testing, and those characteristics are considered to ensure error-free
lossless transmission. It’s directly tested with 200mA harsh current injection at the lab
and tested at various automotive industries to compile with all the required standards. [10]

The isoSPI gives the flexibility to use any BMS topology in our signal path, it’s not re-
stricted to the centralized topology, as with the CAN bus interface on BMS. This enables
users to use the lengthy exposed wiring in the point-to-point and daisy-chained config-
urations which is easy to maintain track and add the additional modules, without any
problem. This enabled a practical modular and distributed approach with all the other
benefits. The figure shows the distributed daisy chain BMS network, which is distributed
from master to all the modules serially.

The common-mode chokes are used with transformer coupled twisted-pair harness, this
will help in very high-level EMC conditions and helps in rejection of residual very high-
frequency common-mode noise, which may leak through the isolation coupling transformer
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winding because of inter-winding capacitance, the connections are shown in the Figure 3.4

As the isoSPI structure allows the great minimization of circuits and components which
will be packed in the battery pack, it gives flexibility to implement automotive standards
like ISO-26262 more easily than ever with cost-optimization. Considering the redundancy
aspects for example, the isoSPI can be used with two redundant paths, where you can
have a communication reliably at both the end of the same MCU or the additional MCU
can be added, its like having two BMS together. This makes it more fault-tolerant and
fault-mitigation design.

The isoSPI provides a robust, flexible and reliable means of remotely controlling widely
used SPI standard devices that was supposed to be integrated with CAN bus earlier, with
a lot of additional components, cost and complexity in harness and architecture. This
isoSPI twisted pair data transmission is a reliable and cost-effective way to improve the
architectural and physical optimization of Battery Management Systems and the battery
pack design.

3.3 Comparison of Wireless BMS Technologies

It is clear that wired solutions are the widely used form of communication between the
different peripherals within any embedded system. But, this implementation is complicated
and expensive due to a large number of connections and wires within a battery pack, which
are hard and complex to route from monitoring IC to the Master module. Keeping track of
the wires and their correct location and polarities, when performing troubleshooting and
maintenance or reparation activities is too complicated.

To overcome these issues, the challenging technology advancements in a wireless com-
munication system is carried out from many OEMs with their own innovative solutions.
This emerging Wireless BMS promises to increase the system reliability by reducing wires
while improving safety by avoiding the physical connections using connectors among layers
in the BMS Signal flow. There are many advantages of implementing a wireless communi-
cation network in Battery Management Systems over existing wired communication. Some
of them are listed below.

a) This allows operating the cell monitoring slave modules of the BMS in conjunction
with their corresponding cells as standalone units.

b) Hence monitoring activities from earlier stages of the research, testing, and pro-
duction of the cells and packs, as well as data acquisition and local storing capabilities
like self-discharge and temperature monitoring, will be available during the manufacturing
process, are possible.

¢) A wireless strategy helps by providing insightful information in terms of manufac-
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turing tolerances and enables early sorting activities for cells with similar characteristics,
which improves the quality of the resultant battery modules of the entire battery pack.

d) It ensures the real-time data transmission of secure encrypted data to an unlimited
number of modules with wireless sensor nodes and the unlimited expansion of the battery
segment modules, without introducing any changes to the wiring harness in the battery
pack

e) It will be flexible to use a battery module and battery pack swapping technique to
increase the range of vehicle

Because of all these advantages, many well-known organizations in the automotive
electronics and BMS research fields, such as the Linear Technology, Texas Instruments,
Lawrence Livermore National Laboratory, Navitas Solutions, LION Smart GmbH, Elite
Power Solutions, and Maxim have prototyped, demonstrated and, eventually, patented
Wireless Battery Management Systems protocols and solutions.

3.3.1 SmartMesh - Linear Technologies

Linear Technology or now the Analog Devices is the leader of power management and bat-
tery management solutions, it has developed many proprietary protocols for communication
in the HV and LV combination of environments such as Battery Packs and Automotive
Sector.

As the Linear Technologies BMS solutions are proved to be safer and reliable for many
years, now they are looking beyond the safety and reliability in the as the battery monitor-
ing IC and sub-components of it will be undergoing potential mechanical failure because
of the physical connections through cables and connectors, and wiring harness in high-
vibration automotive environments which is susceptible to stress and potential mechanical
pressures. Hence they tried and succeeded in incorporating their Industrial loT architec-
ture for the Wireless BMS Development.

The main challenge for wireless BMS in the automotive environment was the high-
EMI environment of the vehicle, as it too harsh for wireless communication to be reliable
and stable. But Linear Technology’s Smart Mesh Networking, which is widely used in
many industries, even at harshest environments made it possible and a truly redundant
communication system with the use of both multi hopping path and frequency channel
diversity to route packets around physical obstacles and RF interference. This proven
wireless communication can deliver the reliability of wires yet eliminating the issues related
to it as, mechanical connector failures, cable wear, and tear.

LT has developed iso-CAN and iso-SPI protocols to overcome high EMI and RF inter-
ference in automotive communication, specifically for battery management communication.
Its an industry leader in wireless BMS too, their patented BMS wireless technology is avail-
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able as an SW IP on running on their own HW for commercial use, and its the industry’s
first wireless automotive battery management system (BMS) implemented on the concept
car. The entire battery sensing slave modules are interconnected via a wireless connection
instead of a CAN or iso-CAN Bus cable or an iso-SPI twisted pair connection and the
connection between the Master Module and Salve Network is also wireless.

SmartMesh

SmartMesh is a proven and widely used wireless protocol for the Industrial IoT to
collect critical data from sensors and transfer it reliably form many years by now. It’s
developed by Analog Devices and its preparatory IP. It has more than 99.999 percent data
reliability even in the harshest tough RF environments, hence it’s widely used and trusted
technology. It is implemented based on the Mesh Network communication technology, with
centralized management and many nodes controlled by the manager IP and transmitting
data to it. [12]

SmartMesh Capabilities and Features [12]

e Its the only specific network built for the Industrial IoT applications

e It has 99.999 percent network reliability which can deliver critical data where other
RF solutions fail

e [t has NIST-Certification for with end to end AES-128 bit data encryption for secure
data transition, which is the considerable factor when moving to wireless transmis-
sions.

e SmartMesh with different IPs on it can be scaled from 10000 to 50000 Nodes because
of the time-synchronized channel-hopping technology.

e The Network optimization algorithm is too efficient to route data by intelligently
balancing the data traffic.

e It has a built-in margin for data retires to sustain the accurate data rate, it can send
up to 10 messages per second per node.

e [t’s proven to be a very low power consuming wireless network, which can run up to
ten years.

e [t has a self-diagnostics feature, where the network can self-monitor and heals with
the built-in self-optimization by reducing latency, power consumption in the real-time
changes in the RF conditions.

e Reliable and Flexible with on-the-air software updates possibility.
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e [t is compliant to the 6LoOWPAN standard, so it can be used without any troubles
and sensor data can be easily accessible over the internet.

e Since it operates at 2.4GHz it can be used without the extra RF Licence

In SmartMesh Network is a combination of the two different software stack IPs, it is divided
into “Motes” and “Manager”. The combination of these motes and mangers completes a
Mesh Network. The hardware on which these IPs are incorporated is the same, but it’s
just the IPs on them differentiate them as Motes and Manager.

Motes - Behaves as the slave modules, or sensor nodes it will be implemented in the
sensing part of the system. And it’s controlled by the “Manager”

Managers - This acts as the centralized node or access point of a network. It commu-
nicates with both motes and a host processor or the application and controls the “Motes”,
it acts as a master.

SmartMesh IP is incorporated with a time-synchronized, channel-hopping link layer on
a chip package from Analog Devices. It’s also available as pre-certified RF PCB Assemblies.
The SmartMesh IP software running on the chip configures it as “Mote” or “Master”. It’s
available as a chip package to use with customized single boards as per user requirement
and with Chip Antenna and MMCX Antenna options in PCBA [13]. Available package
variants with their specifications are shown in Figure 3.5 and Figure 3.6.

Hardware Software

LTC5800IWR-IPMA

QFN Chip Package
10mm x 10mm

Runs with either:
LTP5901IPC-IPMA

® SmartMesh IP Mote software

Pre-RF-Certified PCB Module or
;’;‘:]:]h;pl‘g?:]mna > @ SmartMesh IP Manager software
or

©® SmartMesh IP Access Point software

LTP5902IPC-IPMA

Pre-RF-Certified PCB Module
with MMCX Antenna Connector
24mm x 37.5mm

Figure 3.5: SmartMesh Industry Ready Solutions [14]
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Radio RF Oulput Receive
Ordering Antenna Frequency Power Sensitivity RF Modular Supply Voltage Range
Part Number Connection (GHz) (dBm) (dBm) Certifications V)
LTC5800 LTCS800IWR-IPMA#PBF QFN-72 QFN Lead 2.4000 to 2.4835 48,00 -93¢ NA 2110376
-Grade'

I
LTC5800HWR-IPMA#PBF
H-Grade?

(10x10)

LTP5901 LTP5901IPC-IPMA#PBF Castellated Onboard 2.4000 to 2.4835 +10, 424 -95¢ USA, Canada, EU, Japan, 21103.76
I-grade’ Surface Mount PCBA Ghip Antenna Korea, India, Australia,
(42 x 24) New Zealand, Taiwan

LTP5902 LTP59021 PC-IPMA#PBF Castellated MMCX Antenna  2.4000 to 2.4835 +8,0° - \USA, Canada, EU, Japan, 2110376

|-Grade! Surface Mount PCBA- ‘Gonnector Korea, India, Australia,
(37.5x24) New Zealand, Taiwan

Figure 3.6: SmartMesh Part Specifications [14]

For our Wireless BMS application, it will be used with “Motes IP” on the salves and
the “Access Point IP” on the Master BMS.

SmartMesh IP Motes - With BMS Slave Modules

With the Mote IP on the Analog Devices Smart Mesh Chip, it can be used as a wireless
sensor node incorporating the Slave monitoring IC. It acts as a wireless node (motes) in
the SmartMesh IP network.

The Figure 3.7 shows the mote connection with the slave IC to complete a wireless
BMS Slave. Mote HW and SW are connected to a “Computer uP” which is considered
as Monitoring Slave IC in our case, which is in turn connected to the voltage, current,
and temperature sensors of the cells. The communication between these two chips can be
established using SPI, UART or 12C with the Monitoring Slave IC. In our BMS application,
it will be interfaced with SPI. [12]

In some cases, mote can be directly used as a monitoring IC since the SmartMesh Mote
IP HW is based on ARM Cortex-M3, which is user-controllable and consists of GPIO
pins, ADC inputs, UART, SPI Master, 12C Master, 1-Wire Master and it can process
data to statically analyze with local decision making and control flow capability using
SmartMesh IP On-Chip Software Development Kit (On-Chip SDK) in embedded C. All
this can be done with simultaneously running the HW as both Mote or Manager through
the SmartMesh Wireless IP network. Using this way may reduce power consumption and
make the entire PCB assembly more compact. [14]

These motes or sensor nodes do not send sensed voltage, current, and temperature
values directly to the Acces Point or Manager, which is considered as a BMS Master, but
it routes the data through the nearby wireless sensor nodes (motes) used as BMS slaves in
the network, hence the last nodes, which is near to the BMS Master transfers all the senors
or motes data to it. Thus this makes this SmartMesh operate with very low power as they
communicate within a very short distance, compared to other Wireless Communication
Networks and Topologies.

Each Slave Sensor IC can send and receive messages through there motes (wireless
nodes), hence its bidirectional communication, as shown in Figure 3.8. They will be having
different data reporting rate hence the “Network Manager” or an “Access Point” sitting on
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a ISO-SPI Conversion IC LTC6820 as shown in the Figure 4.28. ISO-SPI is explained in
detail in the Communication Section

Figure 4.28: BMS Master SPI to ISO-SPI [2]

The master monitors all this data and acts accordingly. If anything is not according to
the SW, within the extreme limits, it will activate the shutdown circuits. The CAN Port
is used to communicate with the other control units and dashboard in the car. In this is
the case it will send a signal over CAN to the ACU to set the vehicle in the safe state.
Even the BMS Master can be used with the main Vehicle Control Unit, That design would
both be simpler, safer and it would reduce the number of risks by one as the separate
BMS would not be needed. The safety increases as the number of System critical signals,
SCS,decreases. SCS are signals for for instance influence wheel torque or, as in this case,
has anything to do with the battery. The probability of something going wrong is much
higher when this signal is sent over a cable compared to when it is only on a PCB. SCS
sent over cables requires different kind of safety checks and reducing these will make the
design considerably simpler.

The functionality of the BMS Master is explained in this section. The main primary
functions are stated below

e Control Charging and Discharging for the rated C values respectively.

Control Deep Discharge and Overcharge

Control Charging Voltage and Current

Monitor State of Health and State of Charge of the Cells

Simplified descriptions of the processes run on the BMS master can be read below.

4.4.1 Continuous battery supervision:

e Measure cell voltages, all voltages should be within a Vmin and Vmax.



78

Chapter 4. Development and Integration of BMS for FS Electric Car

Measure cell temperatures, all temperatures should be within a Tmin and Tmax.

Measure battery current, adjust engine parameters if necessary to keep below Imax.
Calculate battery power, adjust engine parameters if necessary to keep below Pmax.
Compare the sum of individual cell measurements with total battery voltage mea-
surement and make sure they correlate as a way to verify that the measurements are

correct.

Based on some of the measurements above, calculate State of charge (SOC) showing
how many % of the available power that remains.

4.4.2 Charging the battery:

Check that the battery is disconnected from the rest of the vehicle, that the main
connector and pre-charge are open and that the isolation is ok.

Enable voltage to BMS master

Check cell voltages and temperatures

Check latest SOC value to get an idea of charging time

Enable charging

Measure cell voltages, all voltages should be within a Vmin and Vmax
Measure cell temperatures, all temperatures should be within a tmin and tmax

Measure battery current, adjust charger parameters if necessary to keep below the
max current

Compare individual cell voltages. They should all be roughly the same. As soon as
any cell gets higher than others, enable cell balancing for that cell to discharge some
of the excess energy. Optimal voltages and timing for this is as tricky as SOC.

Stop charging when all cells are between Vfull and Vmax (should allow for a hysteresis
of 10-50mV or so)



4.5. Current Sensor Module 79

4.4.3 State of Charge and Health Estimation

The Battery State Estimation is very important for EV battery Pack BMS. Its the major
computational and complicated algorithm to implement in BMS. It is dedicated to estimat-
ing the Battery State in real-time. Measurement of SOC and SOH are the two important
things for battery estimation. To perform the Cell Balancing SOC is important. SOC
and SOH can be analyzed and calculated by the algorithms using the cell voltage, current,
temperature, charging profile, and discharging rate. SOH is to identify the available life
of the battery pack and it can be analyzed by knowing the charging of the battery and its
performance. There are many techniques to measure these. Each has its own complexity,
advantages, and disadvantages and it also depends on the available input data. The widely
used method for SOC measurement is SOC are

e Coulomb Counting method
e Ampere-hour (Ah) method
e Open-Circuit Voltage (OCV) method

e Impedance / IR Measurement Method Some Advanced Machine Learning-Based Al-
gorithms

e Neural Network Fuzzy Logic

e Support Vector Machine
Advanced and Reliable Method

e State-Space Model Estimation using Kalman Filter and Extended Kalman filter

4.5 Current Sensor Module

Measuring current in a electric vehicle is normally done been done using a shunt resistor.
But due to it’s limitations many other alternative techniques are used. We are analysing
the suitable techniques for our LFS-Electric vehicle application. To measure the total TS
Battery Current, which is necessary for the Battery Management System.

Current sensing technologies must fulfill various requirements, for our application. Gen-
erally, the common requirements are:

e High sensitivity

e High accuracy and linearity
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o Wide bandwidth

e High Voltage DC Current measurement

e Low temperature drift

e Interference rejection

e [C packaging

e Low power consumption

e Low price

There are various current sensing technologies today , each technology is limited to its

own application area. Here we are comparing the techniques which are suitable to our
application

Various Techniques

e Shunt Resistor

Rogowski coils

Current Transformers

Magnetoresistive sensors

e Hall Effect sensors

Fluxgate sensors

After comparing both shunt and hall effect sensor technique, i prefer to go with, allegro
hall effect current sensors over the shunt.

Implemented : Hall Effect Sensor Technique Non-invasive techniques generally
use a hall-effect sensor. The hall effect is a transducer whose voltage varies in response to a
magnetic field. Current traveling through a cable will set up a magnetic field which is pro-
portional to the current flowing as shown in Figure 4.29. Hall effect sensors generally have
a hole through them where a single current-carrying cable is passed through. Sometimes
they can open out to clip around large cables. The main companies producing hall effect
sensors are Allegro, LEM and Honeywell. And now hall effects sensors are on chip with
efficient designs than the traditional ones. Its decided to go with Allegro ACS770 Hall-
effect sensor, which can handle up to 200A with rated voltage of 1000V. The implemented
circuit diagram is as shown in the Figure 4.30

Pros
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e Total electrical isolation (galvanic isolation) of the measuring device
e Wide range of currents — including very high currents

e Usually on-board processing of the signal to output a useful range for a micro-
controller

e Suitable for High Current
e They nearly do not affect the measured current so they are great if this is a concern

e Very low temperature dependency makes them more suitable for high power appli-
cations.

Cons

e Bit expensive compared to shunt resistors.

e Inaccuracy in measurements, especially low currents

Nowadays the cost has been reduced by implementing in the sensor in small chip and here
are the example of some well known hall effect current sensors today that we can consider

for our design.
Sensed
Current

Figure 4.29: Hall Effect Current Sensor Operation [39)
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Figure 4.30: Current Sensing Circuit Diagram [39]






Chapter 5

Cell Testing

5.1 Breathing Test

Since the cells are very sensitive and therefore needs to be safely secured in the accumulator,
it is important to investigate how much the cells swell. Cell Testing is conducted in the
Sigma Connectivity’s Battery Laboratory, along with two other students, who were part
of Lund Formula Student. When a cell is charged from 0% SOC to 100% SOC the normal
behavior for a cell is to swell, or breathe. This is because there is adequate amount of
energy stored in the cell that takes up space inside the cell.

5.1.1 Test Description

The test was performed at 0.67 C, or 10 A, and started with discharging the cell since the
they came charged to approximately 50% SOC from Melasta. When the cell was at 0% SOC
the thickness was measured, with the device seen in Figure 5.1, to see the starting point
of the cell. The cell was then charged to the theoretical 25% SOC and then the thickness
was measured again. This was done for 50%, 75% and 100% SOC. After the thickness
was measured at the theoretical 100% SOC (15 Ah) the cell was charged until the current
absorbed by the cell was below 0.7 C to make sure the cell was absolutely fully charged
and the thickness was measured once again. During the entire test the temperature was
being measured continuously on three different places on the cell; between the two tabs,
on the negative tab and in the bottom right corner. This can be seen in Figure 5.2. The
whole procedure was done on five different cells.

83
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Figure 5.2:

The temperature measurement points are the orange areas
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5.1.2 Results and Discussion

The test was conducted on five cells that all started out with different thickness which can
be seen in Figure 5.3, it can also bee seen that the swelling behaviour was roughly the same
for the cells. There is a steep gradient between 0-25% SOC and then the plot levels out a
bit just for it to incline again between 75-100% SOC. This means that most of the swelling
happens between 0-25% and 75-100% SOC. The average swelling from 0-100% SOC was
measured to 0.25 mm in one cell which would mean that the total swelling in one segment
with 26 cells would be: 0.25*%26 = 6.5 mm. This would result in some pressure build up
inside the segment and it was therefore necessary to perform a pressure test.

Swelling
10.25
Cell 145 s
— Cell 150 a
Cell 155 e
Cell 161 g
M Cell 163 -

Thickness[mm]

o 10 20 30 40 50 60 70 80 90 100
State of Charge[%]

Figure 5.3: Thickness as a Function of SOC

In both Figure 5.4 and Figure 5.5, the different temperature measurements for different
cells at both discharge and charge can be seen. The first 40 minutes show the temperature
at discharge and then the rest of the plots show how the temperature changes during charge.
It can also be seen dramatic spikes downwards in the images, these represent the pause in
which the cells were taken out to measure the thickness and hence the cell temperatures
had time to cool down a bit before the charging was resumed.

Figure 5.4 shows the different temperature measurements for cell number 150. In this
figure it can be seen that the temperature on the tab were warmer that the others and
that it was a noticeable difference between charging and discharging. All the temperature
measurements became warmer when discharging.

In Figure 5.5 the tab temperature for all the cells, except cell number 161, is shown. Cell
number 161 resulted in some very strange measurements and was therefore not included.
The behaviour for the cells are roughly the same except for cell number 155 which gets
very warm in the end. This was hopefully due to a bad sensor.
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There are a few different factors that could have had an effect on the results. One
of them is that the cells were laying down during the test which could have affected the
temperature. Since hot air travel upward it could mean that if the cells were standing up,
the tab temperature would become even hotter.

Another factor is the downwards spikes that were mentioned previously. Since the
temperature went down while the thickness was measured it is hard to know exactly how
hot the cell actually became. However this was hard to do anything about since the
charging had to be stopped while doing the thickness measurement.

As can be seen in Figure 5.2, the only connection point on the tabs are two small
clamps which means that there is only a small area that can draw and feed current. This
will make the temperature higher at the tabs. However this might make up for the fact
that the cells were laying down that was mentioned above.

Since the temperature measurements for cell number 161 and cell 155 were a bit off as
specified earlier, there is aslo a risk that some of the sensors were damaged.

Temperature cell 150
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Figure 5.4: The temperature of cell 150
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Figure 5.5: The temperature of the cell tabs
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5.2 Discharge Test

The average current drawn during a competition will be 50 A. However the maximum
current that could be drawn from the cells were limited by Sigma’s Battery Charging
Instrument’s capacity to 24 A. It was, at this point in the project, we didn’t had access
to a load-bank that would allow for more current being drawn. Therefore, this test was
performed to present an initial idea of how the temperature behaves during discharge.

5.2.1 Test Description

The test was performed at 1.6 C, or 24 A. The cell started at 100% charge and was dis-
charged down to 0% (3 V). The temperature was measured continuously on three different
places on the cell with sensors, which were placed between the two tabs, on the negative
tab and in the bottom right corner, as shown in the Figure 5.2.

5.2.2 Results and Discussion

The discharge curve shown in Figure 5.6 represents that the voltage drops in the beginning

and then stabilizes around its nominal voltage for a while followed by a drastic drop in the
end.
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Figure 5.6: Discharge curve with respect of time
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In Figure 5.7 it can be seen that the tab temperature gets a lot warmer than the other
measurement points. The measurements behave quite similarly with a fast rise in the
beginning and then a slower rise during the rest of the test. The tab temperature rises a
lot compared to the two other points, this could be due to the fact that the same clamps
as in the breathing test were used. These clamps have a small connection area with the
tab which makes the tab rise in temperature fast.

The temperature on the tab ended at around 45 degrees Celsius which is a bit alarming
since this test was performed with only 24 A which is a lot less than what will be drawn
during the competitions. It is therefore of importance to perform a new discharge test with
higher drawn current to see how warm the tab actually becomes.

As mentioned previously, the clamps that were used during the test could be a reason
to why the temperature rose as much as it did. Another factor that could have had an
impact on the results is the fact that the cells were laying down during the test.

Temperature cell 163
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Figure 5.7: Temperature with respect to time for three different sensors

5.3 Pressure Test

The design of the Accumulator pack, requires the cells to be packaged tightly. It was
therefore important to test how much pressure the cells produce while breathing. This was
to validate the design and material used in the battery pack.
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5.3.1 Test Description

The test was performed with three cells in parallel with shims in between, as shown in
Figure 5.8. The cells started at 0% SOC and were charged with 15 A during the test, this
means that each cell were charged with 5 A since they were connected in parallel. Since
the cells would be under pressure during the test, a protection case was made around the
cells, as shown in Figure 5.9. The cells were then put in a machine that uses a load cell to
measure the amount of force the machine had to apply for the load cell to stay in the same
position, as shown in Figure 5.10. A pre-pressure of 3N is applied to the cells and a power
supply was connected. The test is started by first starting the logging of the pressure, then
starting the power supply. During the entire testing time, the pressure, voltage and total
amount of current were logged every second.

Figure 5.8: Three cells in parallel

Figure 5.9: The cells inside the protection case
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Figure 5.10: Pressure device

5.3.2 Results and Discussion

During the first attempt of the pressure test, the program which measured and logged
the force applied, crashed after around 90 minutes. This led to a second attempt that
were a successful test, from which the result is shown in Figure 5.11. In the previously
mentioned figure it is clear that the force increases fast until 30% SOC for it to then slow
down until 65-70% where it starts to increase faster again. Since everything was measured
continuously, it is assumed to be more exact compared to the Breathing test where the
thickness was measured at a few discrete levels of SOC. Therefore the small difference
between the two test is deemed to be reasonable and the results reflect each other well.

From Figure 5.12 it can be seen that the force at 100% SOC was 891.8 N. This is not
entirely correct since the protective case around the cells together with the pre-pressure
resulted in a force of 17 N to the cells. With this in mind the total amount of force applied
was 908.8 N. Assuming that each cell contributes equally much, 302.9 N per cell, an entire
segment would then be subject to a force of 302.9%26 = 7876.3N. This needs to be taken
into account when designing the segment and the entire accumulator pack.

One thing to note regarding the first and failed attempt is that the force was only at
80 N at about 50% SOC when the program crashed. Comparing this to the result seen in
Figure 5.11 it is clear that the measured force was substantially higher the second time.
One theory regarding the difference between the two tests is that before the first attempt
the material was not completely set. Meaning the cells might have been a bit uneven,
both inside and outside, and this needed to be flattened out before the real force could be
measured. Due to the fact that the material had gotten a chance to set during and after
the first attempt, the second produced a stronger force from the beginning.

To make the test as realistic as possible, shims with a thickness of 0.3 mm similar to the
ones used in the design was used. The reason for this was to allow the cells to swell freely
a bit and thus alleviate some of pressure from the cells. The final result may therefore not
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be entirely truthful regarding the amount of pressure the three cells produced. Without
the shims the force would probably have been even higher, but this is not relevant in this
case since the design includes shims.
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Figure 5.11: Force plotted against SOC
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Figure 5.12: Force plotted against SOC with maximum force measured pointed out
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5.4 Constant High Current

From the discharge test, mentioned previously, it’s known that the temperature increased
rapidly and greatly for small currents. This was a bit concerning since when driving the
car, a lot more than 24 A will be drawn from the cells. It was therefore crucial to make a
few tests where a high and constant current were drawn.

5.4.1 Test Description

This test was performed in a blasting chamber for safety reasons since high current was
involved. Three cells in series with shims were used for the test. To be able to draw
sufficient amount of current a load-bank was used. This was set to a constant current of
50 A respectively 70 A and in addition to this a setting of constant voltage was set as well.
This setting made sure that when the cells reached 9 V, the load-bank stopped drawing
constant current to prevent the cells from going below 0% SOC. Five different temperature
sensors were placed on the cells, one on each of the free tabs, one on each of the connectors
and one in between two of the cells. The voltage was also measured by having a clamp on
each of the free tabs.

Tests were conducted with 70A without cooling, with cooling and also with 50A load,the
results are as shown in Figure 5.13, Figure 5.14 and Figure 5.15. The cooling consisted
of two small computer fans blowing air along the side of the cells. To somewhat direct
the airflow, two make shift walls were placed on either side of the cells. Two pieces of
styrofoam was also placed under and on top of the cells to simulate insulation.

Note: For these tests the cells were laying down instead of standing up as they will do
in the real pack. To perform more realistic tests, two more tests with 70A were performed,
this time with the cells standing up. To get them to stand, the cables connected to the
negative and positive terminal of the cell.

5.4.2 Results and Discussion

e Worrying results

Not realistic

Warmest between cells, good for rules but really bad for cells

Much better with our own cell connectors regarding tab temperatures

Much colder when test with fans
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Figure 5.14: Temperatures for test with 70 A with cooling
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Figure 5.15: Temperatures for test with 50 A
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5.5 Alternating Current

To perform the high-current test more robustly, considering that the current will not be
constant during an endurance, some tests with alternating current were performed. It was
also interesting to see how much the temperature increase differed between constant and
alternating current.

5.5.1 Test Description

An identical set up as in the constant high current test is prepared to perform the varying
current test, with 3 cells in series in a blasting chamber, shims and load bank was used.
This time the load-bank was set to dynamical mode so that it was alternating between two
different levels, 20 A and 70 A, of constant currents every 30 seconds. As in the previously
mentioned test a constant voltage level of 9 V was set and the temperature and voltage
sensors were placed the same way.

An additional test with an alternating current of 20 A and 70 A and cooling was performed.
The cooling set up, including the styrofoam and walls, was the same as in the constant
high current test.

Note: For these tests the cells were laying down instead of standing up as they will do in
the real pack.

5.5.2 Results and Discussion
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Figure 5.16: Temperatures between the cells with and without cooling
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Figure 5.17: Temperatures on the negative tab of the cells with and without cooling

e Better results than constant current tests, more realistic scenerio.
o Still warmest between cells

e Much colder when test with fans

The temperature on the negative tabs and between the cells are the ones of importance.
Therefore only these results are shown. In Figure 5.17 one can observe that the starting
temperature is the same for the sensor between the cells but different on the negative tabs
compared to the temperature in-between the cells as shown in In Figure 5.16. This is
because the cells were heated to have the same starting point in both test but the tabs
were not heated, since the most critical temperature is between the cells.






Chapter 6

Conclusion and Future Work

In this thesis work, the problems with the existing Battery Management Solutions are dis-
cussed in detail, that too with respect to the signal flow and communication is highlighted.
Investigation on the wireless BMS solutions is carried out, considering many research works
and industry solutions. After analysing all the solutions, Linear Technology’s SmartMesh
and Navitas Solution’s WiBaAN protocols seems to reliable and can be used in any com-
plex EV Batterys Packs in 2020. And the antenna behaviour considering battery Pack as
wireless channel is discussed.

With the wired BMS networks, problems with the widely used CANbus network is dis-
cussed and the latest reliable solution to replace that is analysed and implemented. isoSPI
is the reliable and flexible data link communication protocol for Battery Management Sys-
tem. Due to its high immunity to EMI, simpler hardware, minimized components and
reduced total cost.

BMS is designed from base for Lund Formula Student’s first Electric Car with 7.5kWh
Li-Ion Battery Pack. From choosing the cells to designing each and every part of the
circuit is analysed in this thesis work. As the BMS design went on with two iterations, the
problems with the traditional BMS design and the solution for the same is implemented
and discussed in this work.
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