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ABSTRACT 

The following master's thesis is concerned with the development of a 12V and 400V lithium-

ion immersive cooled battery. Lithium-ion batteries must be explicitly designed for a Classic 

Mini Cooper. The design and manufacture of the 12V battery and the modelling of the 400V 

battery for heat generation and SOC curve are all part of this thesis project. To obtain the heat 

generation data and SOC curve, a battery model was created in MATLAB Simulink. The heat 

exchanger was designed with 3M Novec 7200 cooling fluid based on heat generation. 

Keywords 

12V, 400V Lithium-Ion, Battery, Immersive Cooling, SOC, Heat Exchanger, Battery 

Modelling 

 

ABSTRAKT 

Následující diplomová práce se zabývá vývojem 12V a 400V lithium-iontové chlazené baterie. 

Lithium-iontové baterie musí být výslovně navrženy pro Classic Mini Cooper. Součástí tohoto 

projektu je návrh a výroba 12V baterie a modelování 400V baterie pro výrobu tepla a křivka 

SOC. Pro získání dat o generování tepla a křivky SOC byl v MATLAB Simulink vytvořen 

model baterie. Výměník tepla byl navržen s chladicí kapalinou 3M Novec 7200 na základě 

výroby tepla. 
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NOMENCLATURE 

Vt
dis Terminal Voltage while discharging 

Vt
cha Terminal Voltage while charging 

Eeq Equilibrium State Voltage 

𝜂dis Discharging polarization Voltage 

𝜂cha Charging Polarization Voltage 

Acopper Copper plate cross-sectional area 

RC Copper resistance per unit cm 

Rtotal copper Copper plate total resistance 

Vdrop,copper Voltage drop across the copper plate 

I Current 

Ltotal,copper total length of copper plates 

Rtotal,copper Total resistance of copper plate 

Qresistance Heat generated due to resistance 

Lnickel Length of Nickel Plate 

Rtotal, nickel Total resistance of nickel plate 

Anickel Area of Nickel Playte 

Qnickel,copper Total heat generated due resistance in nickel and copper plates 

Rtotal Total resistance of copper and nickel plate 

Rbusbar Resistance of busbar 

Qbusbar Heat generated in busbar due to resistance 

Rinternal,total Total internal resistance of the cells 

Qcells Heat generated in cells due to resistance 

Qbattery Total heat generated in the battery 

Wcells Weight of the cells 

Wcell holder Weight of cell holders 

Wfluid Weight of cooling fluid 

WAl Weight of the aluminium case 

Wbattery Weight of the battery 

Wmiscellaneous Miscellaneous Weight 

Egen Energy generated in the battery 

∆𝑇novec Increase in Novec fluid temperature 

Wcells,400 Weight of the cells in 400V battery 

Wcellholder,400V Weight of the cell holder in 400V battery 

Wbattery case,400V Weight of the 400V battery case 

Wfluid,400V Weight of the cooling fluid in 400V battery 

Wmiscellaneous,400v Miscellaneous weight in 400V battery 

Wbatter,400V Weight of the 400V battery 

Ft Tractive force 

FRR Rolling Resistance 

g acceleration due to gravity 

f coefficient of rolling resistance 

Cd Drag Coefficient 

A Vehicle frontal area 

ẟ Coefficient of rotational inertia 

Faero Aerodynamic resistance force 



Facc Acceleration resistance force 

Pwheels Power required at the wheels 

Pmotor Power required from the motor 

Pbattery Power required from the battery 

𝜂𝑚𝑜𝑡𝑜𝑟 Motor efficiency 

𝜂𝑡 Transmission Efficiency 

𝜂𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 Converter efficiency 

Rint Internal Resistance 

nseries Number of cells in series 

nparallel Number of cells in parallel 

Rcell Internal resistance of a cell 

Idc Discharge current 

IC  Charge Current 

VOCV Open circuit voltage 

Preq Power required 

C Battery Capacity 

Itot Total current 

Qgen Heat generated 

Rtot Total resistance 

q heat generated 

mair mass of air 

CP,air Heat capacity of the air 

Tair,in Inlet air temperature 

Tair,out Air outlet temperature 

mnovec Mass of Novec fluid  

Tnovec,in Inlet temperature of Novec fluid 

Tnovec,out Outlet temperature of Novec Fluid 

Dhydraulic Hydraulic Diameter 

Atube Tube cross sectional area 

Ptube Perimetere of tube 

Aradiator Total radiator area 

Ab Base surface area 

Af Single fin surface area 

Afin,base Total fin/base surface area 

Aexternal Total eternal surface area 

Ainternal Total internal surface area 

Lradiator Length of radiator 

Hradiator Height of radiator 

Wradiator Width of radiator 

Wtube Width of tube 

Htube Tube height 

Lfin Length of fin 

Hfin Fin thickness 

Ntube Number of tubes 

LC Corrected length 

Renovec Reynolds number of Novec 

ρnovec Novec 7200 fluid density 



𝑣𝑛𝑜𝑣𝑒𝑐 Velocity of Novec fluid 

Reair Reynolds Number of air 

Nu Nusselt number 

hair heat transfer coefficient of air 

ηfin Fin efficiency 

ηo Overall efficiency 

UA Overall heat transfer coefficient 

hnovec heat transfer coefficient of novec 

Cr Heat capacity ratio 

K Coefficient 

qpredicted predicted heat transfer 

qmax maximum heat transfer  

Ga,w mass flux parameter 

fn Novec side friction factor 

∆Pnovec pressure drop of novec fluid across heat exchanger 

fa Air side friction factor 

  

List Of Abbreviations  

WLTP Worldwide harmonized light vehicles test procedure 

SOC  State of Charge 

ESS Energy Storage System 

HEV Hybrid Electric Vehicle 

EOL End Of Life 

DOD Depth of Discharge 

PHEV Plugin Hybrid Electric Vehicle 

BEV Battery Electric vehicle 

CE Coloumb Efficiency 

EE Energy Efficiency 

VE Voltage Efficiency 

TMS Thermal Management System 

PCM Phase Change Material 

SAE Society of Autmotive Engineers 

USABC United States Advanced Battery Consortium 

EDTA Electric Drive Transportation Association 

EVAA Electric Vehicle Association of America 

ISO International Organisation for Standardization 

SOE State of Energy 

SOH State of Health 

SOP State of Power 

EM Electrochemical Model 

ECM Equivalent Circuit Model 
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1 Introduction 

Lithium-ion (Li-ion) batteries are now omnipresent. Our watches, cellphones, tablets, 

computers, portable appliances, GPS gadgets, handheld games, and just about everything 

else we carry with us today are all powered by them. Moreover, they are also beginning to 

power our neighbourhoods, residences, and vehicles, or perhaps it is more apt to say that 

batteries power transportation when addressing transportation applications. Lithium-ion 

batteries' rise to prominence and domination is due to their high power density compared 

to other rechargeable battery systems, which was achieved by designing and developing 

high-energy-density electrode materials. Moreover, batteries are unique in energy storage 

products as they both create energy via chemical processes and store the energy within the 

same device. Other energy storage devices require the power to be generated in one place 

& stored in another. For example, in an automobile, the energy is created through the 

refining the liquid crude oil, it is then transferred to service stations, where it is again stored 

until purchased and stored again as liquid fuel in a tank, it is finally converted into energy 

(& work) in the combustion process of an internal combustion engine.  

1.1 Project Goals 

 

This project aims to design a 12V and a 400V lithium-ion battery, which is cooled by 

immersive cooling for an electric vehicle. The vehicle is a Classic Mini Cooper. We are 

converting it into an electric vehicle. Lithium-ion cells are to be studied to understand the 

heat generation inside the cells and the optimum temperature for their working. The battery 

pack modelling in Matlab SIMULINK is to be done to get the SOC and heat generated in 

the battery pack during a WLTP cycle. An immersive cooling system has to be designed 

along with its heat exchanger to get optimum battery pack cooling. 

2 Literature Review 

2.1 Battery fundamentals 

In this section, we shall discuss the construction and working principles of a battery. 

Afterwards, we will discuss the lithium-ion cells' basic terminology and characteristics and 

their comparison with other cell chemistry. 



2.1.1 Battery 

Most simply, a battery is an electrochemical means of storing energy that operates by 

converting chemical energy into electrical energy. A battery is a device that uses an 

electrochemical redox reaction to directly convert the chemical energy contained in its 

active material into electrical energy. 

Batteries are basically classified into two types: either primary or secondary. The main 

distinction is whether or not the batteries are rechargeable. Primary batteries are not 

rechargeable; they are one-time-use batteries that must be thrown after usage. Simple 

alkaline batteries, which are used in many household gadgets, are an example of this. 

Secondary batteries are multi-use, rechargeable batteries that can be charged multiple 

times. The chemistry and operational characteristics of a rechargeable battery determine 

how long it can be used. 

2.1.2 Components of a battery 

There are mainly five components of a battery. The cathode is the “positive” half of the 

battery cell, which is made up of a substrate coated with the active material. The substrate 

in lithium-ion batteries is frequently an extremely thin aluminum layer. The anode, or 

"negative" half of the battery cell, is commonly comprised of a thin copper substrate coated 

with active anode material. A "separator" substance is sandwiched between these two 

halves, preventing the two halves from contacting and causing a short circuit. These three 

components are assembled to form the electrodes and are either wound or stacked to form 

what is referred to as a jellyroll. The enclosure, which is usually a container or pouches 

into which the jellyroll is inserted, is the fourth component of a lithium-ion battery. A 

metal can, a plastic housing, or a polymer-type "pouch" might all be used. After that, the 

fifth component, an electrolyte, is added to the solution. The electrolyte is the medium that 

allows ions to move freely throughout the cell. Many other parts may be included in a 

battery cell, such as a current interrupt device (CID) or a positive thermal coefficient 

(PTC), which is a resettable thermal fuse. However, these are not included in all cell types 

of chemistries. 



 

Figure 1 Diagram showing Anode , cathode , separator and electrolyte in a Battery 

Distinct battery types have different performance characteristics, making them suitable for 

various applications. In Table 1 several of the most common nonlithium-based chemistry 

types are compared. The table is not all-inclusive but offers a good summary of some of 

the significant nonlithium chemistries used in ESS. For example, traditional lead-acid 

offers the shortest cycle life and lowest energy density and lowest cost. Secondary battery 

chemistries such as lead-acid, nickel-cadmium (NiCd), NiMh, sodium-sulphur, and 

sodium nickel chloride were used in many early automotive electrification attempts. NiMh 

remains the most used battery chemistry for hybrid electric vehicles today (HEVs). 

 

Table 1 Different types of batteries comparison 



 

In our research, we focus mainly on lithium-ion chemistry. 

2.2 Lithium-Ion Cells 

The first commercial lithium-ion chemistry was introduced to the market in 1990 based 

mainly on the work of Dr John Goodenough of the University of Texas. From its 

introduction in 1991 to the early 2000s, sales of lithium-ion grew in demand to become 

the highest volume cell manufactured in the world with about 660  million small 

cylindrical cells and another 700   million small polymer (pouch)-type cells manufactured 

annually in 2013. Lithium-ion quickly became the battery of choice for most small 

electronics because it contained much higher energy density than comparable cells on the 

market. 

In a lithium-ion battery, energy flow is created as the lithium-ions within the cathode are 

transferred through an electrolyte medium into anode, this represents a charging event. A 

discharging event is represented by the lithium-ions being transferring through an 

electrolyte medium from anode into the cathode. This seems counterintuitive for most of 

us, but when the battery discharges, the ions pass from anode to cathode. In the diagram 

below, a charging event is being shown. The lithium-ions pass from the cathode material 

through the electrolyte to the separator and then again through the electrolyte and to the 

anode material. This action creates a voltage flow up the copper current collector and to 

the positive current collector in a closed circuit loop. 

 

Figure 2 Flow of Lithium Ions in  cell when charging 



During discharge, lithium is then oxidized from Li to Li + (0 to +1 oxidation state) in the 

lithium-graphite anode through the following reaction: 

 

 C6Li  → 6 C(graphite) + Li+ + e– Equation 1 

The cell can be recharged by reversing these reactions. Lithium ions leave the lithium cobalt 

oxide cathode and migrate back to the anode in this scenario. They are reincorporated into 

the graphite network after being reduced to neutral lithium. These lithium ions migrate 

through electrolyte medium to cathode, where they are incorporated into lithium cobalt 

oxide through the following reaction, which reduces cobalt from a +4 to a +3 oxidation 

state : 

 Li1-xCoO2 (s) + x Li+ + x e- → LiCoO2 (s) Equation 2 

 

One of the other benefits of lithium-ion chemistries over nickel- and lead-based batteries is 

the higher voltage. Typical NiMh and NiCd rechargeable cells operate at about 1.2–1.5  V 

nominal, whereas lithium-ion cells typically operate between 3.2 and 3.8  V nominal. 

Having a higher voltage is essential in that it means that we need to connect fewer cells in 

series in order to achieve our desired pack voltage. For instance, a NiMh battery pack with 

350  V may require 292 cells to achieve that voltage (350  V/1.2  V = 292 cells). On the 

other hand, a lithium-ion-based battery pack would only require 98  cells to achieve the 

same system voltage (350  V/3.6  V = 98  cells). Lithium-ion batteries have a lower rate of 

self-discharge in addition to higher voltage and energy density. This means that its natural 

capacity loss over time when the batteries are in storage is less than that of other 

chemistries, with many lithium-ion chemistries losing only 1–5% per month. Capacity loss 

during storage comes in two types, reversible and permanent. Reversible capacity loss is 

the energy lost during storage but regained once the battery is cycled again. The percentage 

of a loss that will never be recovered is known as permanent loss. Virtually all lithium-ion 

chemistries have some amount of reversible capacity loss over time, some of which are 

generally always permanent. 

Finally, lithium-ion chemistries tend to have a much better cycle life than the other 

chemistries. Where PbA may only get 300–500 cycles before it reaches its end of life 

(EOL), lithium-ion can achieve thousands of complete discharge cycles before reaching its 

EOL during 100% depth of discharge (DOD) cycles. If we look at partial cycles, the 

lithium-ion battery will be able to achieve tens of thousands of cycles as the DOD is 



reduced. For example, let's look at a typical lithiumion chemistry. It may achieve 1000 

cycles using 100% DOD, but if we take that same cell and use only 80% of its total usable 

energy, we will find that we can now get several thousand cycles. 

2.2.1 Electrolytes 

The electrolyte is essential for transferring positive lithium ions from the cathode to the 

anode. Lithium salt, such as LiPF6, in an organic solution is the most often used electrolyte. 

There are mainly two types of electrolytes details of which are mentioned below.  

2.2.2 Types of electrolytes 

• Liquid electrolyte 

Liquid electrolytes in the lithium-ion batteries consist of lithium salts, like 

LiPF6, LiBF4 or LiClO4 in an organic solvent, like ethylene carbonate, dimethyl carbonate 

& diethyl carbonate. The liquid electrolyte acts as a conductive channel for cations flowing 

from negative to positive electrodes during the discharge. At room temperature (20 °C (68 

°F), typical conductivities of liquid electrolyte are in the 10 mS/cm range, increasing by 

30–40% at 40 °C (104 °F) and decreasing somewhat at 0 °C (32 °F). 

• Solid Electrolytes 

Recent advances in battery technology involve using solid as the electrolyte material. The 

most promising of these are ceramics.  

The solid ceramic electrolytes are mostly lithium metal oxides, allowing lithium-ion 

transport through solid more readily due to intrinsic lithium. The main benefit of a solid 

electrolyte is that there is no risk of leakage, which is a serious safety issue for batteries 

with liquid electrolytes.  

Ceramic and glassy solid ceramic electrolytes are the two primary kinds of solid ceramic 

electrolytes. Ceramic solid electrolytes are highly organized substances containing ion 

transport channels in their crystal structures. Perovskites and lithium super ion conductors 

(LISICON) are two common ceramic electrolytes. Glassy solid electrolytes are amorphous 

atomic structures having similar elements to ceramic solid electrolytes, but with greater 

conductivities altogether driven by strong conductivity at grain boundaries. 

2.2.3 Cathode Materials 

LiCoO2 or LiMn2O4 are commonly used as cathode materials. The pseudo tetrahedral 

structure of cobalt-based materials enables for two-dimensional lithium-ion diffusion. 

https://en.wikipedia.org/wiki/Salt_(chemistry)


Because of their high theoretical specific heat capacity, high volumetric capacity, low self-

discharge, high discharge voltage, and outstanding cycle performance, cobalt-based 

cathodes are suitable. The material's high cost and low thermal stability are two drawbacks. 

The cubic crystal lattice system used in manganese-based materials allows for 3D lithium-

ion diffusion. Manganese cathodes are appealing because manganese is inexpensive and 

could theoretically be utilized to create a more efficient, longer-lasting battery if its 

restrictions are addressed. The tendency of manganese to dissolve into electrolyte during 

cycling, resulting in poor cycling stability for the cathode, is one of the limits. The most 

typical cathodes are made of cobalt. Other materials, on the other hand, are being 

investigated in order to reduce prices and improve battery life. 

Due to its low cost, great safety, and high cycle durability, LiFePO4 is a possibility for 

large-scale production of lithium-ion batteries, such as those used in electric vehicles, as of 

2017.Some of the most common Cathode materials are mentioned below:- 

• Lithium Nickel Manganese Cobalt oxides (“NMC” , LiNixMnyCozO2  ) 

• Lithium Nickel Cobalt Aluminium Oxides ( "NCA", LiNiCoAlO2) 

• Lithium Manganese Oxide ("LMO", LiMn2O4) 

• Lithium Iron Phosphate ("LFP", LiFePO4) 

• Lithium Cobalt Oxide (LiCoO2, "LCO") 

2.2.4 Anode Materials 

Graphite and other carbon compounds have traditionally been used to make negative 

electrode materials. These materials were chosen because they are plentiful, electrically 

conductive, and can intercalate lithium ions to retain electrical charge with minimal volume 

expansion.. Some of the materials that can be used as Anode are mentioned below:- 

• Graphite 

• Lithium Titanate 

• Hard Carbon 

• Tin/Cobalt Alloy 

• Silicon / Carbon 

 

2.2.5 Separator 

The separator is the next component to consider within the lithium-ion cell. The anode and 

cathode are separated by a separator, which is usually made of plastic or ceramic. The 



separator material must be able to tolerate the corrosive hydrocarbon (HC)-based 

electrolytes used in lithium-ion cells while also preserving the isolation of the two 

electrodes within the cell when in use. The separator's principal function is to separate the 

anode from the cathode. An internal short circuit occurs when the two parts of the electrode 

come into touch, resulting in cell failure. As a result, the separator is critical in any lithium-

ion cell design. 

Some cells employ polypropylene or polyethylene plastic to partition the anode and 

cathode. They prevent short-circuiting while still allowing lithium ions to travel from the 

anode to the cathode. Many cell manufacturers employ a trilayer PP/PE/PP structure to 

allow the middle layer to melt at greater temperatures while maintaining cathode and anode 

separation. PE melts at 135 degrees Fahrenheit, while PP melts at 155 degrees Fahrenheit. 

Because the pores of PP begin to melt at high temperatures, the flow of lithium-ion cells is 

impeded. 

Some manufacturers are using ceramic layered separators in their cells because they can 

withstand higher temperatures and so boost the cell's safety. 

Table 2 below summarizes performance characteristics of some of the most common 

lithium-ion chemistries that are in use today, including nickel manganese cobalt (NMC), 

nickel cobalt aluminum (NCA), lithium iron phosphate (LFP), lithium titanate (LTO), 

lithium manganese oxide (LMO), and lithium cobalt oxide (LCO). 

 

Table 2 Lithium-Ion Chemistries comparison 



2.2.6 Types Of Lithium Ion Cell Forms 

 

There are essentially three main types of lithium-ion cell form factors: 

• Small cylindrical,  

• Large prismatic,  

• Pouch (or polymer) cells.  

The 18650 cylindrical cell is the most common lithium-ion cell format today, with about 

660 million cells made each year. The 18650 designation denotes a cell with a diameter of 

18 mm and a length of 65 mm. Except for Tesla which uses high volume 18650 cells, nearly 

all major automakers have recognized “small” cylindrical cells as being mostly suitable for 

HEV-type power uses in vehicle applications. The majority of auto manufacturers, on the 

other hand, use huge rectangular or cylindrical prismatic cells or flat "pouch"-type cells for 

plug-in hybrid electric vehicle (PHEV) and battery electric vehicle (BEV) applications. The 

fundamental reason for this is that a high number of cells are required to achieve the 

requisite voltage and energy, which implies that there are much more connections with 

small cells than with bigger cells, and hence many more possible failure locations in small 

cell assemblies. 

 

Figure 3 Cylindrical, Prismatic and Polymer type of lithium-ion cell 

 



2.3 Battery Characteristics 

2.3.1 OCV – Open Circuit Voltage  

When no external load is attached, Battery OCV refers to the potential difference between the 

positive and negative electrodes. As a result, the battery receives no external current. After the 

open circuit is made in the discharging/charging operation, the battery OCV can go up/down 

quickly. 

2.3.2 Terminal Voltage  

When a load is applied, the voltage between the battery terminals is called terminal voltage.The 

cell terminal voltage Vt deviates from its equilibrium state voltage Veq when current runs 

through it; this deviation is known as polarization voltage or overvoltage. Three key 

components make up the polarization voltage: 

• The resistances in the bulk of the electrolyte, separators, electrodes, current collectors, and 

other connectors generate an ohmic overvoltage drop. 

• Activation overvoltage, commonly known as "electrode losses," is connected to charge 

transport at each electrode/ electrolyte interface. 

• Overvoltage concentration linked to the depletion or accumulation of active materials near 

the electrode surface. 

In practical batteries, cell voltage for discharging can be expressed as 

 Vt
dis = Eeq − 𝜂dis       Equation 3 

while cell voltage undergoing charging 

 V tcha = E eq + 𝜂 cha Equation 4 

where 𝜂 dis and 𝜂 cha represent the polarization voltages for charging and discharging processes, 

respectively. 

2.3.3 Cut off voltage 

Many battery types, including lead-acid batteries, cannot be depleted below a certain level 

without causing irreparable harm to the battery. This level is known as the "cut-off voltage," 

and it is determined by the battery's type, temperature, and discharge rate. 

2.3.4 Internal Resistance 

The resistance within a battery, which is normally varied for charging and discharging, is also 

affected by the state of charge of the battery. The battery efficiency falls as the internal 



resistance rises, and thermal stability suffers as more of the charging energy is transferred to 

heat. 

2.3.5 Battery Capacity 

The mass of active elements present in the battery determines "battery capacity," which is a 

measure (usually in Amp-hr) of charge held by the battery. The capacity of a battery refers to 

the maximum amount of energy that may be extracted from it under specific conditions. 

However, the battery's real energy storage capacities may differ greatly from its "nominal" 

quoted capacity, as battery capacity is highly dependent on the battery's age and history, 

charging and discharging regimens, and temperature. A battery's capacity is measured in 

'Ampere Hours.'  The ampere-hour of a battery is the number of hours the battery can deliver a 

current equal to the discharge rate at the battery's rated voltage.  

2.3.6 Energy Capacity 
The total Watt-hours available when the battery is discharged at a specific discharge current 

(given as a C-rate) from 100 percent state-of-charge to cut-off voltage is the "energy capacity" 

of the battery. Multiplying the discharge power (in Watts) by the discharge time yields energy 

(in hours). Energy, like capacity, diminishes when the C-rate rises. 

 

2.3.7 Battery charge and discharge rate 
The charge and discharge rates of the battery are defined by the battery C rates. The rate at 

which a battery is depleted in relation to its maximum capacity is measured by its C rating. A 

1C rate, for example, signifies that the discharge current completely discharges the battery in 

1 hour. As a result, a battery with a capacity of 100Ah may deliver 100 Amps for one hour. 

 

2.3.8 State of Charge 

2.3.9 Depth of Discharge 
The percentage of battery capacity that is been discharged is expressed as the percentage of 

maximum capacity. A discharge to at least 80% DOD is referred to as a deep discharge. 

2.3.10  Battery Efficiency 

Efficiency is a key factor in secondary battery systems, since it refers to how well a battery can 

transfer energy from one form to another, usually including changes in electrical and chemical 

energy. The secondary battery is often measured using voltage efficiency (VE), Coulomb 

efficiency (CE), and energy efficiency (EE). The CE of a battery is the ratio of charge and 



discharge capacity (Qdischarge/Qcharge) within a particular voltage window. The voltage 

differential between charge and discharge operations involving internal resistance and other 

polarizations determines VE. EE is the product of CE and VE (EE = CE VE). Inefficiencies 

are influenced by a variety of parameters, including current density, temperature, 

membrane/separator choices, and electrolyte conductivity. 

2.4 Battery Pack Design 
A lithium-ion battery pack is a collection of interconnected subsystems that work together to keep the 
battery healthy and well. The lithium-ion batteries are the heart of the pack, and the number of them 
varies depending on the application. To achieve the desired voltage and energy, the cells can be 
connected in a variety of ways.  
 

2.5 Series Cell Connection 
When we connect a group of cells in series, we must connect the cell's negative terminal to the 

positive terminal of the other cell until all the cells are connected. Hence, the positive terminal 

of the first cell and the negative terminal of the last cell is our cell pack's main positive and 

negative terminal.  This configuration is used to increase the overall voltage of the pack. This 

does' t increase the capacity of the pack.  

Hence a battery configuration of 4s means that 4 cells are connected in series . If one cell 

voltage is 3.6V , we can calculate the total voltage of the pack in the following way:- 

Battery configuration = ns  

Where 'n' is the number of cells in series, hence  

Total voltage = n . V    ( volts) 

where V is the nominal voltage of the cell. So for a 4s configuration we will get 14.4V . 

 

Figure 4 Cell Series connection 



2.5.1 Parallel Cell Connection 

When we connect a group of cells in parallel , we must connect the negative terminal of the 

cell to the negative  terminal of the other and so on through the string of batteries, and we have 

to do the same with the positive terminal. This configuration increases the amp-hour capacity, 

but the voltage remains the same. 

Hence battery configuration of 4p means that 4 cells are connected in parallel . And total 

capacity is 4 times the cell capacity. Suppose we have a cell with capacity = 3 Ah 

Battery configuration = mp  

Where 'm' is number of cells connected in parallel, hence 

Total capacity = m . Ah   ( Ah) 

Therefore for a 4p configuration, we will have a cell pack 12 Ah capacity.  

 

Figure 5 Cell Parallel connection 

We can make a combination of series and parallel connections to get the desired voltage and 

capacity. For example we have a cell of 3.6 V and 3Ah capacity used in 4s4p configuration . 

Therefore we have a cell pack of -  

Cell pack voltage = 4 . 3.6 = 14.4 V 

Cell pack capacity = 4 . 3 = 12 Ah 

2.5.2 Cell Holder 

A cell holder is either a separate plastic holder mounted using screws, glue, eyelets, double-

sided tapes, or other ways, or a plastic case with the shape of the housing moulded as a 

compartment or compartments that take the battery or batteries. The battery holders may have 

a lid to keep the batteries in place and protect them, or they may be sealed to keep the batteries 

from leaking and causing harm to the electronics and components. For lithium-ion applications, 



the cell holder material is essential as it must hold and protect the cells simultaneously. Below 

are some qualities that a cell holder material must have –  

• High dielectric strength 

• High melting point  

• Compatible with Immersive cooling fluid 

• High stiffness 

• High dimensional stability 

• High machinability 

• High availability 

• Low price  

• Low density 

Thermoplastics are the best material for cell holders as they are dielectric and also are able to 

handle higher temperatures. Some of the thermoplastics that are used in the industry are 

mentioned below. 

Polymer type Abbreviation Tradenames 

Polytetrafluoroethylene PTFE Teflon, Hostaflon, Fluon 

Ethylene tetrafluoroethylene ETFE Tefzel 

Polychlorotrifluororethylene PCTFE Kel-F, Aclon 

Perfluoroalkoxy PFA Teflon 

Polyoxymethylene acetal 

copolymer 

POM Kemetal, Delrin, Ultraform 

Ultrahigh molecular weight 

polyethylene 

UHMWPE Hostalen 

Table 3 List of thermoplastics 

Polymer Advantages Disadvantages 

PTFE Outstanding chemical resistance, Low 

friction , High operational Tmax 

Low stiffness , strength and 

hardness 

ETFE Good creep . tensile and wear properties. Expensive , Attacked by esters , 

aromatics 

PCTFE Stiffer than PTFE Very expensive , Attacked by – 

Esters , ethers and halogenated 

hydrocarbons. 

PFA Highest Tmax of fluoroplastics Very expensive , Low stiffness, 

strength and hardness 



POM Tough and stiff . Good abrasion , creep and 

chemical resistance . 

Attacked by acid and alkalis 

UHMWPE Good abrasion and chemical resistance Low Tmax 

Table 4 Comparison of thermoplastics 

 

2.5.3 Battery Enclosure 

Enclosures for modules and packs can be made of plastics, steel, aluminum, fiberglass, or 

composite materials. In almost every scenario, we'll employ a combination of these materials 

in our battery design. Metals that can be used for enclosure:- 

Steel – Steel has a number of advantages, including high strength and inexpensive cost. A steel 

enclosure, on the other hand, must typically have some weldments or other mounting 

attachments, as well as mounting structures and durability. This lengthens the material's 

processing time and raises its cost. Multiple firms are currently attempting to improve the 

strength of steel while also reducing its weight and mass to make it more competitive with low-

weight aluminum applications. 

Aluminium - Enclosures made from aluminum might be stamped, die-cast, or machined 

blocks. Aluminum is lighter than steel, but it demands more material thickness to meet strength 

requirements, particularly in pressed items. Die casting is another way that can be utilized to 

work with aluminum. This can be accomplished by either high-pressure die casting (HPDC), 

which provides the best strength, porosity, and surface quality but is difficult to tool. Sand 

casting is less expensive to tool, but the component quality is sometimes poor, necessitating 

additional finishing operations. Plaster casting combines the best of both worlds: it is relatively 

inexpensive to tool and produces finishes that are nearly as good as HPDC. The porosity of the 

flow, which can cause weak places in the final result, is one of the most difficult aspects of 

plaster casting. If our item isn't too complicated, we can machine our case from an aluminum 

block using CNC. 

Use of Plastic as Enclosure :- 

Plastic enclosures may be used in some smaller battery systems. If the battery does not have 

large structural demands, these systems are more likely to employ plastic. The enclosure merely 

needs to surround and protect the lithium-ion cells in some hybrid and stop-start-type 

automobile batteries with minimal structural demands. Plastics and polymers are used in a 



variety of applications, from internal to even enormous battery packs. A composite cover may 

be used in conjunction with a metal foundation for some of the bigger automobile ESSs. The 

Chevrolet Volt, for example, is built of a sheet moulded composite made of a lightweight vinyl 

ester resin with haydite nanoclay filler and 40% glass fibres. In layman's terms, the Chevrolet 

Volt's cover is composed of fibreglass. The Volt and its sister car, the Ampera, use lithium-ion 

pouch-type cells, which are separated by a plastic "end" and "repeating frames" in their 

systems. These are injection-molded plastic components produced from BASF's nylon 6/6 

grade and Ultramid 1503-2F NAT, a 33 percent glass-filled, hydrolysis-stabilized material.  

Another issue involving plastics and polymers is their flame retardant ratings. V stands for 

vertical flame rating, and the flame retarding ratings vary from V0 to V2. We must utilize non-

flammable polymers in our battery cases. 

2.6 Thermal issues in Lithium-Ion Batteries 
The high power density of lithium-ion batteries can be a disadvantage because it causes 

the batteries to lose heat during the energy conversion process. In batteries, heat is 

generated from three basic sources, namely: [1] 

(1) activation losses due to interfacial kinetics 

(2) concentration losses due to transport of species,  

(3) joule heating movement of charged particles causing ohmic losses. 

To extract the best possible performance from the cells, they have to be operated within 

the optimum temperature range. This effect was studied by Khateed et al., who 

concluded from their research in [2] that "the electrochemical performance of the Li-

ion battery chemistry, charge acceptance, power and energy capability, the operating 

temperature very much controls cycle life and cost". According to [3], the preferred 

temperature range providing maximum power capability and acceptable thermal aging 

is between 20℃ and 40℃ for Li-ion cells and the temperatures must be limited to a 

certain value between 50 ℃ and 60 ℃ to maintain the cell in a safe temperature zone 

and prevent accelerated ageing. Temperature non-uniformity that develops in battery 

packs as they age is another crucial factor that must be considered. Thermal imbalance 

in cells has a substantial impact on battery system performance. The Arrhenius equation 

states that as cell temperature rises, the battery reaction expands exponentially, leading 

cells at higher temperatures to degrade more quickly than those at lower temperatures. 

The lifespan of the entire battery pack is reduced as a result of this degradation. 



In the operating temperature range of 30 - 40 °C, each degree of temperature rise 

reduces the Li-ion cell's lifespan by around two months. As a result, a management 

system must adjust for the heat imbalance in cells in order to extend the battery's life.  

The thermal issues affecting lithium-ion batteries discussed above bring to light the 

significant safety concerns that need to be accounted for while implementing lithium-

ion batteries. It can thus be concluded that "effective heat dissipation and thermal 

runaway are the major concerns in the commercialization of lithium-ion batteries for 

high power applications. As a result, an efficient thermal management system is 

essential to maximize the battery pack's performance by:  

(1) keeping the battery temperature within the operational range 

(2) Improving battery pack temperature uniformity. 

 

A thermal management system would ensure that cell temperatures remained within the 

operational range, allowing for appropriate power output while maintaining 

temperature stability. 

2.7 Temperature effects on Battery Characteristics 
• Effects of heat  

The chemical reactions that take place inside a battery are affected by rising 

temperatures. The chemical reactions inside the battery speed up as the battery's 

temperature rises. Higher temperatures have a number of consequences for lithium-ion 

batteries, including improved performance and storage capacity. According to a 

Scientific Reports research institute study, increasing the temperature from 25 to 45 

degrees Celsius increased maximum storage capacity by 20%. However, there is a 

drawback to this increased performance: the battery's lifecycle shortens over time. 

According to the same study, lifespan degradation was substantially more pronounced 

at higher temperatures when the battery was charged at 45 degrees versus 25 degrees. 

At 25 degrees, battery performance dropped by only 3.3 percent for the first 200 cycles; 

at 45 degrees, performance degraded by 6.7 percent. That's a more than twofold 

increase in deterioration. Due to greater degradation at higher temperatures, battery 

lifecycles can be substantially shortened when exposed to excessive heat on a regular 

basis. While heat exposure boosts battery capacity briefly, the damage it causes to the 

lifetime might cause long-term issues, so extended heat exposure should be avoided. 



 

Figure 6 Degradation percentage at different cycles and temperatures 

• Effects of Cold 

Long-term exposure to cold temperatures has an adverse effect on battery performance 

and safety. When the temperature drops, the battery's internal resistance rises. This 

means that charging the battery involves more work, reducing the capacity. However, 

it's crucial to remember that capacity loss is influenced by charge and discharge rates, 

and the impact of cold weather varies depending on the chemistry of the battery. At -

17° C, a lead-acid battery might only offer half of its nominal capacity.  

The operating temperatures of the batteries fluctuate depending on the sort of battery 

we're using. Lithium-ion batteries, for example, may be charged and discharged at 

temperatures ranging from 0 to 45 degrees Celsius (however, if you operate at such 

high-temperature levels you do run into problems mentioned earlier). Lead-acid 

batteries, on the other hand, may be charged and discharged at temperatures ranging 

from -20°C to 50°C. It's critical to understand what charging temperatures a battery can 

handle. Because ion combinations are slow, charge uptake reduces if batteries do not 

run at the acceptable temperature. Furthermore, applying a high current can cause 

pressure to build up inside sealed batteries, resulting in explosions. The following 

chapter addresses the many types of thermal management strategies, such as active 

cooling and passive cooling, and gives a detailed literature study on them. 

  



 

Figure 7 Discharge curve at different temperatures 

 

2.8 Thermal Management Systems 

The basic goal of a thermal management system (abbreviated as TMS in this text) is to 

keep temperatures within the required operating range by regulating temperatures 

uniformly inside a battery pack. The features of a thermal management system found 

in battery packs should normally include the following. 

1. Favourable environment for all the cells to operate within the optimum 

temperature range in order to optimize the battery performance and life  

2. It should work towards reducing the temperature non-uniformity amongst the 

different cells in order to minimize the electrical imbalance 

As a result, a temperature management system within Li-ion battery packs must be 

efficiently designed and executed. Many aspects influence the design of an effective 

TMS, including the heat generation rate of the cells, energy efficiency, and temperature-

dependent performance sensitivity. The choice of heat transfer medium is also 

influenced by the TMS design, which is intrinsically reliant on the type of management 

system. As a result, the various types of thermal management systems can be 

categorised as follows: 

1. Active cooling TMS, wherein a built-in source provides the heating at cold 

temperatures and cooling at hot temperatures respectively 



2. Passive cooling TMS, a system in which the ambient environment surrounding 

the batteries is used 

Thermal management can be accomplished by the use of air or liquid systems, thermal 

storage phase change material, insulation, or a mix of the active and passive methods 

outlined above. 

2.8.1 Air Cooling And heating 
The heat medium in the air system is air. The intake air can come straight from the 

atmosphere or the cabin, or it can be conditioned after passing through the air 

conditioner's heater or evaporator. The first is referred to as a passive air system, while 

the latter is referred to as an active air system. Additional cooling or heating power can 

be provided through active systems. Active systems have a power limit of 1 kW, 

however passive systems can offer hundreds of watts of cooling or heating power. [4] 

Both are referred to as forced ventilation systems since air is delivered by blowers in 

both circumstances. The schematic diagram of the system is shown in the following 

figure.

 

Figure 8 Schematic of active and passive cooling system 

The battery system in cars like the Toyota Prius and Nissan Leaf is air cooled. However, 

even with high-powered blowers, air cannot transmit as much heat as a liquid system. 



This causes issues in electric vehicles in hot areas, such as increased temperature 

variation in battery pack cells. Noise from the blower can also be an issue. 

 

Figure 9 Toyota Prius battery cooling system 

2.8.2 Liquid Cooling and Heating 
Liquid, in addition to air, is a heat transfer fluid that is utilized for heat transfer. There 

are two types of liquids that are appropriate for thermal management systems in general. 

One is a dielectric liquid, like mineral oil, that can come into direct contact with the 

battery (direct contact liquid). The other is a conductive liquid, such as a combination 

of ethylene glycol and water, that can only make indirect contact with the cell (indirect 

contact with the liquid). Different designs are developed for different liquids. The 

common arrangement for direct contact with liquids is to submerge the module in 

mineral oil. A sheath around the battery modules, individual tubes around each module, 

mounting the battery modules on a cooling/heating plate, or integrating the battery 

modules with plates and cooling/heating fins are all conceivable configurations for 

indirect contact with liquid. In both of these groups, the indirect contact system is the 

preferred method of achieving better separation between the battery module and the 

environment, resulting in improved safety. The liquid system can be classified as either 

a passive or active system, depending on the radiator used for cooling. In passive liquid 

systems, the radiator used for cooling is the radiator. The system has no heating 

capacity. Figure 3.3 shows the system schematic of the passive liquid system. The heat 

transfer fluid circulates in the recirculating pump. The heat from the battery pack is 

absorbed by the circulating fluid and released through the radiator. The temperature 



difference between the ambient air and the coil has a significant impact on cooling 

capacity. The fan behind the radiator can help with heat dissipation, but the passive 

liquid system will fail if the ambient air temperature is higher than the battery 

temperature or the gap between the two is too small. 

 

Figure 10 Schematic of liwuid cooling system 

Figure 11 shows the systematic scheme of an active liquid system. There are two loops 

in total. The upper loop is referred to as the primary loop, while the lower loop is 

referred to as the secondary loop. The primary loop is comparable to the loop in a 

passive liquid system, where a pump circulates the heat transfer fluid. The air 

conditioning loop (A/C loop) is the secondary loop. Instead of being a radiator, the 

upper heat exchanger serves as an evaporator (EVAP) for cooling and connects both 

loops. During heating, a four-way valve is switched, and the upper heat exchanger 

functions as a condenser (COND) and the lower heat exchanger functions as an 

evaporator. The heat pump loop is another name for the heating operation loop. 



 

Figure 11 Active Liquid Cooling system 

 

Liquid glycol is used as a coolant in Tesla's (and GM's) thermal management systems. Both 

the GM and Tesla systems use a refrigeration cycle to transfer heat. To keep the cells cold, a 

glycol coolant is circulated throughout the battery pack. This is a challenging task given Tesla's 

7,000 cells to cool. 

 

Figure 12 Tesla cooling system of one module 



The Tesla Model S battery cooling system consists of a patented serpentine cooling pipe that 

winds through the battery pack and carries a flow of water-glycol coolant; thermal contact with 

the cells is through their sides by thermal transfer material. 

 

Figure 13 GM Chevrolet Volt cold plates interwoven with battery cells as liquid cooling system 

Koenisegg regera is one of the only commercial vehicle with battery cooled by immersion.  

Rimac developed immersion cooling technology for Koenisegg. 

 

Figure 14 Koenisegg Regera Battery pack 

 



 

 

 

2.8.2.1 Types of Dielectric Fluid 
 

There are four primary dielectric fluids - Error! Reference source not found. 

• Mineral Oil: Mineral oil is the most common dielectric fluid encountered by 

technicians. Because of its long record of dielectric strength and thermal performance, 

this liquid is a top choice for outdoor transformers. Mineral oil's main problem is that 

it's a flammable liquid with low biodegradability, which limits its use and storage. 

• Silicone: Silicone has typically been the insulating fluid of choice when a less 

flammable liquid is required. It has a relatively high ignition temperature, making it 

appropriate for usage indoors and in vaulted spaces. Silicone, on the other hand, has a 

number of drawbacks, including chemical by-products and a high cost of use. It has a 

similar dielectric strength to mineral oil and a higher specific gravity than mineral oil, 

however it is not biodegradable. 

• Hydrocarbon: Fluids containing highly refined petroleum oils have fire-resistant 

qualities, making them appropriate for use in applications that require a less flammable 

liquid. These fluids have good insulating and cooling properties, but their ignition point 

is lower than silicone's, and they are also more expensive than mineral oil. Hydrocarbon 

fluid is completely biodegradable and has a specific gravity and power factor similar to 

mineral oil. 

• Natural Ester: Natural ester fluid is a top choice when it comes to environmental 

impact because it is made from non-toxic natural oils (such as soy) and is completely 

biodegradable. They are self-extinguishing and absorb moisture better than other 

liquids, making them excellent for interior applications. When compared to other fluid 

types, natural esters have the highest dielectric strength. Natural esters have two 

primary drawbacks: greater costs and a larger power factor, which can result in higher 

operating temperatures. 

 

2.8.3 Direct Refrigerant Cooling & heating 
 



Similar to active liquid system, a direct refrigerant system (DRS) consists of an A/C 

loop, but DRS uses refrigerant directly as heat transfer fluid circulating through battery 

pack. The systematic layout is in Figure 11 

 

Figure 15 Schematic of DRS System 

2.8.4 Phase Change Material 
During melting, heat is absorbed by PCM and stored as latent heat until latent heat is 

up to the maximum. Temperature is kept at melting point for a period, and temperature 

increase is delayed. Therefore, PCM is used as a conductor & buffer in battery thermal 

management systems. Figure 3.6 shows the working mechanism of PCM on battery 

cells. Also, PCM is always combined with air cooling system or liquid cooling system 

to manage battery temperature. 

 

Figure 16 Graph showing cell temperature with and without PCM material 



2.9 Battery Management System 
The Battery Management System (BMS), while it may have many other names, is the central 

control unit of the battery pack. It is essentially (and quite literally) the “brains” of the 

operation. The BMS is a combination of several component systems, including a host or master 

controller (a Printed Circuit Board (PCB)), a series of “slave” control boards (depending on 

system typography), sensors, and software that makes everything work together.     

Functions of BMS :-  

• Estimating State of charge  

• Estimating state of health 

• Monitoring cell current, voltage and temperature 

• Controlling the battery charging profile 

• Isolating the battery pack from source and load  

• Limiting power and thermal transient and extremes 

• Controlling passive cell balancing 

 

• Cell Balancing 

When designing a lithium battery pack with numerous cells in series, it's critical to 

include electronic components that constantly balance the cell voltages. This is 

important not just for the battery pack's performance but also for its long life cycles. 

Lithium cells are susceptible to increased cell breakdown if they are overheated or 

overcharged. If a lithium-ion battery voltage exceeds 4.2 V by even a few hundred 

millivolts, they can catch fire or explode due to a thermal runaway condition. When 

the cells are fully charged, cell balancing is the act of balancing the voltages and states 

of charge among them. There are no two cells that are alike. The condition of charge, 

self-discharge rate, capacity, impedance, and temperature properties are always 

somewhat different. Even if the cells are the exact model, manufacturer, and 

production lot, this is true. Although manufacturers sort cells by similar voltage to 

match them as closely as possible, there are still minor differences in the impedance, 

capacity, and self-discharge rate of individual cells that can eventually lead to a 

voltage divergence over time. 

For most traditional battery chargers to identify full charge, the voltage of the entire 

string of cells must reach the voltage regulation point. Individual cell voltages can 

vary as long as the overvoltage protection limitations are not exceeded. At full charge 

termination, however, weak cells (those with lesser capacity / higher internal 



impedance) tend to show higher voltage than the remainder of the series cells. 

Continuous overcharge cycles then deteriorate these cells even more. The weaker 

cells' greater voltage upon charge completion accelerates capacity decline. If the 

maximum suggested charging voltage is exceeded by even ten percent, the 

degradation rate will rise by thirty percent.  

2.9.1 Cell Balancing Techniques 
When the cells are fully charged, the fundamental solution of cell balancing equalizes the voltage and 

state of charge among them. Cell balancing is usually classified into two types: 

• Passive 

• Active 

Passive Cell Balancing 

The approach of passive cell balancing is simple and uncomplicated. It uses a dissipative 

bypass route to discharge the cells. This bypass can be built into the integrated circuit or 

external to it (IC). In the case of a low-cost system, such an approach is advantageous. 

Because all of the surplus energy from a higher energy cell is wasted as heat, the passive 

technique is less ideal to utilize during discharge due to the apparent influence on battery run 

time.. 

Active Cell Balancing 

Charge is transferred between battery cells using capacitive or inductive charge shuttling in 

active cell balancing. Because energy is supplied to where it is needed rather than being 

drained off, it is substantially more efficient. Of course, the requirement for additional 

components at a higher cost comes as a trade-off for the increased efficiency.  

For low voltage battery like 12V,there are mainly two types of BMS that exist according to  

types of ports  , common port and separate port circuit diagram of which is shown below. 

 



 

Figure 17 Circuit diagram of common and separate port BMS 

Separate Port  

Separate ports BMS configuration has 2 advantages : 

• Because the discharge current does not flow through charge Mosfet Q2, there is less loss. 

• Charge Mosfet Q2 can be smaller than discharge Mosfet Q1. 

Mosfets are turned on & off as follows: 

Discharging 

• Discharge Mosfet Q1 is on & switched off when the battery is depleted. 

• Charge Mosfet Q2 is on and inactive diode mode 

Charging 

• Discharge Mosfet Q1 is on and inactive diode mode 

• Charge Mosfet Q2 is on and switched off when the battery is full 

Common Port 

Current direction detection is required by a common port BMS. Using a common port BMS to 

control MOSFETs is more difficult than using a separate port BMS. There are two scenarios 

when the battery voltage is at its lowest: 

1. When charging, Q1 and Q2 must be on 

2. Discharging is not allowed, Q1 must be off 

As a result, Q1 is only active during charging, requiring the addition of a charge current sensing 

circuit. There is no need for a charge current detecting circuit in a separate port BMS. There 

are two scenarios when the battery voltage is at its maximum: 

1. When discharging, Q1 and Q2 must be on 

2. Charging is not allowed, Q2 must be off 



As a result, Q2 is only active when discharging, necessitating the addition of a discharge 

current detecting circuit.According to its structure, the BMS for high voltage battery packs 

can be split into four groups. 

• Centralized 

A centralized BMS (Figure 18) consists of a single assembly from which a bundle of 

wires (N + 1 wires for N cells in series) is sent to the cells. 

 

Figure 18 Scehmatic of Centralized BMS 

• Modular 

A modular BMS (Figure 19) is similar to a centralized BMS, except that it is separated 

into many, identical modules, each with its own bundle of wires connected to one of 

the pack's batteries. One of the modules is usually labeled as a master because it is the 

one that administers the entire pack and communicates with the rest of the system, while 

the others serve as basic remote measuring stations. A communication link transfers the 

readings from the other modules to the master module. 

 

Figure 19 Modular BMS 

• Master Slave 

In the same way as a modular system uses numerous identical modules (slaves), each 

sensing the voltage of a few cells, a master-slave BMS does. The master, on the other 



and, is distinct from the modules since it does not measure voltages and instead focuses 

on computation and communication. 

 

Figure 20 Topology showing master and slave BMS 

• Distributed 

A distributed BMS differs from other topologies in a number of ways (in which the 

electronics are grouped and housed separately from the cells). The electronics of a 

distributed BMS are contained on cell boards that are physically attached to the cells 

being measured. A distributed BMS employs only a few communication lines between 

the cellboards and the BMS controller, rather than many tap cables between cells and 

electronics. The computation and communication are handled by the BMS controller (a 

BMS controller is not required in some simpler implementations). 

 

Figure 21 Distributed BMS 

 



2.10  Battery Standards 
Organisations like Society of Automotive Engineers and the International organization for 

standardization as well as industry groups and coalitions are helping the commercialization of 

the automotive and industrial lithium ion battery. Modern day organizations such as the United 

States Advanced Battery Consortium LLC (USABC), the Electric Drive Transportation 

Association (EDTA), and the National Alliance for Advanced Battery Technology 

(NAATBatt) are actually successors to one of the earliest electric vehicle (EV) industry trade 

groups called the Electric Vehicle Association of America (EVAA) which was formed in 1909 

and lasted for only seven years. EVAA members included electric power generating 

companies, vehicle manufacturers, and energy storage battery makers. 

Some of the tests and standards that are done by most of the electric vehicle manufacturesrs 

are mentioned below . 

Identifier Application Title  

IEC 62660-

2:2010  

(H)EV Secondary lithium-ion cells for the propulsion of electrical road 

vehicles - Reliability and Abuse Testing. 

IEC 62660-

1:2010  

(H)EV Secondary lithium-ion cells for the propulsion of electrical road 

vehicles - Performance Testing. 

IEC 62660-

2:2010  

(H)EV Secondary lithium-ion cells for the propulsion of electrical road 

vehicles - Reliability and Abuse Testing. 

IEC 62660-

1:2010  

(H)EV Secondary lithium-ion cells for the propulsion of electrical road 

vehicles - Performance Testing. 

IEC 62660-

3:2016  

(H)EV Secondary lithium-ion cells for the propulsion of electrical road 

vehicles - Safety requirements 

ISO 12405-

1:2011  

(H)EV Test specifications for packs and systems - High-power 

applications. 

ISO 12405-

2:2012  

(H)EV Test specifications for packs and systems - High-energy 

applications. 

ISO 12405-

3:2014  

(H)EV Test specification for lithium-ion traction battery packs and 

systems - - Part 3: Safety performance requirements. 

ISO 6469-

1:2009  

(H)EV Electrically propelled road vehicles – Safety specifications – 

Part 1: On-board rechargeable energy storage system (RESS) 

SAE 

J2929:2013  

(H)EV Electric and Hybrid Vehicle Propulsion Battery System Safety 

Standard - Lithium-based Rechargeable Cells. 

SAE 

J2464:2009  

(H)EV Electric and Hybrid Electric Vehicle Rechargeable Energy 

Storage System (RESS) Safety and Abuse Testin 

SAE J1798 WIP  (H)EV ecommended Practice for Performance Rating of Electric 

Vehicle Battery Modules under development 

UL 2580:2013  (H)EV Outline of investigation for batteries for use in electric vehicles. 

QC/T 743-2006  (H)EV Automotive Industry Standard of the People’s Republic of China 

- Lithium-ion Batteries for Electric Vehicles. 

DOE-INL/EXT-

15- 34184  

(H)EV U.S. DOE Battery Test Manual for Electric Vehicles 

Table 5 Table showing different Battery standards and their title 



All the standards mentioned above comprise a series of tests, some of which are 

mentioned below. 

• Self-discharge tests—help the battery designer to determine how much energy is lost 

over time as the battery sits in storage. 

• Cold-cranking tests—show how much power the battery can provide at low 

temperatures to “crank” the vehicle's engine and restart it 

•  Thermal performance testing—describes how much power and energy are available at 

different temperatures.  

• Energy efficiency test—describes the “round trip energy efficiency” of a battery cell or 

system. In essence, this tells us how efficient the overall system design is and how much 

energy is lost during use. 

• Cycle life testing—determines how many complete charge/discharge cycles at a 

predefined set of operating conditions a battery is achieved. 

•  Calendar life testing—as it is unrealistic to test a battery for its full expected life, which 

could be 10–15  years or more, it is important to get some idea of how long the battery 

lasts in calendar years. Therefore, that is precisely the purpose of this test 

(FreedomCAR Program Electrochemical Energy Storage Team, 2003). 

• Mechanical abuse testing—which covers crush, penetration, drop, immersion, rollover, 

and shock testing 

• Thermal abuse testing—which includes thermal stability, simulated fuel fire, high-

temperature storage, rapid discharge and charge, and thermal shock cycle testing 

• Electrical abuse testing—including overcharge and overvoltage, short circuit, 

overdischarge and voltage reversal, and partial short circuit (Sandia National 

Laboratories, 2006). 

2.11  Battery Modelling 
State of charge (SOC), state of energy (SOE), state of health (SOH), and state of power (SOP) 

are all estimated using battery modeling . These states are difficult to monitor directly, so they 

must be inferred using battery models. To characterize such properties, electrochemical models 

(EMs), black-box models, and equivalent circuit models (ECMs) have been utilized. To train 

black box models like neural network (NN) models, a substantial amount of experimental data 

is required. The resulting NN models can only be employed in similar working conditions to 

the experimental data because the parameters of the trained NN models have no physical 

relevance. This restricts the use of NN models in on-board BMSs for electric vehicles. 

Electrical circuits are used in ECMs to describe battery terminal behavior. They can be easily 

embedded into BMSs and are compatible with the circuits of BMSs for EVs. 

• Electrochemical Model 

To describe the electrochemical reaction occurring inside batteries, EMs use partial 

differential equations (PDEs). These models are generally accurate, but their 

computational weight is too expensive to integrate into electric vehicle (EV) on-board 

battery management systems (BMSs). EMs use thermodynamics and electrochemical 

kinetics equation to describe physical and electrochemical processes in the anode, 

separator, and cathode regions of batteries. A pseudo-two-dimensional (P2D) model for 

lithium-ion batteries has been presented based on theories of porous electrodes and 

concentrated solutions (LiBs). The diffusion equation of lithium ions inside active 



particles and electrolytes, the solid phase balance equation, and the electrolyte phase 

balance equation are all coupled nonlinear PDEs in three regions of LiBs. 

 

• Black Box Models 

Black box models may mimic a complex interaction between external factors and 

battery internal electrochemical reaction processes, such as the relationship between 

SOC and battery terminal voltage and discharge current, without knowing the internal 

electrochemical reaction process. Although batteries appear to be simple, they are 

actually exceedingly complex electrochemical systems, as detailed in EMs. To begin 

with, they represent a collection of physically and chemically interconnected processes 

that turn chemical energy into electrical energy and vice versa. Second, there are some 

side reactions, such as corrosion and self-discharge, in addition to the main 

electrochemical reaction. Third, ambient conditions, as well as charging and 

discharging current profiles, have a significant impact on battery performance. Black 

box models, such as NN models, use automatic training to replicate the learning process 

of a human brain in order to obtain essential patterns within a multi-dimensional 

information domain. 

A NN model is made composed of an input layer, certain hidden layers, and an output 

layer. Adaptable weights connect each neuron in the NN to other neurons in the 

previous layer. Knowledge is typically kept as a series of weighted connections. 

Training is the process of applying a learning algorithm to modify the connection 

weights in an ordered manner, in which the input is supplied to the NN together with 

the desired output, and the weights are then adjusted so that the NN tries to create the 

desired output. 

 

Figure 22 NN Model for the Relationship of SOC to terminal Voltage and current for a battery 

 

• Equivalent Circuit Models 

BMS formation in EVs has been explored using ECMs. They are models with a small 

number of parameters that are lumped together. The ECM can show both static and 

dynamic properties. The equilibrium potential or open circuit voltage (OCV), which is 

represented by an ideal voltage source, describes the static characteristic. The OCV is 

commonly used to estimate SOC since it is monotonically related to SOC, aging levels, 

and operating temperatures. Combining polarization and hysteresis voltages with ohmic 



resistance and resistance–capacitor (RC) networks describes the dynamic 

characteristic.  

Based on the analysis of battery terminal voltage behavior, a general n- RC model is 

presented in Figure 23. Ri represents the internal resistance which is the sum of 

electrode material resistance, electrolyte resistance, diaphragm resistance, and contact 

resistance. RC networks denote the polarization effects with polarization resistance RD 

i and polarization capacitor CD i , i = 0, 1, … , n . i L is the load current (positive for 

discharge and negative for charge), U t is the terminal voltage, and U D i is the 

polarization voltage. According to Kirchhoff’s current law, the relationship between 

output voltage and input current can be expressed by 

 
which leads to the transfer function as 

 
• Internal Resistance Model 

When n = 0, the n-RC model is simplified to a R int model, the relationship between 

the output voltage and the input current under this model is expressed as 

 
where Ut,k denotes the terminal voltage, UOC,k denotes the OCV, and iL,k stands for the 

load current at kth sampling time. 

 

 

Figure 23 n-RC Model for a lithium-ion battery 

 

 

 



3 12V Battery Design 

3.1 Design Constraints 

3.1.1 Battery Parameters 

• Number of cells in series 

Our requirement is 12V . Hence the number of cell in series depends on the cell voltage 

of the cell that we choose. For example, the nominal voltage of lithium-ion cells vary 

from 3.3-3.V. Therefore, we must have 4 cells in the series. 

• Number of cells in Parallel 

The number of cells in parallel depends on the capacity of the battery . Daniel Cela and 

Patrik Alerman published in their report that a 12V lithium ion battery must be of at 

least 25 Ah [5]. Therefore depending on the capacity of individual cell , the number of 

cells is chosen. Hence a battery with above-mentioned minimum capacity and voltage. 

The battery must also comply with USABC  guidelines for 12V battery minimum 

requirements . It should also be able to pass all the USABC tests for 12V battery . 

USABC stands for - United States Advanced Battery Consortium 

3.2 Selection of cells 

Currently, different automotive companies use different types of cells. But a wide 

variety of batteries are made from cylindrical cells. Therefore, mainly two types of cell 

chemistry was considered , Lithium-ion and Lithium Iron Phosphate. Both have 

different specifications and different applications. 

 

Figure 24 Usage of different kinds of cells by different companies 



 For lithium-ion  , SONY Morata 18650 and Samsung 21700 was considered and for 

lithium iron phosphate, Lithium werks was considered . Specifications of both the cells 

are mentioned below :-  

 

 

 

 

 

Parameters Sony Lithium Werks Samsung 

Model US18650VTC6 ANR26650m1B 30T 21700 

Nominal voltage 3.6 3.3 3.6 

Max charge voltage 4.2 3.6 4.2 

Discharge end voltage 2 2 2.5 

Capacity(mAh) 3 2.5 3 

Max continuous 

discharge current(A) 

20 50 35 

Peak discharge Current 

theoretic(A) 

35 120 61.25 

Peak discharge cuurent 

time (s) 

4 10 4 

C-rate 6.67 
 

11.67 

Diameter(mm) 18.5 26.46 21.20 

Height (mm) 65.2 65.65 70.40 

Weight(g) 45.5 77 69 

Table 6 Different lithium ion cell comparison  



3.3 Cell Pack Design 
Various battery-pack designs were considered , keeping weight and space efficiency in 

mind.  

Cell to cell distance for SONY 18650 – 19.5mm 

Cell to cell distance for Lithium Werks 26650- 27.5 

Cell to cell distance for Samsung 21700 – 22.5 

Battery 
pack design 

Cell 

Cell 
in 
series 

cell in 
parallel 

Total 
no. Of 
cells 

Batter 
capacity 
(Ah) 

Peak 
discharge 
current(A) 

Weight 
of 
batteries 
(g) 

Sony 
18650 4 20 80 60 700 3640 

Sony 
18650 4 30 120 75 1050 5460 

Sony 
18651 4 28 112 84 980 5096 

Lithium 
werks 
26650 4 6 24 15 720 1848 

Lithium 
werks 
26650 4 8 32 20 960 2464 

Lithium 
werks 
26650 4 12 48 30 1440 3696 

Lithium 
werks 
26650 4 24 96 60 2880 7392 

Samsung 
21700 4 20 80 60 1225 5520 

Samsung 
21700 4 30 120 90 1837.5 8280 

Samsung 
21700 4 28 112 84 1715 69 

Table 7 Comparison of battery pack design with SONY, Samsung and Lithium werks cell 

 

According to our minimum battery required mentioned before , only three of the above battery 

configurations can be chosen  , SONY 18650 – 4s20p , 4s30p & Lithium werks – 4s25P. 

According to USABC guidelines , the weight for the 12V battery should be 10Kgs. As one 

lithium werks cell weighs 1.6 times more than SONY 18650 and has 16% less capacity , cell 

configuration with SONY cells were selected . After careful considerations final configuration 



of 4s28p was selected . After selecting the configuration, we have to approximate the weight 

of the battery . 

For overall battery weight calculation , all the components of the battery were considered , 

which include , Cell holders , Battery case , Nickel and copper plates . Our 12V battery will be 

cooled by immersive cooling method hence fluid weight is also been considered. 

 

3.4 Cell Holder Weight 
Keeping cell to cell distance of 19.5mm drawing of the 4s28p configuration was made in 

Solidworks to get the dimensions of cell holders and battery case. Honeycomb pattern was 

selected as it is the most space-efficient pattern. 

 

 

 

Figure 25 Cell holder drawing with cell to cell distance of 19.5 mm 

 

3.4.1 Cell Holder Material 
Among various thermoplastics stated in Table 8, Polyoxymethylene was selected , mainly 

because of its easy availability and cost-effectiveness and its strength . POM plastic is a semi-

crystalline thermoplastic with high mechanical strength and rigidity. Acetal polymer has good 

sliding characteristics and with excellent wear resistance, as well as low moisture absorption. 



Good dimensional stability & particularly good fatigue strength, excellent machining ability, 

makes POM polymer a highly versatile engineering material, even for complex components. 

Polymer Advantages Disadvantages 

PTFE Outstanding chemical 

resistance, Low friction , 

High operational Tmax 

Low stiffness , strength and 

hardness 

ETFE Good creep . tensile and wear 

properties. 

Expensive , Attacked by 

esters , aromatics 

PCTFE Stiffer than PTFE Very expensive , Attacked by 

– Esters , ethers and 

halogenated hydrocarbons. 

PFA Highest Tmax of 

fluoroplastics 

Very expensive , Low 

stiffness, strength and 

hardness 

POM Tough and stiff . Good 

abrasion , creep and chemical 

resistance . 

Attacked by acid and alkalis 

UHMWPE Good abrasion and chemical 

resistance 

Low Tmax 

   

Table 8 Thermoplastic comparison 

Distinction is made between acetal homopolymers (POM-H) & acetal copolymers (POM-C) in 

regard to their properties. Due to it's higher crystallinity, properties of POM H include slightly 

higher density, hardness & strength. POM C material, however has the higher chemical 

resistance & lower melting point than POM H. As we require low density and high chemical 

resistance , POM-C was selected as our material for cell holders . 

Density of POM-C plastic – 1.41 g/cm3 

Below is the properties of POM-C Plastic. 



 

Figure 26 POM-C plastic Properties 

 

3.5 Thickness of Nickel & Copper Plates 
Maximum current that will be drawn from 12V battery is 700 A . Therefore, our nickel 

and copper busbars must be able to conduct 700A . The nickel sheet is spot welded to 

the cells that we are going to use , hence the nickel sheet thickness cannot be more than 

0.15mm . As Nickel has very high resistance , we will use a copper sheet on top of 

nickel sheet to conduct the current.  

Metal Resistance ( µΩ-cm) (ρ) 

Silver 1.59 

Copper 1.68 

Nickel 6.84 

Aluminium 2.65 

Table 9 Resistance comparison of different metals 

 

 

 

 



We can calculate voltage drop per cm of copper in the following way -  

We can calculate voltage drop per cm of copper in the following way –  

Copper plate cross sectional area 

 

 𝑨𝒄𝒐𝒑𝒑𝒆𝒓 = 𝒘𝒊𝒅𝒕𝒉 ∗ 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔 Equation 5 

Copper resistance per unit cm  

 𝑹𝑪 =  𝝆𝒄 ∗ 𝑨𝒄 

 

Equation 6 

 

 𝑹𝒕𝒐𝒕𝒂𝒍,𝒄𝒐𝒑𝒑𝒆𝒓 = 𝑹𝑪 ∗ 𝑳𝒕𝒐𝒕𝒂𝒍,𝒄𝒐𝒑𝒑𝒆𝒓 

 

Equation 7 

 

 𝑽𝒅𝒓𝒐𝒑,𝒄𝒐𝒑𝒑𝒆𝒓 = 𝑰 ∗ 𝑹𝒕𝒐𝒕𝒂𝒍,𝒄𝒐𝒑𝒑𝒆𝒓 

 

Equation 8 

We can also calculate heat dissipation due to resistance :- 

 𝑸𝒓𝒆𝒔𝒊𝒔𝒕𝒂𝒏𝒄𝒆 = 𝑰𝟐 ∗ 𝑹𝑻𝒐𝒕𝒂𝒍 

 

Equation 9 

 

Acopper 0.85 Cm2 

RC 7.9*10-5  Ω/cm 

RTotal,copper  55.34 µΩ 

Vdrop,copper 0.0387 V 

Qresistance 27W 

Table 10 Copper plate dimension & heat generated values 

According to data given in,  

0.254 mm thick and 50.8mm nickel can handle 700 Amps of current , Here we are using 285.25 

mm wide and 0.15mm thick Nickel as our current direction is as shown below .  



 

Figure 27  Model of 12V battery cell pack 

As we are using nickel-plate instead of small nickel strips , we have a high cross sectional area 

for conducting .  

LNickel 285.25 mm 

Thickness 0.15 

Rtotal,nickel 456*10-6 Ω 

Anickel 42.48 mm2 

Table 11 Nickel plate resistance and dimensions 

Now Copper and Nickel plates are in series , therefore total resistance of copper and nickel 

combined can be calculated as – 

 𝑹𝒕𝒐𝒕𝒂𝒍 = 𝑹𝒕𝒐𝒕𝒂𝒍,𝒏𝒊𝒄𝒌𝒆𝒍 + 𝑹𝒕𝒐𝒕𝒂𝒍,𝒄𝒐𝒑𝒑𝒆𝒓 

 

Equation 10 

 

and Heat generated can be calculated as – 

 𝑸𝒏𝒊𝒄𝒌𝒆𝒍,𝒄𝒐𝒑𝒑𝒆𝒓 = 𝑰𝟐 ∗ 𝑹𝒕𝒐𝒕𝒂𝒍 

 

Equation 11 

 

 

Rtotal  511 µΩ 

Qnickel,copper 250 W 

  

As the end collectors we will use copper end collectors. Copper bus bar must be able to 

handle 700 Amps . According to data by Austral wrights [6], 10mm2 copper can 

conduct 66 Amps. We need to conduct 700 Amps, hence required cross-section area is 

106mm2. 



Copper busbar Thickness 4 mm 

Width of copper busbar  26.5 mm 

Length of Copper busbar 300 mm 

Table 12 Copper busbar dimensions 

We can again calculate voltage drop and heat generated due to resistance in copper bus 

bar . 

 
𝑅𝑏𝑢𝑠𝑏𝑎𝑟 =

𝜌𝑐𝑜𝑝𝑝𝑒𝑟 ∗ 𝐿𝑏𝑢𝑠𝑏𝑎𝑟

𝐴𝑏𝑢𝑠𝑏𝑎𝑟
 

 

Equation 12 

 

Hence Total resistance = 1.68*10^(-6) * 30 / 1.06 = 47.54*10^(-6) ohm  

 𝑄𝑏𝑢𝑠𝑏𝑎𝑟 = 2 ∗ 𝐼2 ∗ 𝑅𝑏𝑢𝑠𝑏𝑎𝑟 

 

Equation 13 

 

Heat Generated = 700^2 * 47.54*10^(-6) = 23 W 

We have 2 copper end collectors . hence  

Heat generation = 23*2 = 46 W 

Our Sony Murata 18650 cells have a internal resistance = Rinternal = 12.8 * 10-3  Ω 

Therefore total resistance of cells for a 4s28p configuration is = 4*12.8*10^(-3) / 28 = 

1.82 mili ohm  

 
𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙,𝑡𝑜𝑡𝑎𝑙 =

4 ∗ 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

28
 

 

Equation 14 

 

Therefore total heat generation = 1.82*10^(-3) * 700^2 = 891 W 

 𝑄𝑐𝑒𝑙𝑙𝑠 = 𝐼2 ∗ 𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙,𝑡𝑜𝑡𝑎𝑙  

 

Equation 15 

 

Hence total heat generation will be = 891 + 293 = 1184 W 

 𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑄𝑐𝑒𝑙𝑙𝑠 + 𝑄𝑏𝑢𝑠𝑏𝑎𝑟 + 𝑄𝑛𝑖𝑐𝑘𝑒𝑙,𝑐𝑜𝑝𝑝𝑒𝑟 Equation 16 

 

 



 

 

 

 

3.6 Immersive Cooling Fluid 
Out of all the types of insulating fluid stated in 2.8.2.1, hydrocarbon-based fluid suits 

best for our application as it is cost-effective and has low viscosity and high dielectric 

strength. Moreover they are highly biodegradable. 

3M is one of largest manufacturers of dielectric fluids , which has a whole range of 

fluid for specific application . Some of the fluids specifications are listed below.  

 

Figure 28 3M Novec 7200 fluid 

Rinterna,cells 1.82*10-3 Ω 

Qbusbar 46 W 

Qcells 891W 

Qbattery 1184 W 



As we can see above from the table , the vapour pressure and boiling point of Novec fluids is 

fairly low . 

As we are using single-phase  immersive cooling , the fluid needs to have the following 

properties :- 

• High Dielectric Strength 

• High heat capacity 

• Low density  

• Low viscosity 

• High boiling point  

• Easily available  

• Low price 

• low vapour pressure 

After analysing the properties of novec fluids , Novec 7200 suits best to our application 

as its boiling point is reasonably high along with relatively high vapour pressure and 

low density and high heat capacity. 

Fluid Chosen – 3M Novec 7200  

Density = 1420 Kg/m^3 

3.7 Battery Case Material Battery  
Out of all the options proposed in 2.5.3 Aluminium machined block is the best option 

for our design as it is cost-effective and at the same time provides high strength and 

surface finish, and it also fulfils the need for having a non flammable battery enclosure. 

Selecting Aluminium Grade  

Aluminium Alloys are assigned a four-digit number, in which first digit identifies 

general class, or series, characterized by its main alloying elements.  



Aluminium 6000 series is best suitable for our application . 

Al-6061 and Al-6082 are the most common aluminium alloys used in automotive . A 

brief comparison chart is shown below. 

 

Figure 29 Comparison of AL 6082-T6 and AL 6061-T6 

Aluminium 6061 provides greater yield strength which is paramount to our design . A detailed 

specification for 6061 is given below .  

 

Figure 30 Properties of Aluminium 6061-T6 

Table 13 Table comparing all the aluminium series  



3.7.1 Type of Coating 
It's critical to determine whether or not coatings are required. One of the most important 

reasons for coatings is to protect electronics and battery cells from grounding and 

shorting. Furthermore, the coating acts as an isolator for the battery system. This can 

be accomplished with a variety of materials and types. One frequent application is to 

use an isolating film with an adhesive on one side that may be applied directly to the 

metal surface and provides the necessary isolation. 

Powder coating or liquid coating are two more types of coatings that can be used. This 

sort of coating provides additional environmental protection in addition to isolation. As 

we are using Aluminium as our battery enclosure, it is essential to have anodization for 

isolation and corrosion-resistant. Some of the advantages of anodization are listed 

below. 

• Corrosion resistance. 

• Natural metallic anodised finish. 

• No risk of adhesion failure of the anodic film. 

• No risk of surface finish fading. 

• Anodised aluminium is non conductive 

Anodization has a huge advantage over other forms of coating. A layer of 60 microns can resist 

up to 800V DC. [6] As we are manufacturing a 12V battery, a 50 microns thickness provides 

the necessary electrical system isolation and corrosion resistance. The variation of breakdown 

voltage and anodization coating thickness is given below. 



 

Figure 31 Graph of Breakdown voltage vs Anodisation coating thickness 

3.8 12 V Battery weight Estimation 
For battery weight estimation first, we require the dimensions and weight of the cells that we 

are using. 

3.8.1 Cell 

 

 

As our configuration is 4s28p total no. of cells is  112. 

Figure 32 SONY VTC618650 Specifications 



Number of cells 112 

Weight of the cells  ( Wcells) 5152 g 

 

3.9 Cell holder  
Material used = POM-C Delrin 

Density 1.41 g/cm3 

Rectangle sheet size  285 x 140 x 15 mm 

Cell hole radius 9.25 mm 

Number of cells  112 

Volume of Cell holder  146.91 cm3 

Weight of cell holder  (Wcell holder ) 415 g 

 

3.10 Immersive Cooling fluid weight 
Novec 7200 Immersive cooling weight can be calculated by subtracting the volume of cells 

and cell holder from the cell pack volume  

Cell Pack Size  285 x 140 x 75 mm 

Cell height  65.10 

3M Novec 7200 volume 5.71*10-4 m3 

3M Novec 7200 Density 1400 Kg/m3 

Weight of the fluid ( Wfluid) 800 g 

 

3.11 Battery case weight 
Battery Case dimensions 295 x 150 x 5 mm 

Aluminium Density 2400 Kg/m3 

Weight of Aluminim case ( WAl) 1960 g 

  

  

 

3.12 Total weight of the battery  
 𝑾𝒃𝒂𝒕𝒕𝒆𝒓𝒚 = 𝑾𝒄𝒆𝒍𝒍𝒔 + 𝑾𝒄𝒆𝒍𝒍𝒉𝒐𝒍𝒅𝒆𝒓 + 𝑾𝒇𝒍𝒖𝒊𝒅 + 𝑾𝒂𝒍 + 𝑾𝒎𝒊𝒔𝒄𝒆𝒍𝒍𝒂𝒏𝒆𝒐𝒖𝒔 

 

Equation 17 

 

Wmiscellaneous  4500 

Wbattery 12847 

 

The miscellaneous weight consists of weight of BMS and copper as well as nickel plates and 

busbars. 

 



3.13 Thermal analysis of Battery 
Now that we have estimated the weight of the battery and also the amount of cooling fluid 

which will be used , we can perform a thermal analysis of our battery . 

At 700 amperes we already calculated before how much of the heat will be generated i.e Qbattery, 

which means that if maximum current was drawn for 5 seconds total energy generated will be 

, 

 𝐸𝑔𝑒𝑛 = 𝑄𝑏𝑎𝑡𝑡𝑒𝑟𝑦 ∗ 5 

 

Equation 18 

 

 ∆𝑇 = 𝐸𝑔𝑒𝑛/(𝑊𝑓𝑙𝑢𝑖𝑑 ∗ 𝐶𝑝,𝑛𝑜𝑣𝑒𝑐) 

 

Equation 19 

 

Qbattery 1184 

Egen in a 5 second pulse 5920 J 

Cp,novec 1214 J/Kg-K 

Wfluid 0.8 Kg 

∆𝑇 novec 6 Co 

 

Therefore we can say that the heat generated during a 5 second pulse of 700 A current will be 

dissipated through Novec 7200 with an increase 6 deg Celsius in the temperature. 

This heat will be further dissipated into the atmosphere via aluminium case . 

3.14  Assembly 

3.14.1 Nickel Plate 
The nickel sheet was made by sheet forming . Dies were manufactured with aluminium 7075 

which are shown below, and pure nickel sheet was pressed with 10 ton of force. Operation 

sheet of the dies are attached in Appendix 

 

Figure 33 Nickel plate 



 

Figure 34 Bottom die 

 

Figure 35 Top Die 

 

 

Figure 36 Nickel sheet 

 



3.15 Assembly 

 

Figure 37 Exploded view of 12V battery with battery case and cover 

 

 

 

 

 

 

Label Component Name 

A Busbar bushings 

B Battery cover 

C Busbar 

D Battery Case 

E Battery bolts 

A 

B 

C 

D 

E 



 

 

Figure 38 Exploded view of 12V with all the components 

Label Component Name 

A Busbar cover 

B Top cell cover 

C Busbar 

D Copper plate 

E Nickel plate 

F Top Cell holder 

G Cells 

H Bottom Cell holder 

I Bottom nickel plate 

J Copper plate 

K Bottom cell cover 

Table 14  12V battery component list 

 

Drawings and Operation sheet  of all the components are attached in appendix A & Appendix 

B respectively.  

A 

B 
C D E F 

G H I J K 



3.16 Manufacturing 
For manufacturing our parts we will use HAAS VF-7 CNC machine which is present in the 

Corbellati production hall.  

 

Figure 39 HAAS VF7 

 

 

3.17 Breakdown Voltage of Battery Case 

3.17.1  Test Equipment 

Applying an increasing reverse voltage to the device until a specific test current is 

reached indicates that the device is in breakdown is how breakdown voltage is 

measured. This test is generally called HiPot test or High Potential Test. The equipment 

shown in Figure 22 is Breakdown voltage tester present in the lab of Czech technical 

University. The Gmbh equipment can provide upto 6000V at 50 Hz. 



 

Figure 40 Gmbh Breakdown Voltage tester 

 

3.17.2  Test Setup 

 

Figure 41 Breakdown Voltage Test Setup 

3.17.3 Test Procedure 
The ground cable is attached to the workpiece through a bolt to maintain a permanent contact 

between ground cable and workpiece. The person performing the experiment must wear high 

voltage protection gloves for safety and take the probe in hand that is shown in the above 

picture. The person must touch the probe to workpiece firmly and then turn on the Gmbh 

breakdown voltage tester. The Gmbh BVT will start applying high voltage across the probe 

Workpiece 

Ground Cable 
Testing Probe 



and will start increasing the voltage gradually . The voltage increase can be seen on the 

voltmeter on the Gmbh BVT. The BVt trips when it detects current across the workpiece at the 

breakdown voltage .  

3.17.4 Results 
• Battery Cover 

 

Figure 42 Battery cover  

The Battery case and cover are shown in the picture have an anodization thickness of 50 

microns, and breakdown voltage values are given below in the table. 

Position Breadown Voltage 

A 350 V AC 50 Hz 

B 700 V AC 50 Hz 

 

• Battery Case 

 

Figure 43 battery case 

Position A 

Position B 

Ground Cable 

Ground Cable connection 

position Probe Position A 

Probe Position B 



Position Breakdown Voltage 

A 400 V 

B 500 V 

  

 

3.17.5 Conclusion 

By observing the results of our experiment we can conclude that our battery case and cover 

have enough insulation for for a 12V battery . But for a 400V battery the insulation is not 

enough. Therefore we have to increase the anodization thickness in order to have sufficient 

insulation. 

3.18  BMS Wiring 

 

Figure 44 BMS Wiring Diagram 

The BMS have one B- connection and P- connection . The B- has to be connected to total 

negative of the battery . The balance wires needs to be connected in the right order as shown 

above. So P- will be the final negative terminal of the battery and total positive of the battery 

will be the main positive . Load and charger both can be connected as shown above. 

 

 

 

 

 



3.19  12V Battery 
 

 

Figure 45 12V lithium ion Battery Assembly 

In the above figure we can see the assembly of the 12V Lithium-ion immersive cooled battery with a 

smart BMS. The smart BMS enables us to see and monitor the SOC , temperature and individual 

voltage of the cells via the LCD touch screen.  

 

 

 

 

 

 

 

 

 

 

 

 

P- 

Battery total 

negetive 

B- Balance Wires 
Temperature 

sensor wire 

LCD Touch Screen 



4 Design Of 400V Battery 

4.1 Design Constraints 

4.1.1 Position & Mounting 
In the present automotive market, various hybrid and electric car manufacturers have used 

different approaches for positioning and mounting the batteries. Relatively small battery of 

micro-hybrid cars are placed in the engine compartment only. The larger batteries of mild and 

full hybrids like Toyota Prius are placed under trunk in place of the spare wheel.Cars like Volvo 

XC 90 Hybrid have batteries in the central tunnel. 

 

Figure 46 Volvo XC90 Battery 

Cars like Audi e-Tron , Volkswagen ID , Tesla model 3 all have the battery in the double floor. 



 

Figure 47 Mercedes benz EQ series , Audi e-Tron , VW ID , Tesla model 3 battery positions 

 

In our car, mounting at the rear subframe is the best suitable position for our battery as it does’nt 

take space in boot. 

4.1.2 Dimension and Size 
Dimension and size is the main design constraint in our battery design as our battery is mounted 

on the rear subframe of our vehicle, and the space for the battery is limited . Therefore space 

available at the rear subframe must be taken into account while doing calculations and 

designing.  

4.1.2.1 Rear Subframe 
Our vehicle is  Classic Minicooper . To get the dimensions of the rear subframe, we used a 3d 

scanner to scan the rear part of the car and reverse-engineered it. We used Shining HX laser 

3D scanner to scan the subframe, datasheet of which is mentioned in Appendix 3  



 

Figure 48 SHINING 3d Einscan HX 3d Scanner 

The Shining HX laser scanner has an accuracy of  0.04mm. Therefore our scan results will be 

of high detail and accuracy. Below are the scan results of the rear subframe of the Minicooper. 

4.1.2.2 Scan Result 

 

Figure 49 Minicooper rear subframe scan 

In Figure 49, we have the result of the scan. We get the scan as a mesh file that we import in 

the Autodesk Recap Photo software to measure our dimensions accurately. According to our 

measurements , maximum dimension of our battery can be 760mm x 530mm x 150mm . 

The height of our battery is also limited to have enough ground clearance for our vehicle.  

4.1.3 Module Design 
Each high voltage battery is made of a number of modules which are connected together in 

series or parallel connection to get the desired voltage level or capacity .  



For example the Tesla model S has a battery of nominal Voltage 350.4 V and capacity of 102.4 

Kwh, and is made of 16 modules connected in series.  

 

Figure 50 Tesla model S battery 

 

Figure 51 Jaguar I Pace Battery 

 

This type of construction give us many benefits; 

• We can arrange the modules in various ways according to our design 

• While doing the assembly we do not handle hundreds of volts at once which is a crucial 

design aspect of the battery.  

The cell pack that we have designed for the 12V battery will be suitable for our design for our 

battery. 

one module 



4.1.4 Single module 

 

Figure 52 400V battery single module 

The configuration of the single module shown above is 8s14p . That means a single module is 

of maximum 33.6 V and capacity of 42 Ah. To get the desired voltage of 400 V we need to 

connect 12 of these modules in series . The assembly of the modules is shown below. 

 

Figure 53 400V Battery module assembly 

 



 

4.1.5 Battery Specification 

Total number of cells 1344 

Peak Voltage 403.2 V 

Capacity 42 Ah 

Peak Discharge Current 490 A 

Maximum Continuous Current 280 A 

Peak Battery power 169.344 KW 

Peak Battery Energy 16.9344 Kwhr 

Table 15 400V battery specification 

4.2 Battery Assembly 

 

 

Figure 54 400V battery assembly with case 

 

 



4.2.1 FEA Analysis of Battery Case 
The battery case material is Aluminium 6061-T6.  Dynamic analysis of the cover was 

performed.  

Weight of the battery was calculated for the analysis in the same way we calculated for 12V 

battery.  

Number of cells 1344 

Wcells,400 64.824 Kg 

Wcellholder,400V 3 Kg 

Wbattery case,400V 20 Kg 

Wfluid,400V 8 Kg 

Wmiscellaneous,400V 5 Kg 

Wbatter,400V 98 Kg 

 

We are using the same holder that we used on 12V lithium ion battery . In 400V we are using 

12 modules , hence total weight of the cell holder is 3 kg. Weight of the immersive cooling 

fluid was estimated by subtracting the cell and cell holder volume from the case volume. 

Miscellaneous Weight comprises all the nickel and copper plates and bus bars, estimated to be 

5 kgs. 

We require maximum acceleration of the vehicle's Sprung mass during riding on a bump for 

the dynamic analysis. A Simulink quarter car model was made to calculate the acceleration of 

the sprung mass of the vehicle. The model and model results are shown below. 

The parameters for the Simulink model are given below 

Sprung Mass 900 Kg 

Unsprung Mass  100 Kg 

Spring Stiffness 100000 N/m 

Damping Coefficient 12000 

Tire Stiffness 225000 N/m 

 



 

Figure 55 Quarter Car Model 



 

Figure 56 Acceleration Graph of sprung and unsprung mass on a bump 



The above graph gives us the result for acceleration of sprung and unsprung mass on a bump . 

The acceleration came out to be 20m/s^2 .  

Therefore force on the case = mass* Accelaration = 98 * 20 = 19600 N 

Therefore a force of 2000N was applied and FEA analysis was done . 

 

 

Figure 57 FEA analysis result of battery case 

 

Battery Case Material Aluminium 6061-T6 

Yield Strength 276 Mpa 

Maximum Stress 113.5 Mpa 

FOS 2.43 

 



4.2.2 Battery Case Coating 

 

Figure 58 Graph showing breakdown voltage vs Anodisation thickness 

As we saw earlier in 3.7.1 ,  50 microns thick coating of anodized aluminium have a breakdown 

voltage of 500V. As our battery is 400V , we require a much thicker coating . Therefore, a 

coating thickness of 120 microns was selected to have a breakdown voltage of at least 1.2 KV, 

three times the battery voltage .  

4.3 Components supporting 400 V battery  
 

4.3.1 Cooling System 
For the design of the cooling system we have to firstly calculate how much heat is generated 

inside the battery pack during a WLTP cycle. The Worldwide Harmonized Light Vehicles Test 

Procedure (WLTP) is a chassis dynamometer test cycle for determining light-duty vehicle 

emissions and fuel consumption. Light-duty vehicle emissions and fuel consumption are 

measured using a dynamometer test cycle. Characteristics of WLTP cycle are given below. 

 WLTP Cycle 

Start Temperature Cold 

Cycle Time 30 min 

Cycle Length 23.25 Km 

Speed Average : 46.5 Km/h – Maximum: 131 Km/h 

Stationary Time proportion 13% 

Table 16 WLTP Cycle specifications 

The first step in vehicle modelling is to calculate the forces acting on it, in order to determine 

the total tractive force and power required to drive the vehicle on the WLTP.  

rolling resistance force, aerodynamic drag, and inertia force were considered. The other forces 

like the force required to overcome the angular acceleration of the rotating components because 



they were found to be very minimal compared to the other forces. So, the total tractive fore 

required to overcome the above-mentioned resistive forces is given by equation  

 𝐹𝑡 = 𝐹𝑎𝑒𝑟𝑜 + 𝐹𝑎𝑐𝑐  Equation 20 

 

Rolling Resistance is given by , 

 𝐹𝑅𝑅 = 𝑚 ∗ 𝑔 ∗ 𝑓 Equation 21 

 

Aerodynamic resistance is given by , 

 𝐹_𝑎𝑒𝑟𝑜 = 0.5 ∗ 𝜌 ∗ 𝐶_𝑑 ∗ 𝐴 ∗ 𝑉2 Equation 22 

 

Accelaration Resistance is given by , 

 𝐹𝑎𝑐𝑐 = 𝑚 ∗ 𝑔 ∗ ẟ Equation 23 

 

With the above equations we can calculate the the power required at the wheels, 

 𝑃𝑤ℎ𝑒𝑒𝑙𝑠 = 𝐹𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 ∗ 𝑉 Equation 24 

 

By assuming the transmission efficiencies we can calculate the power required from the motor 

and battery. 

 𝑃𝑚𝑜𝑡𝑜𝑟 = 𝑃𝑤ℎ𝑒𝑒𝑙𝑠/(𝜂𝑡)  
Equation 25 

 
𝑃𝑏𝑎𝑡𝑡𝑒𝑟𝑦 = 𝑃𝑚𝑜𝑡𝑜𝑟/(𝜂𝑚𝑜𝑡𝑜𝑟 ∗ 𝜂𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟) 

Equation 26 

 

4.3.2 Battery Modelling 
For battery modelling an Internal Resistance model was considered. Following were the 

formulae used in battery modelling 

 
𝑅𝑖𝑛𝑡 =

𝑅𝑐𝑒𝑙𝑙 ∗ 𝑛𝑠𝑒𝑟𝑖𝑒𝑠

𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙
 

 

 

Equation 27 

 
𝐼𝑑𝑐 = (

𝑉𝑜𝑐 − (√𝑉𝑜𝑐𝑣 − (4 ∗ 𝑅𝑖𝑛𝑡 ∗ 𝑃𝑟𝑒𝑞) )

2 ∗ 𝑅𝑖𝑛𝑡
) 

 

 
Equation 28 

 

 
𝐼𝑐 = (

−𝑉𝑜𝑐𝑣 + √𝑉𝑜𝑐𝑣 + (4 ∗ 𝑅𝑖𝑛𝑡 ∗ 𝑃𝑟𝑒𝑞)

2 ∗ 𝑅𝑖𝑛𝑡
) 

 

Equation 29 

 



SOC estimation will be done by current detection method  

 
𝑆𝑂𝐶 = 𝑆𝑂𝐶(𝑡 − 1) − (

1

𝐶
) ∗ ∫ 𝐼𝑡𝑜𝑡 ∗ 𝑑𝑡 

 

Equation 30 

 

4.3.3 Open circuit voltage 
The OCV-SOC modeling is one of the key factors for the OCV-based SOC estimation methods, 

such as the Shepherd model , Nernst model , Unnewehr universal model , combined model , 

exponential model , polynomial model , and ECMs model.  [7] Fadlaoui Elmahdi performed 

OCV estimation by fitting the curve using genetic algorithm method .  

They used a Samsung 30Q 18650 cell , which have the exact specifications of SONY 18650. 

They used  a 8th order polynomial equation written below to have the best fitting performance 

.  

 𝑉𝑜𝑐𝑣 = 𝑘𝑜 + 𝑘1 ∗ 𝑆𝑂𝐶 + 𝑘2 ∗ 𝑆𝑂𝐶2 + 𝑘3 ∗ 𝑆𝑂𝐶3 + 𝑘4 ∗ 𝑆𝑂𝐶4

+ 𝑘5 ∗ 𝑆𝑂𝐶5 + 𝑘6 ∗ 𝑆𝑂𝐶6 + 𝑘7 ∗ 𝑆𝑂𝐶7 + 𝑘8

∗ 𝑆𝑂𝐶8 

 

Equation 31 

 

Where ( k0,k1…k8) are the parameters that were estimated using genetic algorithm method. 

Genetic algorithms are heuristic search and optimization techniques inspired by natural 

evolution that can be used to find the global minimum for highly nonlinear problems. They are 

based on an evolutionary model . 

The (ko , k1 , …k8) parameters are listed below 

 

ko k1 k2 k3 k4 k5 k6 k7 k8 

2.85 4.80 -17.80 38.59 4.91 -210.52 433.98 -368.45 115.81 

Table 17 OCV polynomials constants 

 

The internal resistance of the battery pack will be responsible for heat generation which can be 

calculated by equation below, 

 𝑄𝑔𝑒𝑛 = 𝐼2 ∗ 𝑅𝑡𝑜𝑡 Equation 32 

 

The total resistance of the battery is the summation of total internal resistance of the cells plus 

the resistance of the nickel and copper plates used. We calculated in 3.5 the resistance of nickel 

and copper plates combined . Total resistance of nickel and copper plates was 511 µΩ. 

Rcell,400V = 0.084 Ω 

Therefore Rinternal,400V = 0.090 Ω 



4.3.4 SIMULINK MODEL 

 

Figure 59 Lithium ion battery internal resistance model 

 

Figure 60 Power requirement model on a WLTP Cycle 

 

Figure 61 Lithium Ion Battery Simulink Model 



4.3.5 Heat Exchanger Design  
An air cooled microchannel type heat exchanger has to be designed . The entire theoritical 

process begins with Equation given below for the heat transfer rate of the radiator. The 

subscript ‘novec’ refers to the immersive fluid 3M Novec 7200. 

 𝑞 = 𝑚𝑎𝑖𝑟 ∗ 𝐶𝑝,𝑎𝑖𝑟 ∗ (𝑇𝑎𝑖𝑟,𝑖𝑛 − 𝑇𝑎𝑖𝑟,𝑜𝑢𝑡, ) = 𝑚𝑛𝑜𝑣𝑒𝑐 ∗ (𝑇(𝑛𝑜𝑣𝑒𝑐,𝑖𝑛) − 𝑇(𝑛𝑜𝑣𝑒𝑐,𝑜𝑢𝑡)) Equation 33 

 

• Internal Flow of Water   

The hot Novec fluid travels from the battery ,  travels through the tubes of the radiator.  

 
𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 =

4 ∗ 𝐴𝑡𝑢𝑏𝑒

𝑃𝑡𝑢𝑏𝑒
 

 

Equation 34 

 

Because the cross section is not circular, the hydraulic diameter must be used. The Reynolds 

number can then be calculated using the hydraulic diameter. The wetted perimeter of the tubes 

is required in the hydraulic diameter equation. The difference in diameter between the outer 

and inner tubes is so small that the outer perimeter is employed for ease. 

• Mean Temperature of Water 

 To determine the fluid's material properties, the average temperature of water must be 

calculated. At this temperature, the characteristics will be interpolated. Density, thermal 

conductivity,Prandtl number, and specific heat are required qualities. 

 

• Velocity 

 
𝑉𝑤𝑎𝑡𝑒𝑟 =

𝑄𝑤𝑎𝑡𝑒𝑟

𝑁𝑡𝑢𝑏𝑒 ∗ 𝐴𝑡𝑢𝑏𝑒
 

 

Equation 35 

 

To compute the Reynolds number, the velocity of the Novec fluid through each tube must be 

determined. The chosen radiator determines the number of tubes 

• Reynolds Number 

 
𝑅𝑒𝑛𝑜𝑣𝑒𝑐 =

𝜌𝑛𝑜𝑣𝑒𝑐 ∗ 𝑣𝑛𝑜𝑣𝑒𝑐 ∗ 𝐷ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐

µ𝑛𝑜𝑣𝑒𝑐
 

 

Equation 36 

 

• Nusselt Number  

The air flow can be expected to be similar to parallel flow over a flat plate based on the shape 

of the tubes. The flow is said to be laminar throughout the operation because it never surpasses 

the crucial Reynolds number for a flat plate, Re = 5x105. 

 𝑁𝑢𝑎𝑖𝑟 = 0.664 ∗ 𝑅𝑒𝑎𝑖𝑟
0.5 Prair

0.5  

 

Equation 37 

 

 



 

• Convective Heat Transfer Coefficient for Air Flow 

 
ℎ𝑎𝑖𝑟 =

𝑁𝑢𝑎𝑖𝑟 ∗ 𝐾𝑎𝑖𝑟

𝑊𝑡𝑢𝑏𝑒
 

 

Equation 38 

 

• Fin Dimensions and Efficiency  

 

The radiator's fins have a sinusoidal form. The troughs of the fins are in contact with the lower 

adjacent tube, while the peaks of the fins are in contact with the upper adjacent tube. The fins 

disperse the heat from the tubes. The fins and tubes are cooled by the air that is blown over the 

radiator by the fan.  The fins are considered to be straight rather than sinusoidal to simplify the 

geometry for ease of calculation. Figure 6 illustrates this. Because the shape and position of 

the real fins are so near to the straight design, this is a small geometric change. The formulas 

for calculating fin efficiency are listed below.The fin efficiency equation takes into account the 

geometry of the fin and its dimensions to find the efficiency the fin will have 

 
𝜂𝑓𝑖𝑛 =

tanh(𝑚𝐿𝑐)

𝑚𝐿𝑐
 

Equation 39 

 

 

Figure 62 Fin Geometry 

• Overall Surface Efficiency 

Because the defects of the flow around the fins must be considered, the overall surface 

efficiency is required for the external air flow. 

 
𝜂𝑜 = 1 −

(𝑁𝑓𝑖𝑛𝐴𝑓)

𝐴(𝑓𝑖𝑛,𝑏𝑎𝑠𝑒)
 

Equation 40 

 



• Effectiveness-NTU Method 

The effectiveness of the system is determined using the Effectiveness-NTU approach. It is 

necessary to calculate the entire heat transfer coefficient. Because the defects of the flow 

surrounding the fins must be considered, the surface efficiency is required for the external flow 

of air. Using the convective heat transfer coefficients of both the internal and external flows, 

the UA is calculated. This value is then used to calculate the NTU 

• Overall Heat Transfer Coefficient 

 
𝑈𝐴 = 1/ (

1

𝜂𝑜ℎ𝑎𝑖𝑟𝐴𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
+ (

1

ℎ𝑛𝑜𝑣𝑒𝑐𝐴𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
)) 

 

Equation 41 

 

 

• Effectiveness  

Both fluids remain unmixed in the radiator's cross-flow single pass design. This corresponds 

to a formula for calculating effectiveness. This equation, however, demands that the heat 

capacity ratio, Cr, be equal to 1. Because the calculated heat capacity ratio is 0.827, the 

efficiency is merely a near approximation of the genuine number. 

 
Ɛ = 1 −  𝑒

[(
1

𝐶𝑟
∗𝑁𝑇𝑈0.22)∗(𝑒(−𝐶𝑟∗𝑁𝑇𝑈0.78)−1)]

 

 

Equation 42 

 

• Heat Transfer Rate 

 To determine the projected heat transfer rate, the maximum heat transfer rate must be 

determined. Once this is known, a modified version of the initial thermal energy calculation is 

used to calculate the final output temperature of both the hot and cold fluids. These outlet 

temperatures must be compared to the originally estimated outlet temperatures until they are 

equal. The theoretical values for both air and water iterated output temperatures are utilized to 

compare with the experimental results. 

• Max Heat Transfer Rate 

 𝑞𝑚𝑎𝑥 = 𝐶min(𝑇𝑤𝑎𝑡𝑒𝑟,𝑖𝑛−𝑇𝑎𝑖𝑟,𝑖𝑛) 

 

Equation 43 

 

• Predicted heat transfer 

 𝑞𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 =  Ɛ ∗ 𝑞𝑚𝑎𝑥 
 

Equation 44 

 
𝑇𝑎𝑖𝑟,𝑜𝑢𝑡 = 𝑇𝑎𝑖𝑟,𝑖𝑛 −

𝑞𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝐶𝑎𝑖𝑟
 

Equation 45 

 

 

 

 

 

 

 



 

4.3.6 Results  

• Heat Generated in Battery 

 

Figure 63 400V battery heat generated during a WLTP Cycle 

 

• SOC 

 

Figure 64 SOC Curve during a WLTP Cycle 

4.3.7 Heat Exchanger Specifications 
Many iterations were done with a different flow rate of the Novec fluid to get the desired heat 

transfer.  



We will mount the heat exchanger on the battery pack side , which limits our radiator length 

and height . As our 400V battery pack height is 150mm , our heat exchanger height can not be 

more than that. The length of our radiator is kept 500mm.  

Lradiator HRadiator WRadiator Wtube HTube Lfin Wfin Hfin Ntube Nfin 

(m) (m) (m) (m) (m) (m) (m) (m)   

0.5 0.15 0.037 0.016 0.003 0.005 0.037 0.00001 37 600 

Table 18 Heat exchanger dimensions 

ρnovec Cp,novec Prnovec knovec µnovec LPMnovec 

(kg/m3) (J/Kg-K)  (W/m-k) Pa.s (Litres per 

min) 

1463 1214.73 15.541 0.068 0.00087 6 

Table 19 Properties of NOVEC at Average Temperature 

ρair Cp,air Prair kair vair Qair 

kg/m3 J/Kg-K  W/m-k m/s m3/s 

1.15 1004 0.74 0.027 7.17 0.14 

Table 20 Properties of air at average temperature 

hnovec hair UA NTU Ɛ qpredicted 

W/m2K W/m2K M2kg/Ks3  % W 

160.40 58.87 86.46 0.53 0.365 1180.84 

Table 21 Final Results for radiator 

TNovec,in TNovec,out Tair,in Tair,out 

deg Celsius deg Celsius deg Celsius deg Celsius 

45 41 25 32.3 

Table 22  Theoritical Temperature of fluids through radiator 

Apart from the methodology that has been explained so far, another design parameter has 

an important role in the overall process. That is the pressure drop for both air and Novec 

sides. To do so, friction factor and the mass flux parameter 𝐺 which is based on minimum 

free flow area need to be estimated. For the novec side, it yields 

 𝐺𝑎,𝑛 = 𝜌𝑎,𝑛𝑢𝑎,𝑛 
Equation 46 

 

 𝑓𝑛 = (0.79 log(𝑅𝑒𝑤)−1.64)−2 
Equation 47 

And the pressure drop is then calculated with 

 
∆𝑃𝑁𝑜𝑣𝑒𝑐 =

4000𝑓𝑛(𝐿𝑡𝐺𝑛
2)

2𝐷ℎ𝜌𝑛
 

Equation 48 



For the air side, in addition to previous parameters, coefficient of exit and entrance losses 

and the density at the exit need to be estimated. 

 

This relation is described by the following 

𝜎 =
𝐴𝑓

𝐴𝑟
⁄  

Equation 49 

 

𝐾𝑒 = (1 − 𝜎)2 

Equation 50 

 

𝐾𝑐 = 0.42(1 − 𝜎2)2 Equation 51 

The friction factor and the pressure drop are then defined as [8] 

𝑓𝑎 = 96
𝑅𝑒𝑎

⁄  

 

Equation 52 

  

 

∆𝑃𝑎 = (
𝐺𝑎

2

2𝜌𝑎
) ((1 − 𝜎2 + 𝐾𝑐) + (

4𝑓𝑎𝐿𝑐

𝐷ℎ
) (

𝜌𝑎

𝜌𝑎𝑒

) + 2 (
𝜌𝑎

𝜌𝑎𝑒

) − (1 − 𝜎2 − 𝐾𝑒) (
𝜌𝑎

𝜌𝑎𝑒

)) 
Equation 53 

 

∆P results  Value Unit 

∆𝑃𝑛𝑜𝑣𝑒𝑐 15.38 Kpa 

∆𝑃𝑎𝑖𝑟 166 Pa 

Table 23 Pressure drop calculation results 

 

 

4.3.8 Pump Selection 
In the above section we calculated pressure drop across the heat exchanger. This information 

is critical for the selection of the Novec pump. However, we need to know pressure drop across 

our battery pack too in order to choose the right pump for our cooling system. Prahit Dubey in 



his research paper compared immersion cooling and Cold-plate based cooling for automotive 

Li-ion Battery modules. [9]  In his research he did CFD analysis of one module whose 

dimensions are same as ours. There are 14 cells connected together in the direction of flow 

which is same as ours . Hence we can use their thesis results to estimate the pressure drop 

across our battery pack .  In the graph below we can comprehense that at 6LPM we a pressure 

drop of 0.6 psi or 4.13 kpa . We have six of these modules in the direction of flow , so we can 

assume that a total of 3.6 psi or 24.82 kpa of pressure drop will occur. 

 

 

Figure 65 Pressure drop vs Coolant flow rate for immersive and cold plate cooling 

 

LPM ∆Pbattery (kpa) 

6 24.82 

 

From the above calculations, we can determine that we require a pump that can give at least 6 

LPM and pressure of  45kpa. 

For our purpose AEM high flow rate fuel pump will be suitable. Below is the performance 

graph of the pump. 

There will be other pressure losses as well due to piping connections , hence our pump pressure 

should be higher that 45Kpa. In the pump's performance curve, we can see that at maximum 

flow rate of 425 LPH or 7LPM , the pump gives 40 psi or 2.7 bar of pressure , which sufficient 

for our design  



 

 

Figure 66 Novec Pump Performance curve 

 

4.3.9 Fan Selection 
AS our heat exchanger is 150 mm in height, the largest possible fan with best performance 

curve was selected. 

SPAL VA39-A101-45S fan was selected. It operates on 12V and can also operate in push or 

pull configuration and have maximum airflow rate of 520 m3/hr. It has a fan diameter of 140mm 

and a shroud diameter of 144mm. So this is the biggest fan that can be fitted to a heat exchanger 

of height 150mm. The fan performance curve is given below. 



 

Figure 67 Fan performance curve 

As the length of our radiator is 500mm, we can use three fans to cover the heat exchanger and 

have better cooling. 

 

 

 

Figure 68 SPAL VA39-A101-45S 

 



4.4 Cooling Circuit 
 

 

 

Figure 69 400V battery Cooling Circuit 

4.5 BMS 
BMS is the most important component of the battery pack. We are using Orion BMS  by Ewert 

Energy Systems. It is designed to manage and protect lihium ion battery pack and is suitable 

for use in electric, plug-in hybrid and hybrid electric vehicles as well as stationary applications.  

We have 96 cells connected in series, hence we require a BMS which can at least measure 96 

cells.  The Orion BMS 2 which we are using can measure upto 180 cells.  

 

4.5.1 Discharge Circuit 
The discharge circuit consists of an Amphenol PCD 500Amp fuse connected in series with a 

500Amp relay which the BMS controls.  The precharge circuit is connected in parallel with the 

500 Amp relay.   

When a high-voltage system with downstream capacitance is first turned on, it may be 

subjected to harmful inrush current. This current, if not restrained and controlled, can cause 

substantial stress or damage to other system components. To slow the charging of the 

downstream capacitance, a precharge circuit is employed to minimize the inrush currentIt's 

important for the proper operation and protection of components in high-voltage applications. 

Precharging extends the life of electric components and improves system reliability. Before the 

main contactors are allowed to close, a precharge circuit permits the current to flow in a 

controlled manner until the voltage level rises to very near the source voltage. A separate, more 

small contactor is frequently linked in series with a resistor in the precharge circuit. The 

primary contactor is then linked in parallel with these two components. The precharge circuit 

is often built on the positive terminal, although it might also be installed on the negative 



terminal.

 

Figure 70 Discharge Circuit 

 

 

4.5.2 Charge Circuit 

• Elcon/ TC charger 

The Elcon charger is deactivated by default in this configuration if the BMS is 

disconnected or fails (fail safe.) The 12-15V power supply is energized when AC power 

is present and supplies power to the Orion BMS's CHARGE power supply input. When 

the BMS senses electricity at the CHARGE power supply input, it performs self-testing 

and checks to ensure the battery is capable of accepting a charge. When the BMS is 

ready to take a charge, it pushes the charger safety signal to ground, which activates 

RELAY2 in the diagram below. When RELAY2 is turned on, the Elcon charger is 

turned on and the battery pack is charged. When the BMS detects that the battery is full 

or no longer accepts a charge, it disables the charger safety signal, which floats high 

and disables RELAY2, thereby turning off the charger. 



 

Figure 71 TC Charger Circuit 

• Chademo Charger 

CHAdeMO is a common DC fast charging protocol that can provide up to 62.5 kW of 

DC output power and is widely utilized across the world (500vDC, 125A maximum). 

Because of the protocol's simple architecture and low integration requirements, it's 

appropriate for a wide range of automotive and mobile applications. The CHAdeMO 

protocol communicates with the BMS in two ways: through digital communications 

(CANBUS) for setting operational parameters and through the Charger Safety relay 

output for sending the "Charge Enable" signal to the charging station.

 

Figure 72 Chademo Charge Circuit 

 

 



4.6 Final Assembly 
 

 

Figure 73 400V battery final assembly along with high voltage connector 

In the above figure we can see the 400V Battery assembly along with the 500 Amp fuse and 

high voltage connector. there are two inlet ports on the left side of the battery for a 

homogenous distribution of the flow. 

 

 

 

 

 

400V Battery 

High Voltage Connector 

500 Amp Fuse 

Cooling fluid Inlet 

Battery mounting 



5 Conclusion 

This thesis aimed to design and manufacture a 12V immersive cooled lithium-ion battery as 

well as designing a 400V battery . We have numerous benefits , when compared to a 12V 

lead acid battery .  

Below is a table comparing our 12 Vlithium ion battery to a lead acid battery of same 

specifications. 

 

Figure 75 Varta 12V 80 Ah Lead Acid Battery 

 

Parameters 12V Li-Ion Immersive 

Cooled 

Varta AGM 840 

Battery Capacity ( Ah) 84 80 

Peak Current (Amp) 980 800 

Battery Weight ( Kg) 13 22.76 

Peak Voltage (V) 16.8 13.2 

Length (mm) 295 315 

Width (mm) 140 175 

Height (mm) 120 190 

Table 24 Table comparing Varta 12V lead acid and !2V lithium ion battery 

Our lithium-ion battery is 10.3 kg lighter than a standard lead acid battery of the same 

specification, as shown in the table. Furthermore, because we're utilizing a smart BMS, we 

can track our battery's state of charge as well as individual cell voltage and temperature. The 

battery's life cycle can simply be extended by monitoring it. The battery's stiffness and 

Figure 74 12V Lithium-ion Immersive Cooled 
Battery 



endurance are ensured by the aluminum battery housing. The battery can even take a massive 

blow in the event of a vehicle accident, protecting the lithium ion cells. If one of the pack's 

cells malfunctions and produces a spark, the spark is extinguished instantaneously by the 

dielectric and nonflammable liquid Novec fluid 3M. It has been found that in the event of an 

accident, electric automobiles catch fire quite quickly due to battery pack and lithium ion cell 

penetration. When compared to alternative plastic enclosures, our aluminum case provides 

the most protection against penetration.  

A maximum of 300W of heat is generated during a WLTP cycle, according to the results of 

the Simulink model for the 400V in 4.3.6, and our cooling system can dissipate 1000W of 

heat at 6LPM of coolant. Furthermore, we can retain our cell temperature in the ideal range of 

30-45 degrees Celsius with the help of the PTC heater. 

Furthermore, the cooling system we've included is considerably easier to construct and 

deploy than alternative liquid cooling systems, such as the one shown in Figure 12 for the 

Tesla Model 3. Our cooling system has the advantage of being simple to manufacture and 

assemble. Compared to cold plated cooling system like used in GM Chevrolet Volt again, it 

is less complex as we don’t have to manufacture separately the cold plate with cooling lines 

that are complex to manufacture.  
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7 APPENDIX A  12V BATTERY COMPONENTS DRAWINGS 

 

Figure 76 SONY 18650 Cell Drawing 

 

Figure 77 Top Cell Holder Drawing 



 

Figure 78 Nickel plate 

 

 

Figure 79 Cell Pack Drawing 

 



 

Figure 80 Battery Case 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 APPENDIX B 12V BATTERY COMPONENTS OPERATION 

SHEET 

CORBELLATI 

AUTOMOBILI PROCESS ROUTE SHEET  Version - 2 

Material: POM-C 

DELRIN  

  

Part Name: 12V TOP CELL HOLDER  

Part No: B003  

Blank: RECTANGLE BLOCK 

Op. Machine  OPERATION DESCRIPTION time(min) 

10 HAAS VF-7 Machining of the middle section of the part 50 

20 HAAS VF-7 Machining of long edge side sections of the part on one side 
 

30 HAAS VF-7 Machining of middle section on the second side of the part 
 

 40 HAAS VF-7 Machining of the long edge sides on the second side of the part    

 

CORBELLATI 

AUTOMOBILI PROCESS ROUTE SHEET  Version - 2 

Material: POM-C 

DELRIN  

  

Part Name: 12V BOTTOM CELL HOLDER  

Part No: B004 

Blank: RECTANGLE BLOCK 

Op. Machine  OPERATION DESCRIPTION time(min) 

10 HAAS VF-7 Machining of long edge side sections of the part on one side 50 

20 HAAS VF-7 Machining of middle section of the part 
 

30 HAAS VF-7 Machining of the middle section on the second side of the part 
 

 40 HAAS VF-7 Machining of the long edge side sections on the second side of 

the part  

  

 

 

 

 

 

 

 

 

 

 



OPERATION 10 TOP CELL HOLDER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Operation 20 TOP CELL HOLDER 

 

Operation 30 TOP CELL HOLDER 

 

 

 

 

 

 

 

  



Operation 40 TOP CELL HOLDER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX B 12V BATTERY CASE OPERATION SHEET 

 
CORBELLATI 

AUTOMOBILI 

PROCESS ROUTE SHEET  Version - 2 

Material: 

Aluminium 6061-

T6 

  

Part Name: 12V BATTERY CASE 

Part No: B001 

Blank: RECTANGLE BLOCK 

Op. Machine  OPERATION DESCRIPTION 
 

10 HAAS VF-7 Facing and shoulder milling of the block on one side 
 

20 HAAS VF-7 Facing and shoulder milling of the block on second side 
 

30 HAAS VF-7 Pocket milling and drilling of the top surface 
 

 40 HAAS VF-7 Pocket milling on the front of the case   

 50 HAAS VF-7 Pocket milling on the back of the case    

 60 HAAS VF-7 Pocket milling on the right side of the case   

70 HAAS VF-7 Pocket milling on the left side of the case   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Operation 10 BATTERY CASE 

 

 

Operation 20 BATTERY CASE 

 

 

 

Operation 30 

 

 

 

 

 

 

 

 



Operation 30 BATTERY CASE 

 

Operation 40 BATTERY CASE 

 



Operation 50 BATTERY CASE 

 

Operation 60 BATTERY CASE 

 



 

Operation 70 BATTERY CASE 

 

 

 

 

 

 

 

 

 

 

 

 

 



CORBELLATI 

AUTOMOBILI 

PROCESS ROUTE SHEET  Version - 2 

Material: 

Aluminium 6061-

T6 

  

Part – BATTERY CASE 

Part Number – B002 

Blank – Rectangle Block  

Op. Machine  OPERATION DESCRIPTION 
 

10 HAAS VF-7 Facing , shoulder milling and engraving on one side of the 

case 

 

20 HAAS VF-7 Facing and shoulder milling and drilling on other side of 

the case 

 

 

Operation10 BATTERY COVER 

 

 

 

 

 

 

 



Operation 20 BATTERY COVER 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CORBELLATI 

AUTOMOBILI 

PROCESS ROUTE SHEET  Version - 2 

Material: Copper 

  

Part Name: COPPER PLATES 

Part No: B004 

Blank: RECTANGLE SHEET 

Op. Machine  OPERATION DESCRIPTION 
 

10 HAAS VF-7 Boring of copper plate 
 

20 HAAS VF-7 Shoulder milling to cut the plates 
 

 

Operation 10 COPPER PLATES 

 



Operation 20 COPPER PLATES 

 

 

 

 

 

 

 



CORBELLATI 

AUTOMOBILI 

PROCESS ROUTE SHEET  Version - 2 

Material: Copper 

  

Part Name: COPPER PLATES 

Part No: B004 

Blank: RECTANGLE SHEET 

Op. Machine  OPERATION DESCRIPTION 
 

10 HAAS VF-7 Drilling of holes for mounting 
 

20 HAAS VF-7 Shoulder milling of plate into shape 
 

 

OPERATION 10 BUSBAR 

 



OPERATION 20 BUSBAR 

  

 



9 APPENDIX C 400V BATTERY COMPONENTS DRAWING 

 

Figure 81 400V battery Drawing 

 


