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Abstract

The demand for battery packs, for all categories, like large EVs, and light EVs,
is on the rise, and with this, the scale of manufacturing of battery packs has to
keep up too. Companies all around the world have invested a significant amount
of time and money in developing new technologies regarding safety, efficiency,
and high production rates of battery packs. Even though most battery packs are
made of cylindrical cells, the demand for packs made out of prismatic cells is also
on the rise. Seeing this as an opportunity companies may want to produce both
cylindrical and prismatic cell battery packs to capture the market share as much
as possible. This paper presents an opportunity to look into the various factors
that go into when designing a flexible battery pack production process, where
this flexible assembly line can manufacture battery packs that can be made out
of any type of cell, cylindrical, prismatic, pouch, etc, including any capacity of
these packs

A literature review has been carried out to look into battery packs that are
produced in the real world, to understand the process requirements that should
be setup in the assembly line. Since the intricate details that go behind the
production of battery packs are unknown, certain key process has been identified.
Visual components software is used to simulate the effects of varying certain
factors to see implications on the production. The key parameter to focus on
when designing a process layout for a flexible assembly line has been identified.
In this report the application for the battery pack produced is considered to be
of an e-bike, the processes and the timing are assumed keeping in mind this use
case. Fraunhofer Innovation Platform has provided certain machine and product
designs that are used in the simulation. This model will serve as a stepping stone
for the creation of a digital twin in the future when the integration of sensor data
happens with this model.
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1 Introduction

Ever since the creation of the first electric car in the 1830s, the technology of these
machines has tremendously advanced since then. Electric vehicles even though emerged
in the early 19th century, became popular only in the 21st century, with advancements
in battery technology and Tesla’s pivotal role in popularizing electric vehicles[1]. Until
recently, ICE-powered vehicles offered long-range, quicker refueling, and were econom-
ically a better option as compared to an electric vehicle, but with recent advancements
in battery technology, like the introduction of new battery types, the most popular one
is the lithium-ion battery, because of its high energy density, low self-discharge rates,
fast charging, long cycle life, almost all commercial electric vehicles have lithium-ion
batteries now[2][3]. Electric vehicle demand has been increasing over the years, thanks
to the improvement in technology and heavy support from the government. Various
incentives, grants, and tax breaks were initiated by various governments to boost the
development and production of electric vehicles[4]. With the government’s aid, charg-
ing station infrastructure has also been developed concerning the increase in electric
vehicles on the road. As seen from fig 1 in 2022, 13-14% of the total car sales are
electric, as compared to 9% in 2021 and less than 5% in 2020. 3.3 million EVs were
sold in China in 2021 which was more than all other countries combined.

The supply chain of lithium-ion batteries is primarily centered in China, which owns
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Figure 1: Global EV sales [5]

75 % of the market share in the production of these batteries and also owns 70 % of the
production capacity of cathodes and 85 % of anodes. US and Europe are stepping up
their production of EV batteries significantly but it’s nowhere near the scale at which



the Chinese produce it[6]. Even the EV category of e-bike battery pack has seen a
tremendous amount of growth, with a current market size of 11.24 billion dollars and
it is expected to grow to a 21 billion dollar market by 2028]7].

During the pandemic, there was a huge spike in demand for EVs across the world
which put a lot of pressure on the supply chain of several critical components of an
electric vehicle, primarily raw materials like cobalt, lithium, and nickel. This situation
was further exacerbated by the Russia-Ukraine war[8]. In May 2022, lithium prices
increased to more than 7 times the prices in 2021 and Russia was a key supplier of
high-purity nickel. With its increased cost, companies were struggling to meet the mar-
ket demands[9]. Even after all these troubles, the electric vehicle markets are seeing
exponential growth with total sales exceeding 10 million in 2022. These exceptional
sales are expected to continue through 2023 as well[(].

As seen from 2 the demand for Lithium-ion cells globally is expected to rise signifi-
cantly in this decade, from a requirement of 700GWh in 2022 to 4.7TWh by 2030. EV
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Figure 2: Present and forecast of lithium demand[0]

companies have to develop new technologies, and better production methods to meet
the market demands. However recent reports from companies like TESLA suggest that
they are not able to ramp up their production rate to meet the rising demand for elec-
tric vehicles. When looking into the challenges of a company manufacturing electric
vehicles, it reveals that one of the biggest bottlenecks in the manufacturing process is
the assembly of battery packs[10]. This process involves a variety of automated meth-
ods and manual processes that are unable to handle the increasing demands. Therefore
careful planning and new technologies have to be made so that battery packs can be
manufactured to ensure the market demand is met.



2 Research goals

Battery packs for light electric vehicles like e-bikes, mobile workshops, and small
commercial vehicles are smaller in size as compared to a standard battery pack of a
commercial car the Tesla Model S. Production of these packs requires less time than
big battery packs. Let’s consider that a company has to set up a factory floor to
produce a variety of battery packs, Some may include packs for e-bikes, some for a
mobile workshop, etc., which can also be made by using cylindrical cells, prismatic
cells, or pouch cells. With this many selections of outputs, there is a need to design a
flexible production facility. In this paper, an investigation of the current battery pack
manufacturing process was carried out to design a flexible pack assembly process, where
the pack can be made out of cylindrical or prismatic cells, and also to investigate factors
influencing process design decisions. Several inputs were taken from the Fraunhofer
innovation platform for advanced manufacturing at the University of Twente.



3 Classification of cells

The source of energy for an electric car is the battery packs, which consist of hundreds,

sometimes thousands of individual cells packed together. Several types of batteries
are used today, each with its own set of advantages and disadvantages like lead acid,
nickel metal hydride, nickel cadmium, and lithium polymer which are used in various
applications[11].[12].
Lithium-ion batteries because of their high energy density and high power-to-weight
ratio, serve as an ideal candidate for EVs. A lithium-ion battery does not have a
memory effect, which means it does not lose its maximum energy capacity because of
repeated charging and discharging, which is not the case for batteries like Ni-Cd, NiMH,
and lead acid batteries[12]. Lithium-ion batteries can develop high temperatures during
operations which can reduce their performance and decrease safety|[11].

3.1 Different structures of lithium-ion cells

Battery cells come in different shapes as shown in fig 3, primarily cylindrical and pris-
matic shape, The prismatic cell can further be classified into another shape depending
on the housing stability, pouch cell.[13]

3.1.1 Cylindrical cells

As the name suggests, have tubular shapes. Certain cell types like 18650 ( 18mm
diameter, 65mm length ), 21700 ( 21 mm diameter, 70 mm length) and 4680 ( 46mm
diameter and 80mm length ) are some of the industry standard cell types used. For
example, Tesla uses 21700 cells in their model 3 and model Y cars[14]. Cylindrical cells
are the most widely used cell type in the EV market which includes e-bikes to cars.
As mentioned in the previous section, because of its robust construction which reduces
the chances of physical damage and compression, high heat dissipation rate, which is
critical for efficient thermal management and increasing safety, these cells are widely
used for manufacturing battery packs for EVs. There are certain limitations of this
type of cell as well, like it has low energy density and because of its shape, it may be
less space efficient as compared to other shapes.[15]

3.1.2 Prismatic cells

Prismatic cells on the other hand are rectangular or square shapes depending on the
application. These are generally used in laptops, tablets, and some electric vehicles.
Prismatic cells offer certain advantages as compared to cylindrical cells, like it is space
efficient, it has a higher energy density and there is plenty of opportunity for customiza-
tion of its shape. Prismatic cells, unfortunately, do present its own disadvantages[16].
Its heat dissipation can be slightly less effective as compared to the cylindrical shapes
because of its shapes, making thermal management of the system less efficient which
can impact the safety of the pack, and the construction of prismatic cells is a compli-
cated process compared to the cylindrical cells because of its need for different sealing



techniques and specialized casing.[17]

3.1.3 Pouch cells

Pouch cells are similar to prismatic cells in shape, but the structure is made out
of a flexible and lightweight packaging material. It provides the same benefits as a
prismatic cell, of being highly flexible, higher energy density, but it also has poor
thermal management because of low heat dissipation, and because of its packaging
being flexible and light, it is prone to damage from physical pressure which can decrease
the safety of the system.[18]
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Figure 3: Different structure of cells [17]
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4.1

Battery pack assembly

Essential components in battery pack

A battery pack is a collection of modules/cells that are interconnected in series, par-
allel, or a combination of both to achieve the desired voltage and capacity specifications
to provide electrical energy to electric systems, which may be an electric vehicle or an
energy storage system. To manufacture a battery pack, there is a variety of components
that should be assembled. Depending on the application, like a battery pack for a car,
e-bike, energy storage solution, etc. some components may vary but there are a few
components that are the key elements of the battery packs. It is as follows

Battery cells: Cells are the main source of energy for EVs, which come in 3 shapes,
cylindrical, prismatic, or pouch. The cell chemistry can vary based on company
choices like lithium ion, nickel metal hydride, etc. These cells can be further put
together to form modules.

Battery management system (BMS): It a one of the most critical components of a
battery pack whose main function includes voltage monitoring, current monitor-
ing, temperature monitoring, Cell balancing, state of charge(SoC) determination,
etc. These are key performance factors that are monitored by BMS to ensure the
utmost safety and to improve the performance of the packs|11]

Cell interconnects: It is a conductive material used to connect cells in the pack

Thermal management system: It is a system whose purpose is to regulate tem-
perature within the pack. It is done by using heat sinks, cooling fans, or liquid
cooling systems. As a battery pack’s temperature fluctuates because of charging,
discharging, or usage of the vehicle, the heat generated has to be cooled to ensure
the high performance of the packs, maximizing the lifespan of cells and ensuring
it is safe to use.

Connectors, switches, harness, and other electronic components

protective structures: This can include protection circuitry which consists of de-
vices like fuses, switches, and emergency controls to shut down the battery packs
if any fault happens, Support structures, insulation, and sealing.



4.2 Battery Module

A module is a collection of cells interconnected in series, parallel, or a combination
of both to achieve desired voltage and capacity. When multiple modules are inter-
connected, the produced structure is a battery pack. This is a standardized method
before manufacturing the pack[19][20]. Producing modules for a pack gives many ad-
vantages, increased overall strength, increased heat dissipation, and easy maintenance.
The Fraunhofer innovation platform has defined the intended design of the module
made out of cylindrical cells as shown in figd. It has 3 main elements, One being the
cell, the cell holders, and conductor templates. The cell holders are designed in such
a way that they can be further attached to other modules to form a complete pack
as shown in fig 5. Creating a module like this will eliminate the adhesive dispensing
process, unlike a Tesla Model Y battery pack where the cells have an adhesive bonding
between them. Recycling, repairing, and re-manufacturing these kinds (Tesla model Y
type) of packs becomes very difficult. The module type that’s given by the Fraunhofer
innovation platform provides the flexibility to produce any variety of battery packs that
can serve various functions. For the production of the prismatic cell module, since the
exact specifications of the prismatic cells are not provided by the Fraunhofer innovation
platform, the structure and specs of prismatic cells are assumed.

; = Conductor template
Top cell holder
21700 cells

Bottom cell holder

Figure 4: Cell module exploded view Figure 5: Combination of multiple modules

form a pack



5 Current methods for battery pack production

As battery pack production of every company is different in terms of the machines
used, process times, etc., the process in which the pack is produced in principle is the
same. Tesla is the largest EV producer in the world. Although the intricate details of
the production process are a company secret, the overview of the production process is
well known, which is as follows

e Cells are passed through a sorting process wherein these cells are tested for volt-
age and quality requirements. They must have uniform voltage and size with
no defects. This uniformity provides higher performance and longer life for the
battery packs. The machine for this sorting process can be specialized based on
the company’s requirements The cells which do not meet the required criteria are
rejected. The ones with less voltage are sent to be charged and the others with
defects are completely removed from the process.[15]

e The approved cells are passed to the module production process. The cells are
placed into bottom inserts individually. The inserts are designed in such a way
that the cells are evenly distributed. This will help in increasing the cooling effect
and prevent the cells from accidentally touching each other. This uniform spacing
of the cells helps increase the performance of the modules. The cells are oriented
in such a way that the desired polarities are facing up. If this is not done, then
there will be uneven voltage in the module. The schematic of this module is
shown in fig

Collector Plate (top side)

Collector Plate (bottom sicle)

Figure 6: Battery module components [15]

e The top cell insert is placed on this. After the inserts are all fixed, an adhesive like
Loctite is injected into the space between the cells and the inserts. This provides
a secure bond to the structure.



e After the adhesive dispensing process, a collector plate is placed on top of the
inserts aligning with the cells. Pressure is applied to the plate to ensure proper
bonding between the collector plates and the top inserts. The process of placing
inserts, collector plate, and injecting adhesive is repeated after flipping the module
( to work on the bottom surface )[15]

e This finished product is then taken to a wire bonding machine where aluminum
fuse wire is used to bond the conductor template and the cells. Now the module
production is complete.

e The next steps is placing a number of these modules based on the EV requirements
on a housing structure and manually assembling the other components like the
BMS, cooling systems, and other electrical and electronic components

5.1 Developments in pack production

The standard production process for battery pack involves cell-to-module-to-pack
flow(CTMTP), where cells are manufactured separately, assembled the cells to form
modules, and assemble the modules to form the final battery pack, as shown in fig 7?7

Cell Module —— Pack

Figure 7: Conventional flow of production of battery pack

The disadvantage of manufacturing a battery pack using CTMTP is the use of addi-
tional components to form the modules and the extra processes it takes. Because of
this, there is an increased processing time for the production of battery packs and extra
weight because of those extra added materials, which can include additional support
structures, additional electronic components, etc. New concepts such as cell-to-pack
(CTP), cell-to-stack (CTS), or cell-to-chassis (CTC) are developed to decrease produc-
tion times, simplify the production process and reduce the cost of assembly|[21]. looking
into the gravimetric CTP ratio(GCTP) (ratio of specific energy at the pack level to cell
level)of most Ev’s they are around 0.55-0.65, which means 35-45 % of the pack’s weight
is used by inactive components elements like cables, BMS, cooling systems, support
structures ete, and if volumetric efficiency( VCTP) of packs are looked into, then for
most commercial EV’s they are less than 0.4[21]. To improve these values and make the
pack more efficient in terms of space and mass, companies like CATL and BYD [22]have
developed cell-to-pack technology where the module process is entirely removed.

Cells are directly integrated into the pack structure in CTP. For example in a blade
battery pack from BYD, all the module-related parts have been stripped off. The



cells themselves act as a support structure, so all the components that were used for
support structures in CTMTP are not present by which the blade batter pack was able
to achieve a GCTP of 0.85 and VCTP of 0.62. Fig & shows the difference between a
conventional battery pack with multiple modules and the blade battery pack of BYD
with CTP technology, where the cells are placed in such a way that they act as a support
structure. Cell-to-chassis technology (CTC) is where the cells are directly integrated

Low space utilization High space utilization
(~a0% VCTP ) (~60% VCTP)
Battery pack with modules Blade Battery without modules

Figure 8: image on the left is a pack with multiple modules and image on the right is
the blade battery pack by BYD[23].

into the chassis and underbody of the car as shown in fig). This will eliminate the
requirement for separate battery pack for the car, In such a CTC setup, the cells will
provide structural support and the chassis will provide protection to the cells.

Cell Chassis frame
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Figure 9: illustration of cell to chassis technology[24]
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5.2 Processes and tools involved in battery pack production

5.2.1 Cells sorting

Cell sorting is the process where cells are separated/sorted from a batch of cells
based on some quantitative criteria like capacity, voltages, etc. For a battery to work
optimally, one of the most important factors is that each cell should have the same
capacity and voltage. Variations in these values between cells will make the pack less
consistent in its operations, which will adversely affect the discharge performance of the
battery packs. Throughout its life cycle, it will deteriorate even further. A cell sorter
works in the following way.

e The cells are fed into the machines using a conveyor belt or any other conveying
equipment.

e The machine will measure factors like voltage, current, capacity etc. for each
cell. The type of measurements that need to be checked can be varied using an
onboard panel that controls this.

e The measured data is then compared to preset values that will determine the
grade and category of the battery

e After this the sorting process happens where, based on the preset classifications,
the ones who do not meet this criterion will be separated from the pile of cells
whose measurement data coincides with the preset values.

e These sorted cells can be transported to their next process via any transport
solutions like AGVs, conveyors, etc.

For example, looking at a cell sorter machine like WinACK WA-AS-9S cells sorter shown
in fig 10, it has a maximum sorting capacity of 5000 cells/hour. There are multiple
products like this with various production capacities like 3000/hr, 4000/hr shown in
table 1, etc. Depending on the requirements and budget, selection can be done on what
kind of cell sorting machine to use. This kind of variation can be seen with prismatic
cell sorting machines, albeit not as efficient as a cylindrical cell sorting machine. Two
cell sorting machines were considered to understand the differences in sorting speeds.

specification Xiamen LITh-FN-5 TOB-FX-10-T
Power supply AC220V +£10%50Hz | AC220V +10%50H =
Voltage S00W < 1000W

Sorting speed > 80PPM > T76PPM
Productivity 5000pcs/hr 4800pcs/hr

sorting channels | 5 10

Table 1: 21700 battery cell sorter machine specs[25]

Unfortunately, there are no Off-shelf machines that sort both cylindrical and pris-
matic cells. This type of machine should be custom-built. Since the operating principle
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Figure 10: WinACK cell sorting machine [25]

is the same as mentioned above, for a custom-built machine the main focus should be
on the feed system that can handle both these cell types. These custom-built cell sorter
machines have high precision, high consistency, good reliability, high productivity, other
sorting options, etc.

5.2.2 Transport systems

Transport solutions are those tools that are required to transport products from one
location to another. This can be between workstations, storage facilities, etc. Transport
solutions may include AGV, conveyors, tracks, humans, etc.

Automated guided vehicles(AGVs) are autonomous mobile robots that follow a pre-
programmed route or a specific pathway which can be defined by marking on the floor.
For example, OTTO 100 is an AGV with specifications listed in table 2

Max capacity 150 (including payload attachments and carts, if any )
max speed 2m/s
Max docking speed 0.3m/s
Integrated lift 62mm
Max turning radius 1.25rad/s

Table 2: OTTO 100 specifications[20]

Transport between stations can be done using a conveyor or a track system. In in-
dustries, the standard practice is to use traditional conveyor belt systems to transport

12



Figure 11: OTTO 100 AGV[26]

products from one station to another. There are other track-based transport systems
like Montractec track system which is ideal for maximum flexibility in the production
processes. Depending on how flexible the assembly line has to be, transport solutions
like that of contractor’s rail system can be looked into. The Montratec rail system is
a smart transport system that utilizes a shuttle to transport products, and the shuttle
itself will be on a rail as shown in figl?2.

Figure 12: Montratec shuttle [27]

The are various elements of the rail system, like track switches, track curves, and incline
tracks examples of which can be seen in figl3, which helps in routing the products to
its desired location. The whole flow of components will be controlled by Montratec
controllers. The whole system is autonomously controlled using the master controller.
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Figure 13: Various rail system tools for routing of components[27]

5.2.3 Welding systems

Welding is required to establish strong and reliable connections between each cell.
Each cell has to be connected in series, parallel or a mixture of both to achieve the
desired voltage and capacity. The welding material is very thin on the surface of the
cells which ensures low-resistance electrical connections. These weld materials can
also help in improving heat dissipation as these welds will be an efficient path for heat
transfer to occur between the cell and the external environment. There a various joining
techniques as shown in table 3 used for welding of cells with their own set of advantages
and disadvantages.

A

Figure 14: Laser welding machine HY-4000w with max welding speed of 500m/s
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Id | Joining Advantages Disadvantages Issues and concerns
technology
1 | Resistane | Fast process, Low | Difficult for highly | Difficult to produce
spot weld- | cost, good quality | conductive or dissimi- | large joints, joining of
ing control, easy automa- | lar materials more than 2 layers
tion
2 | Ultrasonic | Fast process, high | only  suitable for | Access of anvil and
welding strength  and low | pouch cells, slow | sonotrode need to be
resistance, low energy | joining well designed
consumption, able
to  join  dissimilar
materials
3 | Micro-TIG | Low cost, high joint | High thermal input | Difficult to join alu-
welding strength, low resis- | and HAZ, porosity minum to steel
tance, able to join dis-
similar materials, easy
automation
4 | Ultrasonic | Fast process, able to | Only only suitable for | clamping of the bat-
wedge join dissimilar materi- | small wires, low wire | teries in critical
bonding als, low energy con- | and joint strength
sumption and easy au-
tomation
5 | Soldering Can join dissimilar | High heat, slow pro- | Joining strenght
materials, widespread | cess
use in electronics in-
dustry
6 | Laser High  speed, less | high initial cost, ad- | Need good joint fit-up,
welding thermal input, non- | ditional shielding sys- | high reflective materi-
contact process, easy | tems may be required | als
automation
7 | Magnetic Solid state process, | Potential large distor- | Possibility of eddy
pulse weld- | able to join dissim- | tion, rigid support re- | currents passing
ing ilar materials, high | quired through the cells
joint strength, dissim-
ilar materials
8 | Micro- Cold process, no addi- | Only  suitable  for | Loosening under vi-
clinching tional part, clean pro- | pouch cells, 2-sided | brations, moisture
cess, able to join dis- | access required, slow | ingress
similar materials joining
9 | Mechanical | Easy dismounting and | additional weight, | Potential mechanical
assembly recycling, easy repair | high resistance damage and go loose

Table 3: Various Joining processes|28]

In laser welding, the heat required for joining is produced by focusing a laser beam to
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create localized heating which will join the parts. As the laser spot can be extremely lo-
calized with high energy concentration, higher weld speed can be achieved, and because
these beams are narrow, the heat-affected zone is extremely small, which increases the
safety of the process as the materials inside these cells are heat sensitive. An example
of a laser welding machine can be seen in figl4

A laser welding system is often preferred for welding lithium-ion cells because of its
advantages mentioned in table3. Since there are 2 types of components with different
dimensions and shapes, the platform for the welding machine should be customized in
such a way that it can accommodate both modules of cylindrical cells and prismatic
cells [29].

5.2.4 Manual work stations

Some of the processes involved in battery pack assembly have heavy use of manual
work. Processes like wiring, electronics assembly, and final testing have a high involve-
ment of manual work. This is because the intricacies involved in doing such processes
require innovative robotic systems which are often expensive. One of the processes in
manual stations is testing the battery packs. The testing happens at 2 levels

e Module level: This test generally involves charging and discharging the module
to check whether there is any failure on the electrical connections. An additional
test to check whether the cells are balanced, voltage requirements are met and
certain electronic components can also be tested[30].

e Pack level: This test is typically done in the last stage of the full pack assembly
process. After the packs are hermetically sealed to prevent foreign materials from
contaminating the cells inside, several tests are done to ensure the battery pack
is in its optimum condition. This may involve performance evaluation of safety
systems, BMS systems, other hardware, etc. After these tests the pack can also
undergo additional testing to simulate packs working in real-life scenarios, for
example, the pack can be run on a specific driving profile cycle to check the
impact of these cycles on the performance of the battery pack[30]

Some common tests that are run on battery packs that are industry standard are as
follows:

e Performance cycling and stress Tests: In these tests, the battery packs undergo
charging and discharging cycles which simulate real-world conditions. This may
include driving profiles, flight profiles, or grid cycles. A life cycle test is conducted
over a short period to project the failure rate of the battery pack. Stress tests are
mechanical tests conducted to validate whether the battery pack can withstand
harsh conditions like high vibrations to extreme temperatures.

e Reference Performance tests: This test is a combination of multiple tests that
is used to determine the impact of combinations of variables on the pack. For
example, a pack will have to undergo a reference performance test to evaluate the
storage capacity, of a car after it has traveled for 200, 300, 500 km, etc.

16



e Hardware testing and BMS data validation: BMS testing is the most important
test the battery pack has to undergo. BMS communicated with other components
in the pack using various protocols like CAN, Modbus, etc. The performance of
these protocols has to be tested to make sure the BMS and all other components
are working safely, are in sync, and working accurately.

e External components and testing: Mechanical testing of external subcomponents
like harnesses, connectors, and support structures has to be tested in simulated
real-world scenarios for validation. These tests are critical to ensure the battery
pack performs safely in the real world.

5.2.5 Pick and place system

A pick-and-place system can be extremely useful for the automation of processes
where components are picked and placed onto something. For example, picking and
placing enclosures, electronic components, etc. FIP has provided the structure of the
vention system that will be used to pick and place some components to the battery
pack. These may involve switches, enclosures, and some electronic components

Figure 15: Vention pick and place system
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5.3 Factors affecting production

Several factors may affect the production of battery packs. Improvement in these
factors can positively impact the production rate of the battery packs.

5.3.1 Automation in the process flow

In the modern age, to meet the market demand, there is a need to produce huge
quantities of products, concerning this report, battery packs. Unfortunately, humans
are a limitation to this revolution. Some limitations of manual process are as follows:

e Humans cannot work for long hours continuously without taking a break. These
breaks and inefficiency in working will lead to lower production rates

e There is a high chance of a human error occurring in the process, which may lead
to the breakdown of equipment, halt in production, etc.

e More time and money have to be invested in training humans to work on the
assembly line. This training has be to given in regular periods to ensure all
workers are well versed with the process.

e Human cooperation is a very important factor that can be overlooked. In a worst-
case scenario, if the worker starts a strike or is not so cooperative, the production
rates will fall drastically. This issue will never happen with robots/automated
systems.

Every manufacturing industry is investing heavily in automating its production process.
Although a huge investment initially, the return on investment makes this a worthwhile
endeavor [31]. There have been significant developments in industry 4.0 systems. Some
notable developments are;

e Integration of various machines to IOT systems, to extract process-related infor-
mation.

e Big data analytics have been improved to work with large data that you may get
from various machines in a production process.

e Cyber security and cyber-physical systems: As industries move more into storing
information in the cloud, Adequate security has to be provided to ensure all
sensitive information is kept safe

e digital twin setup: It is a digital counterpart of the actual production process
layout. It can also have a real-time locating system, which can be further used to
analyze the movement of components, humans, and AGV in the factory. This twin
setup can also help in reducing time and money for optimization. Optimization
of the process can be done on a digital twin to understand the implications of
certain parameters on the processes[32].
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5.3.2 Worker training and skill enhancement

Even though manufacturing companies are moving towards automation and robotics,
there are still some processes that require a human element for now. In assembling
a battery pack, certain processes are manual, like wiring of systems, attachment of
electronics, and certain mechanical and electrical tests like leak tests. Although these
processes can be automated, right now industries are still behind in developing robotics
to do these processes. For such a complex process, the workers have to be trained to do
such tasks efficiently. This type of training takes time and money, which is a recurring
expense, as such training sessions have to be conducted periodically.

5.3.3 Production planning and scheduling

Production of products should be planned. Concerning this report, if the goal is
to produce 20 packs made of cylindrical cells and 20 packs made of prismatic cells
tomorrow, then the planning has to be done at least a day ahead. This is done so
that proper routes can be selected for certain components if the flow is via an AGV or
conveyors, the number of workers assigned on certain stations could change based on
the planned production rates, etc.[33]

5.3.4 Production line layout

For a given layout the flow of components might not be the most efficient one. In one
layout the total traveled distance for a component might be 10meter and for another,
it may be 20 meters. The optimization of the layout should be done in such a way that
will reduce bottlenecks on the line, increase output, higher machine utilization, etc.

5.3.5 Quality and Testing

In a battery pack assembly process, a significant portion of the total process time is
consumed by inspection and testing of the battery pack. New methods and technologies
have to be developed to decrease the time required in such stations.

5.3.6 Logistics

Efficient routes have to be set between each workstation, workstations to storage,
and vice versa. The routes should be based on the least amount of distance required
to reach a location, whether it is a storage section or a workstation.

5.3.7 Maintenance

All the workstations, testing equipment, and transport systems should undergo pe-
riodic maintenance. This is to ensure all the equipment is working in good condition
because any failure in this equipment might lead to the process being shut down. Ade-
quate redundancies have to be provided for these equipment to ensure a smooth process
flow.
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5.4 Proposed battery pack system and layout for assembly

Fraunhofer innovation platform for advanced manufacturing at University of Twente
is going to set up a production line to assemble battery packs for various applications.
One of the applications is e-bike battery packs as shown in fig 16
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Figure 16: FIP battery pack

5.4.1 layout specifications

FIP has laid out certain aspects of the production process that will be used for further
modeling and simulation. The production floor is split up into 3 sections which will be
named cell 1, cell 2, and cell 3. Each cell on the factory floor is designated to do certain
tasks.

Cell 1 is designated to do cell sorting, cell 2 is designated to perform module production,
and cell 3 is designated to assemble the final battery pack. The general overview of the
factory floor can be seen in Fig 17 These individual cells can be further explained:
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Module
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Battery pack
assembly

Figure 17: General work flow

e Cell-1: As shown in fig 18 this is the station where cell sorting takes place. A
tray of cylindrical or prismatic cells is passed through the machine and placed at
cell-1 through conveyor belts which are then checked for voltage and charge. A
process node is placed inside the machine setup to simulate the sorting process.
There are 3 output points for cell 1. The sorted cells are passed to one output,
and the defected /uncharged cells are directed to output 1 and 2 as shown in fig
18. Output 1 and output 2 receive uncharged cells and defected cells which will
be transported to a storage section via an AGV. The cell tray which is optimum
for module production is then transported to cell 2 where the module is produced

e Cell-2: As shown in fig 19 this station contains all the required processes to
produce the modules. There are 5 inputs to cell 2, one input is from cell 1,
and the other 4 inputs are for the infeed of top and bottom inserts, conductor
templates, and fasteners. All these processes are carried out in cell-2 and later
transported to cell-3 via an AGV
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Figure 18: flow of components cell-1

e cell-3: As directed by FIP, there are a total of 5 stations in cell 3. These stations
are a welding station, 2 manual work stations, and 2 pick and place stations. Each
module whether it is made of cylindrical cells or prismatic will go through 3 main
stations in cell 3 as shown in fig 20
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Figure 19: flow of components cell-2
Figure 20: flow of components cell-3

5.4.2 Full process list

The total processes that happen in cell 1, cell 2, and cell 3 can be seen in table 4
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process no.

Process action

Description

Cell 1-1

Battery cell grading

Sorting of cells based on voltage,
charge, defects

cell 1-2

Voltage check

Each cell’s voltage is checked to
see if it is uniform or if any cells
have less than the required volt-
age

Cell 1-3

defect check

Cells are checked to see any phys-
ical defects are present

Cell 1-4

Transport to storage

uncharged cells and defected cells

are transported to storage via an
AGV.

Cell 1-5

Transport to Cell 2

Cells that undergo the sorting
process is transported to Cell 2

via an AGV

Cell 2-1

Infeed bottom battery holder

Bottom battery holder for the
modules are fed through one of
the inputs

Cell 2-2

Infeed battery cells

The battery cells which were
transferred from cell 1 are placed
inside the bottom battery holder

Cell 2-3

Infeed top battery holder

The top battery holder is placed
onto the cells

Cell 2-4

infeed conductor template and fasteners

The conductor template is placed
on the assembled cell module and
fasteners are attached to secure
the module.

Cell 2-5

Transport to cell 3

The assembled module is then
transported to cell 3 via an AGv

Cell 3-1

Welding station

The assembled modules are
welded to form contact between
the conductor template and
battery terminals

Cell 3-2

Cell stack mounting

The cells module stacks are
placed into a battery pack hous-
ing

Cell 3-3

Infeed BMS

BMS is fed and placed onto the

cell stack

Cell 3-4

Infeed electronics

Pick and place additional elec-
trical components like indicator
lights, switches, etc

Cell 3-5

Connect electronics

all electronics placed are then
wired to the BMS

Cell 3-6

Equipment testing

Measure the voltage of the cell
stack and functionalities of the
electronics
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Table 4: battery pack Process table

Cell 3-7

Check functionalities

Check if all assembled compo-
nents are working optimally

Cell 3-8

infeed module top

The top part of housing structure
is placed onto the assembly

Cell 3-9

Pack function and leak test

The final battery pack is then
tested to check for any abnormal-
ities

Cell 3-10

attach QR code and transport

QR codes are placed onto the
packs and it is then transported
to storage via an AGV

Since Prismatic cells can easily be assembled into a module because of their simple
shape, it does not require any specific cell inserts to hold them together. So comparing
the process list in table 4 there is a slight change in the process for producing a prismatic
cells-based pack. Instead of 4 processes of cylindrical cells, where there are inputs for
the bottom holder, top holder, conductor templates, and fasteners, for prismatic cells,
it would only require clamping of the cells, and attaching the conductor template on
it. Table 5 shows the process flow of prismatic cells in cell 2

Process no.

Process station

description

Cell 2-1

AGYV transport from cell 1

sorted cells are placed
in cell 2, which were
transported by an
AGV from cell 1 to
cell 2

Cell 2-2

Clamping station

The prismatic cells are
clamped together to
form a module

Cell 2-3

infeed conductor template

conductor  template
are attached to the
assembled  prismatic
cells

cell 2-4

AGYV transport

The assembled mod-
ule is then transported

to Cell 3 via an AGV

Table 5: Process flow for prismatic cells in cell 2

As mentioned above, each machine in each cell does a specific list of task. Table6
shows what each station/machine will contribute to the overall process
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Machine

Process action

Cell sorter

Battery cell grading, volt-
age check, defect check

AGV

transport between cells and
storage

Cell 2 machine

infeed of bottom and top
holders, conductor tem-
plates, fasteners, cells and
their integrations to assem-
ble a module

Welding station

Welding of modules

Vention system

pick and place station for
housing and electronics

Vention system

pick and place station for
housing and electronics

Manual station 1

Wiring, final assembly, test-
ing

Manual station 2

Wiring, final assembly, test-
ing

Table 6: machine processes description
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6 Simulation setup

Visual Components is the selected software to simulate the flexible battery pack

assembly line.

Among other simulation software like tecnomatrix plant simulation,

emulate 3D software, etc., visual components have a very user-friendly interface. Visual
components use a Python scripting environment which can be used to program custom
robot processes. A model made in visual components can easily be modified and tailor-
fitted to reassemble the physical layout with minimal effort. Since assembly lines need
continuous improvement to meet demands, the digital copy of it should be easy to
handle. Visual components also come with various industrial communication interfaces
like Siemens S7, Beckhoff ADS, and OPC UA by which it can be directly connected to
a PLC system like those of Beckoff and Siemens.

6.1 Simulation methodology
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Figure 21: Flow chart for simulation methodology
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The simulations were carried out following the methodology as shown in fig21. In
the modeling process, multiple layouts can be modeled based on space requirements.
Since process selection has already been done in section 5.4.2, process time has to be
fixed for the simulation.

6.2 Process Time setup

Before the simulation is carried out to collect data, the processing time for each
process in the battery pack assembly layout has to be entered. Time study analysis
of the production of battery packs is a closely guarded secret by companies, so the
process times at each station have to be assumed. This process time will be the same
for all simulations moving forward. Since a machine capable of sorting both prismatic
and cylindrical cells was not found, information available on the cylindrical cells sorter
machine was used as a reference for calculating the processing time for the cell sorting
station. For calculating the processing time at the cell sorting machine, assume a tray of
160 cells is fed to the sorter machine. Based on a speed of at least 80ppm as mentioned
in table 1 it will take 120 seconds to sort the cells. It is assumed that it will take the
same amount of time for prismatic cells.

Since visual components’ Ul makes it easy to edit the processing time, when the
physical model is established and actual process times are calculated, it can be entered
into the process node in visual components easily. For all the simulations that are done
ahead, the process times are considered based on table7 There are a few boundary
conditions that are fixed for the simulation.

e The Total length of the cell 3 section is fixed
e The max allowable length of the factory floor is 30 meters

e The arrangement of conveyors( aside from the location of the workstation ) in cell
3 is fixed
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machine process time (s)

Cell sorter cell grading, voltage check, defect | 120
check

Cell 2 machine Bottom cell holder infeed 30

Cell 2 machine Top cell holder infeed 30

Cell 2 machine Conductor template infeed 30

Cell 2 machine Conductor template 2 infeed and | 30
fasteners attachement

Cell 2 machine prismatic cells clamping 30

Cell 2 machine primsatic cells conductor tem- | 30
plate

Welding station | Welding of modules 30

Vention system 1 | pick and place station for housing | 30
and electronics (prismatic cells)
Vention system 2 | pick and place station for housing | 30
and electronics (cylindrical cells)
Manual station 1 | Wiring, final assembly, testing 600
Manual station 2 | Wiring, final assembly, testing 600

Table 7: Battery pack production Process time

6.3 Layout modelling

Since two different types of modules are to be used, one with cylindrical cells and
one with prismatic cells, Two types of battery packs will be produced.
Reference to the process and framework of layout is defined in section 5.4.1 and table
4 . Now each machine has to be assigned a process time in the simulation. Process
nodes that simulate a process are readily available in the visual components library.
This node can be placed inside a machine to simulate the process. As seen from the fig
22 there are 2 vention pick and place systems, 2 manual process stations, one welding
station in the cell 3, 1 module production section in cell 2, and 1 cell sorting machine
cell 1.

Now the flow of components has to be assigned. Certain assumptions are considered
while deciding the flow groups of cells. They are as follows:

e The flow of both cylindrical cells and prismatic cells will be the same from cell
sorting to module production station. Since there is no fixed design of the pris-
matic cells, it is assumed that the process is similar to that of cylindrical cells

e Vention PP 1 and manual process 1 will be dedicated to assembling battery packs
made of prismatic cells

e Vention PP 2 and manual process 2 will be dedicated to assembling battery packs
made of prismatic cells

e The parts required for assembly when the components reach a station are already
present there.
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Figure 22: Base layout general information

The number of stations in the simulation is fixed ( excluding the storage com-
partments)

Possible rejection of battery packs at the end of its assembly process is not con-
sidered.

The speed of AGV is considered to be 2m/s unless specified in any section

The flow of components from the beginning of the process will be a batch of 2
trays of cylindrical cells, 2 trays of prismatic cells and 2 defective cell trays( this
is to ensure uniformity in simulations)

Fig23 and fig 24 shows a magnified view of cell 3 and the flow of materials on it. Sev-
eral routing conveyors are strategically placed to redirect components to their intended
process location
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Figure 23: flow group of cylindrical cells in cell-3
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Figure 24: flow group of prismatic cells in cell-3
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6.4

To understand and identify factors that may impact the production of packs in the as-
sembly line designed, certain lean optimization was referred to. There are various ways
to optimize a layout using lean principles, like optimization by reconfiguring worksta-
tions, implementing just in time principles to make sure all components required for
the process are present at the station when needed, use of automation wherever neces-
sary, advance planning and scheduling, etc. Using these optimization methods, certain
factors that may have an impact on production were identified. Several other factors

Factors identification

are used in the simulation to understand its implications on production.

A total of 8 factors were investigated through simulation which is as follows:

These factors are then simulated under various scenarios which can be seen in table 8

Impact of feed rate and number of transport solutions

Impact of variation in Cell 3 process route and location of workstations
Impact of the location of the storage

Impact of AGVs speed on production

AGV route selection

Pick and place method between conveyor and AGVs

Impact of number of humans

Impact of variation in the flow of components
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Factors

Variations

total simulations
(30m layout)

total simulations
(18m layout)

Impact of feed
rate and number
of transport so-
lutions

4 feed rates with
1,2 and 3 AGVs

12

12

Impact of wvari- | 4 feed rates with | 12 12
ation in Cell 3 | 1,2 and 3 AGVs
process route
and location of
workstations
Impact of loca- | 5 distances with | 15 15
tion of storage 1,2, and 3 AGVs

at threshold feed

rate
Impact of AGVs | 4 speeds with | 12 12
speed on pro- | 1,2 and 3 AGV
duction at threshold feed

rate
AGV route se- | 4 speeds with | 12 12
lection 1,2 and 3 AGV

at threshold

feed rate, route

changed
Pick and place | 6 time values | 18 18
method between | with 1,2 3 AGVs
conveyor and | at threshold feed
AGVs rate
Impact of num- | 2 cases 2 2
ber of humans
Impact of wvari- | 3 different batch | 9 9

ation in flow of
components

order with 1,2,3
AGVs

Table 8: All simulation parameters considered




7 Simulation of layouts with variation in certain
process factors

7.1 Impact of feed rate, length of layout and number of trans-
port solutions

Layouts with 2 different total lengths are considered for this and all simulations
moving forward as shown in fig 26 and fig 25. The impact on the final throughput of
the battery packs by variation of feed rate and number of AGVs present will be carried
out. The simulation is run for 4 hours( since the values per hour were very small, for
representation purposes 4 hours is taken) to get the data on the total parts produced.
For the feed rate, 2-time intervals are important

e Batch interval
e component interval

The feeder at cell 1, will be a tray of cells that will be sorted out in the cell sorting
machine. Cylindrical cells and prismatic cells are in 2:2 order, which means the first 2
trays of cylindrical cells will be fed, and then 2 prismatic cell trays are fed into the cell
sorter machine. The gap between the batch of cylindrical cells and prismatic cells is
called the batch interval. Component interval is the time taken between 2 simultaneous
cylindrical cells or prismatic cells.

e 30m length layout with no route change
e 30m length layout with route planning

By altering the batch and component interval values, the feed rate of the unsorted
cell tray can be controlled.
3 main feed rates with batch intervals being 1000, 1500, and 2000 (all the values are
in seconds ) are considered. An additional feed rate, which will be the lowest possible
value for the specific layout before stopping the simulation is also considered. These
values will be termed as the threshold value of feed rate
If the feed rate goes below a certain threshold, i.e. if the flow of components after a
threshold is increased, then there will be a development of a choke point in the assembly
line. A choke point here, means the several components of different flow groups collide
with each other to stop the total flow of the process. This can be seen in the layout
with a length of 18m. Once the feed rate becomes too low. A choke point as pointed
out by the black box in fig 27 will happen
All the variations in feed rates are also applied to variations in the length of the layout
as well. For layout configuration of both lengths 18m and 30m, Variation in the number
of AGVs used is also tested out

As seen from this graph 28, the number of total battery packs produced is highest in
the layout with a length of 18m, 200s batch interval, with a total of 23 battery packs
in 4 hours. It can be seen that the lowest possible value of feed rate for a configuration
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18m 30m

m

Figure 25: Dimensions of 18m layout

Figure 26: Dimensions of 30m layout

with a 30m length is 205s and the lowest possible value of feed rate for a configuration
with an 18m length is 200s. The feed rates of 1000s, 1500s, and 2000s have the same
output of battery packs comparing both the layouts. The layout with a length of 18m
has 2 more additional battery packs produced in 4 hours than the layout with a 30m
length.

This same analysis can be done for 2 and 3 AGVs For configurations with 2 AGV, it
can be observed that there are no changes in the throughput of the battery pack as
shown in fig29. This is in its least possible value of feed rate, with 180 seconds being
of layout with 30m length and 210 seconds of layout with 18m length. The same trend
for decreasing throughput with increasing the feed rate can be seen Fig30 shows the
throughput of battery packs when 3 AGV are in process. In this configuration as well,
it can be seen that the maximum battery packs produced is 23 packs per 4 hours.
From referring to fig 28.fig29, and fig30, certain observations are made which are listed
as follows.

e Aside from the threshold feed rate, all the other feed rates produce the same num-
ber of battery packs, corresponding to their initial value, i.e. 10 packs produced
with a feed rate of 1000s with a layout of length 30m and length 18m. Even the
number of AGVs in this scenario did not affect the result
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Figure 27: Choke point

Throughput with 1 AGV

[
Ln

Parts produced/4hr
= = [
= Ln =

n

,r / .r @.
q?'}‘ w '~§° a
S ,,;w $T e

layout configuration

=

Figure 28: Throughput with 1 AGV, X-axis is in the format of | layout length_feed
rate(s)_number of AGV used]

37



throughput with 2 AGV

[t
(1]

Parts prodcued/dhr
s w B &L B BK
=]
o0
* N -
R
=
3
-

Layout configuration

Figure 29: Throughput with 2 AGV, X-axis is in the format of | layout length_feed
rate(s)_number of AGV used]

Throughput with 3 AGV

23
I 10
$

"y
o,

25 23
20
15
10
10 g 7
5 I I
g
W i ) g
r ra Fa &
S I
Fa

S ST ¥ e

Layout configuration

Parts produced/4hr

& 7
&7 69?

4
My W
L L

Figure 30: Throughput with 3 AGV, X-axis is in the format of | layout length_feed
rate(s)_number of AGV used]

38



e For the layout with a length 30m, there is an increase in the throughput of battery
packs between 1 AGV and 2 AGV by a factor of 2. Any more additions of AGV
did not improve the result

e For the layout with 18m length, any increase in the number of AGVs did not
increase the throughput of the battery pack.

7.2 Impact of variation in Cell 3 process route and location of
workstations

Looking at the flow of components and process times used in the simulation of sec-
tion7.1, it can be noticed that the biggest constraint for the assembly line is the manual
workstation. To reduce the effect of this constraint on the throughput of the assembly
line, in the second set of simulations changing the location of the manual workstation is
considered. The manual stations are relocated to one side of Cell-3 and all other stations
to the other side of Cell-3. Change in process location causes the flow of components
to also change which can be seen fig 33 and fig24. The process for the manufacturing
of the battery packs remains the same, with the same process times as used for the
previous simulation. Since there is a change between the station locations, the overall
flow of components changes. In the previous simulation, there were 2 terminals that
can be used as both input and output. For this simulation, only one input and one
output will be considered.[20]

Now for this configuration, data is collected the same way as the previous simulation.
In this simulation also, 4 feed rates will be considered, 3 of which are 1000s, 1500s, and
2000s, and one will be the least possible feed rate, which may vary based on individual
configuration.

From fig 34 it can be observed that the number of battery packs produced at the low-
est threshold feed rate of 180s is 25 packs for layout with 30m length and 27 for layout
with 18m length. The trend of decreasing the number of produced battery packs with
respect to decreasing feed rate( increasing batch interval), remains the same. From
fig35, the total packs produced with 2 AGV in layout with a length of 30m is 29, with
a feed rate as 140s, whereas the layout with 18m length was also able to produce 28
packs in 4 hours with 150s feed rate. configuration.

Comparing fig35and fig36, it can be observed that the total packs produced in both
cases with 2 and 3 AGV did not change. Comparing it with fig34 it can be observed that
there is a significant increase in the production of battery packs in the layout of 30m
length with 1 and 2 AGV, but the increase in the layout of 18m length is small. (only
a factor of 1) If the comparison is done between the total number of packs produced
between layouts with no change in process location and changes in process location,
it can observed that there is a significant increase in the throughput of the pack The
blue shaded box indicates the throughput of layouts without process location change
and boxes with orange indicate the throughput of layout which has undergone process
location change
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Figure 31: Process location change for 18m length
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Figure 32: Cylindrical cells flow for location changed layout(cell-3
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Figure 33: Prismatic cells flow for location changed layout(cell-3)
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Figure 34: Throughput with 1 AGV for changed process location, X-axis is in the
format of | layout length_feed rate(s)-number of AGV used_location change]
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Figure 35: Throughput with 2 AGV for changed process location, X-axis is in the
format of [ layout length_feed rate(s) number of AGV used_location change]
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Throughput with 3 AGV
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Figure 36: Throughput with 3 AGV for changed process location, X-axis is in the
format of | layout length_feed rate(s)-number of AGV used_location change]
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Figure 37: Throughput comparison between layouts with 18m length, red bars indicate
layouts prior to the change in location of manual workstation, blue bars indicate layout
with change in location of the manual station. The format of X-axis is [length of
layout_feed rate(s)-number of AGV]
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Production rate comparison between layouts of
30 m length
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Figure 38: Throughput comparison between layouts with 30m length, red bars indicate
layouts prior to the change in location of manual workstation, blue bars indicate layout
with change in location of the manual station. The format of X-axis is [length of
layout_feed rate(s)-number of AGV]
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7.3 Impact of location of storage

Let’s investigate how the throughput changes based on the location of the storage
module. The Layouts will be simulated using their respective threshold feed rate (
lowest feed rate ) value that was found in section 7.2 and check the impact of the
location of the storage module. Those are:

e Layout of 30m total length with 205 s batch interval( feed rate for 1 AGV)
e Layout of 18m total length with 200 s batch interval (feed rate dor 1 AGV)

The distance of the storage locations from the reference line as shown in fig 39 is varied
with the values 10m, 30m, 50m,80m,120m. The simulation is run for 4 hours and the
number of packs produced is compared. It can be seen from fig 40 in layouts with

Figure 39: Reference line for change in storage location

a total length of 30m with 1 AGV, that after placing the storage section 30m away
from the reference line, the simulation stops because of a choke point resulting in the
production of a very limited number of packs. This same trend can be observed in the
layout of a total length of 18m with 2AGV where the model was able to produce 23
packs until the storage location is placed 50m away from the reference line after the
the production line stops. With the addition of 3 AGVs, in both layouts of 18m total
length and 30m total length, the production rate does not stop changing significantly
after placing the storage location 100m away from the reference line. Throughout this
simulation, the speed of AGVs is constant at 2m/s. Using the theory of constraints, the
major constraint has to be improved until its impact on the whole process is reduced
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Throughput with variations in storage location
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Figure 40: Throughput with variations in storage location, X-axis format is [length of
layout_feed rate(s)-number of AGV]

significantly. Further improvement can be done by improving the process that happens
in the workstation as mentioned in the section5.2.4

7.3.1 Impact of AGVs speed on production

Let’s check how the speed of AGV has an impact on the production rate of battery
packs with the 2 developed layouts.
As per the specs of Otto 100 AGV ( which is the fixed model of AGV ), the maxi-
mum speed of Otto 100 is 2m/s. For this simulation, 3 velocities of the AGVs will be
considered with the storage location distance set with respect to the reference line is 0.

e v = 2000mm/s
e v = 1500mm/s
e v = 1000mm/s
e v = 500mm/s

from fig 41 and fig 421t can be observed that as the AGV speed is decreased, the number
of packs produced, become lower and lower. The 30m long layout with 1 AGV shows
the greatest deviation. When the AGV speed goes less than 1500mm/s the number of
pack falls from 21 to 18 and a further decrease in speed results in a further decrease of
packs produced. The deviation is not high enough in layouts with 2 and 3 AGVs.

In the 18m layout, there is a halt in production ( choke point ) when the speed of
the AGV is set to 500mm/s as shown in fig 42. Since the total area to be covered by
AGYV is small in an 18m long layout for all the other speed the maximum number of
packs produced in 4 hours remain the same.
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variations in AGV speed 30m layout
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Figure 41: Variations in AGV speed for 30m length layout, X-axis format is [length of
layout_speed of AGV(mm/s) number of AGV]
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Figure 42: variation in AGV speed in 18m layout, X-axis format is [length of lay-
out_speed of AGV(mm/s) number of AGV]

7.4 AGYV route selection

Route selection of AGV is an important factor for AGV. The route of AGV can de-
termine how efficient, safe, and productive the AGVs are. For this throughput between
2 layouts will be considered.

e 30m length layout with no route change
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e 30m length layout with route planning

Figure 43: navigation mesh of original 30m
layout

Figure 44: Route changed for 30m layout

Comparing fig 43 and fig 44, the navigation mesh is refined when AGV routes are
modified. The navigation mesh here is defined as all the possible paths the AGVs can
take. With these 2 variations, the simulation is run. As observed from fig45 the number
of packs produced has significantly changed when the same graph is compared with fig
41 as this graph was plotted with the original route. With the new route change, the
number of parts produced even with AGV speed as low as 1000mm/s is still 21.

Since the layout of 18m length is too small to create any meaningful route change the
simulation was not conducted
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Throughput with change in route of AGVs
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Figure 45: variations in parts produced after route change, X-axis format is [length of
layout_feed rate(s) number of AGV_Route change]

7.5 Pick and place method between conveyor and AGVs

When a component reaches the end of a conveyor belt, it has to be placed onto the
AGVs by either a human, a robot, or any other custom placing machine. This process
also takes time. In this section, the impact of this pick and place time on the overall
production rate of battery packs will be investigated.

In visual components, it can be defined how long it takes to place the component on
AGV and how long it takes for the component to be transferred from AGV to the
conveyor belt.

when the differences between the number of parts produced in 4 hrs of figd6 and
figd7 is compared, it can be seen that when the layouts have 1 AGV it impacts the
production rate higher. This can be compensated by adding additional AGV to the
production line.

20



influence on production based on pick and place
time of AGV for 18m layout
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Figure 46: influence of production with variations in pick and place 18m layout. The
simulation is run at layouts threshold feed rate
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Figure 47: influence of production with variations in pick and place 30m layout. The
simulation is run at layouts threshold feed rate
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7.5.1 Impact of number of humans

One of the important aspects of lean principles is to introduce automation wherever
necessary. In all previous simulations, only 2 humans were considered working at a
manual station, and have not considered any other transport solution between the
transfer of components from conveyor to AGVs and vice versa was not considered. To
simulate the transference of components from the conveyor to AGVs and vice-versa a
time delay is added to increase the pick and place time of the AGV. There are other
alternate transport solutions to serve the above-mentioned purpose which are as follows:

e Using a robot
e Using humans

e Custom machines

Figure 48: Use of robots and humans as transport links between conveyor and AGVs
and vice-versa

In the initial simulation setups, by introducing the above-mentioned delay, the simula-
tion was set up as if there was a custom machine present there. The total production
rate when using either a custom machine or a robot will be the same as all the sim-
ulations done before. Deviations arise if humans are considered to be the transport
solution. Simulation of the process was carried out in the 18m long layout

When the component is at the end of the conveyor, if any human is free at the manual
stations, they will become the transport solution and help in the transference of compo-
nents from conveyors to AGVs and vice-versa. In the above-mentioned sim setup, the
throughput decreased to 18, as compared to 23 with the initial setup ( initial setup is
the simulation parameters set in section7.1), then trying to increase the output in this
sim setup by decreasing the batch interval, the human worker is not available when the
signal is passed from the conveyor/AGVs, and the humans are walking at the speed of
approximately 1m/s. This causes a block in the line which stops production.
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Another set of simulations was done, in which the human transport element was only
used to transfer the finished pack from AGV to storage. By doing so the total packs
produced in 4 hours rose to 20. By this, it can be inferred that to have the max output
similar to those of previous simulations at least 2 human workers and either a custom
machine or robots as a transport solution between conveyor and AGVs and vice-versa
is required. additional simulations considering robots at the conveyor were not con-
ducted, since it is the same as introducing a time delay between the pick and place of
components as mentioned in section 7.5.

7.6 impact of variation in flow of components

In all previous simulations, the flow of components from the beginning is In the
format of cylindrical cells: prismatic cells: and defects: defects with a quantity ratio
of 2:2:1:1. In real-world applications the rejection of cells or a number of cells rejected
is not fixed. But in all the simulations conducted, the rejection rate of these cells was
fixed and predictable, because if it is unpredictable, for simulation purposes, every time
the simulation is running, the output can change. So to create uniformity in simulations
the above-mentioned flow of components is considered.

To see the impact on throughput if the order of flow of components is varied, was carried
out. For this, 2 other orders, other than the default one is considered.

e P:C:D:D ( prismatic:cylindrical:defect: defect)
e D:C:P:D ( defect:cylindrical:prismatic: defect)

graph has been plotted with this variation along with changes in the number of AGVs
as well. As observed from fighOand fig105, the order of the batch is also a major factor
in the production rate. Since prismatic cell battery pack has a lower overall process
time than packs with cylindrical cells, feeding this first, results in higher output of the
packs.[20]
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Figure 49: impact on production with respect to variations in batch order 18m layout,
where C stands for cylindrical cells, P stands for prismatic cells and D stands for
defective cells
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7.7 Evaluation of factors influencing output and optimizations

From conducting several simulations by varying many factors, certain conclusions
can be found.

e The distance between cells was a factor that did not have a large impact on the
throughput. Since there is a limitation to a maximum length of 30m for the
factory, this small distance can be covered by the AGVs very easily. Since the
processing time was very high at manual stations as compared to other processes
the Otto 100 has enough idle time to transport all components. There was a
slight difference between the output of pack with respect to 1 AGV ( output of 21
packs ) and 2 AGVs(output of 23 packs ) as seen in table 9 and can be inferred
from fig 51, but increasing the number of AGVs did not help in increasing the
throughput of battery packs.

30m Layout
"
g
1 AGY
Manual
Base 4 station
layout g 2 AGV location
changed
3 AGv
\: -

Figure 51: effects of change in location of manual work station in 30m layout

e Station location had a significant influence on the throughput of the pack. The
arrangement of the layout was done in such a way that all the high-time-consuming
stations were placed on one side of the assembly and the rest of the machines on
the other side. The comparison of the output of location changed layouts and the
one with no change in location can be seen in table 9. This can also be seen in
fig 51 and fig 52. The Green zones indicated an increase in the number of packs
produced. All results moving forward are made by using the threshold feed rate
before the development of the choke point
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Figure 52: effects of change in location of manual work station in 18m layout

e By increasing the distance of the storage with respect to the cell 3 reference line,
the production rate was significantly reduced. Since the exact location of the
storage section is not provided, simulating the exact scenario was not possible,
but when the graph 40 is observed, there is deviation only after a distance of 20
meters. This is also shown in table 10. The number of packs produced varies
based on the number of AGVs used as well. As seen from fig 53, with 1 and 2
AGYV when the distance of storage location is under 20 and 50 meters respectively,
the production is the same as it would have produced with the storage location at
Om from the reference line. The red zone indicates a drastic drop in the number
of packs produced.

location
1AGY more than Ho
20m l
Yes
T v
Max
location Yes . i
production
2 AGY more than state with their
50m respective
R number of
AGY
No change &~
3 AGY p»/ evenat
120m
B

Figure 53: effect of storage location
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e Speed of all transport solutions is a very important factor for setting up a facility
like this. The number of AGVs and the speed of AGVs have a high influence on
each other. This can be seen in table 12, fig 54 and fig 55. With 1 AGV, when
the speed drops below 1000mm/s, the production drops drastically as indicated
in the red zone. The no-change zone means that there is no change in production
rate even after reducing and increasing the AGV speed.

speed is
1AGY less than
1000mmis ]
Yes
2 AGV speed is No
less than —
1000mm/s Yes .
1 MNominal
change
3 AGY =
o=t}

speed is
less than
1000mm/s

Figure 54: effect of variation in AGVs speed on 30m layout
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1AGV less than
1000mm's .
2 AGV :
speed is
less than
1000mmis
3 AGv
Mo change

Figure 55: effect of variation in AGVs speed on 18m layout

e The time taken for pickup of components from one station by AGVs and dropping
them to another is also an important factor. The red zones in fig 57 and 56 are
when production drops drastically.
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Figure 57: effect of variation in AGVs pick and place time for 30m layout

e The route of the AGV should be planned based on the desired floor layout. The
route has to be defined in such a way that the total distance traveled is less and it
avoids all obstacles. Reducing the speed does have a huge impact on production
as seen in table 13, when the speed of AGV is as low as 500mm/s. The route and

speed of AGV should be carefully planned.

e Based on the collected data as shown in table 14, it can be inferred that the flow
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of components in the batch and the number of human works/transport solutions
present have a significant impact on production. If all the process times are
defined, the exact availability of the workers can be found out and validate whether
they have time to work on other tasks

These conclusions can be tabulated to understand how each factor is responsible for
the production of battery packs

30m 30m layout 18m layout 18m layout

lay- location location

out change change

Feed AGV Output Feed AGV  Output Feed AGV  Output Feed AGV  Output

205 1 21 200 1 25 200 1 23 180 1 27

180 2 23 140 2 29 210 2 23 150 2 28

180 3 23 140 3 29 180 3 23 150 3 28

1000 1 10 1000 1 10 1000 1 10 1000 1 10
2 10 2 10 2 10 2 10
3 10 3 10 3 10 3 10

1500 1 8 1500 1 8 1500 1 8 1500 1 8
2 8 2 8 2 8 2 8
3 8 3 8 3 8 3 8

2000 1 7 2000 1 7 200 1 7 2000 1 7
2 7 2 7 2 7 2 7
3 7 3 7 3 7 3 7

Table 9: Data of variation between feed rate and number of AGV between both 30m
and 18 layout including data when location of stations were changed

30m layout 18m layout

feed(s) AGV distance(Dx)(in m) Output feed AGV distance(Dx)(in m) Output

205 1 10 21 200 1 10 23
1 20 21 1 20 23
1 50 5 1 50 4
1 80 2 1 80 2
1 120 2 1 120 2

180 2 10 21 210 2 10 23
2 20 21 2 20 23
2 50 21 2 50 21
2 80 4 2 80 4
2 120 2 2 120 2

180 3 10 21 180 3 10 23
3 20 21 3 20 23
3 50 21 3 50 23
3 80 21 3 80 23
3 120 21 3 120 23

Table 10: Data of variation of storage location distance
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30m layout 18m layout

AGV  Pick and place time(s) Output AGV Pick and place time(s) Output
1 5,5 21 1 5,5 23
1 10,10 p 1 10,10 2
1 20,20 2 1 20,20 23
1 30,30 19 1 30,30 4
1 40,40 4 1 40,40 4
2 60,60 4 p 60,60 2
2 5,5 23 2 5,5 23
2 10,10 21 2 10,10 23
2 20,20 21 2 20,20 23
2 30,30 19 2 30,30 23
3 40,40 19 3 40,40 23
3 60,60 19 3 60,60 23
3 5,5 23 3 9,9 23
3 10,10 21 3 10,10 23
3 20,20 21 3 20,20 23
3 30,30 19 3 30,30 23
3 40,40 19 3 40,40 23
3 60,60 19 3 60,60 23

Table 11: Data of variation of pick and place time of AGVs

30m layout 18m layout

AGV  speed(mm/s) output AGV  speed(mm/s) output
1 2000 21 1 2000 23
1 1500 18 1 1500 23
1 1000 6 1 1000 23
1 500 6 1 500 2
2 2000 23 2 2000 23
2 1500 23 2 1500 23
2 1000 21 2 1000 23
2 500 19 2 500 23
3 2000 23 3 2000 23
3 1500 23 3 1500 23
3 1000 23 3 1000 23
3 500 20 3 500 23

Table 12: Data of variation of AGVs speed
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30m layout
AGV  speed(mm/s) output

1 2000 21
1 1500 21
1 1000 21
1 200 6

2 2000 23
2 1500 23
2 1000 23
2 200 19
3 2000 23
3 1500 23
3 1000 23
3 200 20

Table 13: Data of variation by changing AGVs route

30m layout 18m layout

C:P:D:D 1 21 C:P:D:D 1 23
C:P:D:D 2 23 C:P:D:D 2 23
C:P:D:D 3 23 C:P:D:D 3 23
P:C:D:D 1 25 P:C:D:D 1 25
P:C:D:D 2 25 P:C:D:D 2 25
P:C:D:D 3 25 P:C:D:D 3 25
D:C:P:D 1 2 D:C:P:D 1 24
D:C:P:D 2 2 D:C:P:D 2 24
D:C:P:D 3 4 D:C:P:D 3 22

Table 14: Data of variation by changing batch order. Here C refers to cylindrical cells,
P refers to prismatic cells, D refers to defects
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8 Conclusions, discussion and recommendations

The goal of this project was to find the key factors for designing a flexible battery
pack assembly line. However, constructing such an assembly line has its own limitations
in the real world and in the simulation world.

8.1 Limitations of the processes and simulation

From the beginning of the simulation, several factors were assumed, the most impor-
tant being the process times. Since there’s no publicly available information on process
times accurately modeling the simulation was not possible. Variations in process time
can have a significant impact on other factors as well. Comparing all the process in
the production of the battery pack, the most time-consuming is the manual process,
where testing and certain assembly takes place. In all simulations conducted, it is con-
sidered to be 10 minutes, but this can vary depending on the final product intended.
One major problem faced during the simulation was how to make the conveyor system
smart. If a choke point occurs, the conveyor has to redirect the product to some other
available output. Scripting this is a huge task, and if done properly, it can simulate the
assembly line more efficiently. But the positive thing is this model can be used again
when all the actual process information becomes available, as the process timing can be
changed by editing the process node in visual components. In a manual process, there
are multiple tasks happening, and the time interval between those tasks, which depicts
the availability of the worker can’t be well determined because the process times for
each of those tasks are undetermined.

8.2 Process improvement

As discussed in the section &, the biggest bottleneck is the manual station. It is
important to introduce more automation in this station. TRIZ can be a great tool in
assisting the creation of new processes and machines to reduce the bottlenecks In the
assembly line. The theory of constraints can be a very useful tool in the optimization
of the layout. The biggest constraint of the designed assembly line which affects the
output is the manual stations. constant improvements have to be made on this station
to reduce its impact on production as much as possible. Implementation of Montractec
system as shown in section5.2.2 should be carefully looked into.

8.3 Simulation improvements

Since the Montratec model was not available in Visual components, a conveyor sys-
tem that imitates the flow of Montratec system was used. Since the track system of
Montratec is superior as compared to a conveyor, more effort has to be invested in
trying to develop such a machine in visual components using Python scripting, PLC,
etc. Based on the final layout of the factory the path for AGV and humans has to
be defined. Since the order of batches of cylindrical and prismatic cells will be fed ini-
tially, this may not reflect the real-world case. This input requires data from the proper
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scheduling of components. Simulation of how certain components reach the workstation
following just-in-time principle is not modeled. This simulation can be accomplished
by using AGV to feed the components from inventory to stations or by considering the
components are already there. It can be observed that in a lot of graphs during the
optimization, the production rates drop sharply, this is because whenever there is a
development of a choke point, the simulation stops. No addition to the process that
intends to resolve this issue is not considered, for example, if a choke point happens in
real life, one section of the line is stopped and the problem Is fixed manually.

8.4 Future work

The use of these kinds of models can be extremely beneficial when optimizing or
creating new assembly lines. This model can be edited very easily to accommodate the
real process times and can be simulated to find areas of optimization. Furthermore,
this model can also be integrated with PLC software like Siemens S7 PLC to model
advanced process flows and machines. Once the real work assembly line is set up, this
model can be used as a first step in designing a digital twin. Recent versions of Visual
components also have build plugins like Doosan Dart Studio by which the model in
Visual components can connect to its physical counterpart in real world

8.5 Conclusion

A flexible battery pack assembly line is an interesting setup. Because of the flexibility
it offers, various products can be made. The factors that were important while designing
a flexible assembly line were found and simulated to find their impact on production.
The assembly line structure and the transport solutions can be further improved to
achieve the production rates required. With the recommendations mentioned above, a
full digital copy of the physical model can be created.
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Appendices

A Throughput with variations in feed rate and AGvs

for calculation of a number of packs produced graph was plotted with time and the
total parts produced were added together.

A.1 30m layout with variation in feed rates
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Figure 58: Total packs produced in 4 hours in layout config 30-300-1
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Total parts in storage(30 180 2)
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Figure 59: Total packs produced in 4 hours in layout config 30-180-2
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Figure 60: Total packs produced in 4 hours in layout config 30-180-3
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I

Parts produced
Q= MW oA W s

i
I

el R EE T
sy A NRY N RN S8 88985%73¢%
-
Time(s)

=\ arehouse Process Shelf-cylindrical:Statistics:PartsEntered

= \V/arehouse Process Shelf _prismatic:Statistics:PartsEntered

Figure 61: Total packs produced in 4 hours in layout config 30-1000-1
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Figure 62: Total packs produced in 4 hours in layout config 30-1000-2

A.2 18m layout with variation in feed rates

A.3 30m layout with variation in feed rate and change in pro-
cess location
Calculation was done to check how many packs were produced after modifying the

base layout to process location( pick and place machine and manual workstation.
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total parts in storage (30 1000 3)
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Figure 63: Total packs produced in 4 hours in layout config 30-1000-3
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Figure 64: Total packs produced in 4 hours in layout config 30-1500-1
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Figure 65: Total packs produced in 4 hours in layout config 30-1500-2

Figure 66: Total packs produced in 4 hours in layout config 30-1500-3
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Figure 67: Total packs produced in 4 hours in layout config 30-2000-1

18m layout with variation in feed rate and change in pro-
cess location
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total parts in storage (30 2000 2)

5
-84 e
(W]
=3
= 3
s [
mZ
=
:I.1
]
[ =] o0 0 0 0 0 o o O O 0 C Q o 0 g . []
IE8CS I RIS BEFRRB898R388¢%
Time(s)

= \\/arehouse Process Shelf-cylindrical:Statistics:PartsEntered

= \/arehouse Process Shelf _prismatic:Statistics:PartsEntered

Figure 68: Total packs produced in 4 hours in layout config 30-2000-2
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Figure 69: Total packs produced in 4 hours in layout config 30-2000-3
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Total packs in storage(18 180 1)
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Figure 70: Total packs produced in 4 hours in layout configuration 18-180-1
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Figure 71: Total packs produced in 4 hours in layout configuration 18-180-1
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Total packs in storage(18 180 3)
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Figure 72: Total packs produced in 4 hours in layout configuration 18-180-1
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Figure 73: Total packs produced in 4 hours in layout configuration 18-180-1
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total packs in storage(18 1000 2)
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Figure 74: Total packs produced in 4 hours in layout configuration 18-180-1
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Figure 75: Total packs produced in 4 hours in layout configuration 18-180-1
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total packs in storage(18 1500 1)
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Figure 76: Total packs produced in 4 hours in layout configuration 18-180-1
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Figure 77: Total packs produced in 4 hours in layout configuration 18-180-1
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Total packs in storage(18 1500 3)

]

Q4

2

3

03

5

PR

=L

& 1

a1

0
(=] o0 Q000 OCC OO0 00000000 Qo [} [=]
B3I fe SRR INEERIRER NS

Time(s)

= \arehouse Process Shelf-cylindrical:Statistics:PartsEntered

= \Narehouse Process Shelf _prismatic:Statistics:PartsEntered

Figure 78: Total packs produced in 4 hours in layout configuration 18-180-1
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Figure 79: Total packs produced in 4 hours in layout configuration 18-180-1
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Total packs in storage(18 2000 2)
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Figure 80: Total packs produced in 4 hours in layout configuration 18-180-1

total packs in storage (18 2000 3)

9

=)

3

& 3 ’_

=

o 2

-

® 1

(=

o

= 20 0000 0000000000 Qo 2
FECEEEENByFINESFcERRR0RES

Time(s)

s \Narehouse Process Shelf-cylindrical:Statistics:PartsEntered

= \\/arehouse Process Shelf _prismatic:Statistics:PartsEntered

Figure 81: Total packs produced in 4 hours in layout configuration 18-180-1
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total packs in storage(30 200 1 LC)
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Figure 82: Total packs produced in 4 hours in layout configuration 30-200-1-LC
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Figure 83: Total packs produced in 4 hours in layout configuration 30-140-2-LC

Figure 84: Total packs produced in 4 hours in layout configuration 30-140-3-LC
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total pack in storage(30 1000 1 LC)
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Figure 85: Total packs produced in 4 hours in layout configuration 30-1000-1-LC

Total packs in storage(30 1000 2 LC)

4

L

2. [ ]

87 1T 11

2 [T T 1

]

o = O C oo OO0 00000 0o o o000 o0 =] b=
S i RdC S ESERdEINgEEIREREInE

AENA P M mGss s r e e BEE A A HA NS
Time(s)

= \\farehouse Process Shelf-cylindrical :Statistics:PartsEntered
= \\/arehouse Process Shelf _prismatic:Statistics:PartsEntered
s YW a rehouse Process Shelf-cylindrical #2:5tatistics:PartsEntered

m—\/arehouse Process Shelf _prismatic #2:Statistics:PartsEntered

Figure 86: Total packs produced in 4 hours in layout configuration 30-1000-2-LC
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total packs in storage(30 1000 3 LC)
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Figure 87: Total packs produced in 4 hours in layout configuration 30-1000-3-LC

total packs in storage(30 1500 1 LC)
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Figure 88: Total packs produced in 4 hours in layout configuration 30-1500-1-LC
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total packs in storage(30 1500 2 LC)

_52.5

o 2

8 a5

B,

o 1

2 05

wvy

2 0

o

[} =] cCooo0o0oO0O0OD0OOO0COO0O0OO0ODOOCO OO [=] (=]

& I RES NI RERU 3R RRE RS EE
Time(s)

m—\\arehouse Process Shelf-cylindrical:Statistics:PartsEntered
m—\\arehouse Process Shelf _prismatic:Statistics:PartsEntered
m \Warehouse Process Shelf-cylindrical #2:Statistics:PartsEntered

m——\\arehouse Process Shelf _prismatic #2:Statistics:PartsEntered

Figure 89: Total packs produced in 4 hours in layout configuration 30-1500-2-LC
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Figure 90: Total packs produced in 4 hours in layout configuration 30-1500-3-LC
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total packs in storage(30 2000 1 LC)

25
@ 2
515
B
3 1
8 05
2 0
(=]
SRR EEE RS SRR EEEEE R
Lo B B B I
Time(s)

=\ arehouse Process Shelf-cylindrical:Statistics:PartsEntered
m——\\/arehouse Process Shelf _prismatic:Statistics:PartsEntered
=\ arehouse Process Shelf-cylindrical #2:5tatistics:PartsEntered

W\ arehouse Process Shelf _prismatic #2:Statistics:PartsEntered

Figure 91: Total packs produced in 4 hours in layout configuration 30-2000-1-LC

total packs in storage(30 2000 2 LC)
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Figure 92: Total packs produced in 4 hours in layout configuration 30-2000-2-LC
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Figure 93: Total packs produced in 4 hours in layout configuration 30-2000-3-LC

Total packs in storage(18 180 1 LC)
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Figure 94: Total packs produced in 4 hours in layout configuration 18-180-1-L.C
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total packs in storage(18 150 2 LC)
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Figure 95: Total packs produced in 4 hours in layout configuration 18-150-2-L.C

total packs in storage(18 150 3 LC)
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Figure 96: Total packs produced in 4 hours in layout configuration 18-150-3-L.C
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Figure 97: Total packs produced in 4 hours in layout configuration 18-1000-1-LC

Total packs in storage(18 1000 2 LC)
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Figure 98: Total packs produced in 4 hours in layout configuration 18-1000-2-LC
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total packs in storage(18 1000 3 LC)
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Figure 99: Total packs produced in 4 hours in layout configuration 18-1000-3-LC
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Figure 100: Total packs produced in 4 hours in layout configuration 18-1500-1-LC
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total pack in storage(18 1500 2 LC)
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Figure 101: Total packs produced in 4 hours in layout configuration 18-1500-2-LC

total packs in storage(18 1500 3 LC)

_52.5

o 2

S 15

51

e 1

2 0.5

wy

== 0

o

o Og%G‘-’}D‘GQDC!QODDDQDDGDG%SSDS%&S58

o o~ I} o 00T oo T ~ = &
~o RS RRYS P REERR 8889838587

Time(s)

= \\/arehouse Process Shelf-cylindrical:Statistics:PartsEntered
= \\/arehouse Process Shelf _prismatic:Statistics:PartsEntered
m W arehouse Process Shelf-cylindrical #2:Statistics:PartsEntered

= \\/arehouse Process Shelf _prismatic #2:5tatistics:PartsEntered

Figure 102: Total packs produced in 4 hours in layout configuration 18-1500-3-LC
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total packs in storage(18 2000 1 LC)
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Figure 103: Total packs produced in 4 hours in layout configuration 18-2000-1-LC

total packs in storage(18 2000 2 LC)
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Figure 104: Total packs produced in 4 hours in layout configuration 18-2000-2-LC
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Figure 105: Total packs produced in 4 hours in layout configuration 18-2000-3-LC
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