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Adaptive Line Balancing
Effective Control of Production Lines
ALEX ANDREASSON
JAKOB VIKLANDER
Department of Industrial and Material Science
Chalmers University of Technology

Abstract
With raising prices on energy, companies will need to find solutions which lowers
the energy consumption to cut their costs. One way of decreasing the energy con-
sumption could be finding a solution which adapt the speeds or shut down machines
and conveyors in production systems depending of the situation. In this report a
new concept of an adaptive control system is evaluated. By counting the Work-
In-Progress within segments the adaptive control system decides the speeds of the
machines and conveyors in real time. The expected outcome of the production sys-
tem is improved production rate, decrease of starvation and blocking, improvement
of gentle handling with smoother operations and reduction of energy consumption
and noise. The goal was to evaluate the adaptive control system by implementing
it in a simulation model of a test system.
The project followed Banks methodology but the development of the simulation
model was split into four steps where each step was verified separately to ensure
functionality and quality of the model. The final simulation model was combined
out of the four validated models to give it the functionality needed. The simulation
model was then run with and without the adaptive control system and the results
were compared.
The goal of the project was achieved and ALB was verified to be working in a virtual
environment. In a physical test rig the system for counting WIP does not have the
accuracy needed for a perfect implementation.
The results from ALB in the virtual environment shows that on average the software
is able to reduce the machine speeds with 5% while still managing to produce the
same throughput as a conventionally steered system. If implemented correctly the
effect of this should yield a lower energy consumption, lower the noise, and prolong
the life length of machines and conveyors, in factories.
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1
Introduction

This chapter introduces the reader to the background and purpose of the master
thesis. In this chapter the background, purpose, aim and limitations are presented.

1.1 Background
The environmental impact of manufacturing industries has continuously increased
and due to that it has become critical to investigate in how large the energy de-
mand is for given processes, while also try to find ways to lower the amount of
energy needed to perform the work (Cheng et al., 2020). The industrial sector con-
sumes about 40% of the worlds energy and 46% of the industrial sectors energy
is used by manufacturing industry (Li, Lennartson, Tang, Biller, & Matta, 2017).
With raising prices on energy, a system with low energy demands per product will
give competitiveness to a company in a stacked market (Li et al., 2017). To gain
high competitiveness there is a need to have good productivity, this means that
companies wants to maintain a high production rate whilst lowering the energy con-
sumption (Jia, Zhang, Arinez, & Xiao, 2016). More than 85% of the total energy
consumption of factories is spent on functions which aren’t directly related to the
production of parts (Gutowski et al., 2005). In order to decrease the total energy
consumption, machines and conveyors can be temporarily switched off or run at a
lower speed instead of being idle (Jia et al., 2016). However, switching off machines
and conveyors causes a trade off between production rate and environmental impact
unless it can be done at the correct times.

Several methods have been proposed to find times at which machines and conveyors
may be turned off without impacting the production rate (Mashaei & Lennartson,
2013; Chang, Xiao, Biller, & Li, 2013). The methods which turn off machines and
conveyors uses complex algorithms to perform the calculations. Often the adaptive
control system needs to be tweaked to make it work to the current control system,
although in many cases only modest efforts are needed to make a complete system
work well (Wittenmark, 1988). If properly integrated, the algorithm should the-
oretically allow a company to save energy without impacting the production rate,
or increasing the production rate with minimal increase in the environmental impact.

Algorithms which has the ability to steer a type of control systems are known as
adaptive control systems. Adaptive control systems uses feedback to intelligently
adjust the characteristics of the system to a satisfying state (P. Zhang, 2010). Adap-
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1. Introduction

tive control systems are most suitable for mechanical systems without specific time
delays and systems with clearly defined dynamics. The control system often needs
to have some knowledge to how the system structure is built and has a hard time
to steer nonlinear, structure-variant and systems with large time delay processes
(P. Zhang, 2010).

The interest to investigate and develop balancing control systems has risen due to
belief in companies that there is unlocked potential in today’s conventional steered
systems. Conventionally steered systems are designed as linear systems which does
not handle disruptions well. If the conventional system runs as intended it works
fine, but if there are eg. unpredicted stops in the system the performance will go
significantly down (Embention, 2020). In comparison an adaptive control can do
changes on its own to balance out the disturbances and keeping the system more
stable. If a system can be operating at a lower load with changeable speed there are
possibilities of economical winnings for the users in terms of energy consumption
and lower Work-In-Progress (WIP). If these economical winnings can come without
having to invest in new hardware there is a win-win situation were the provider sells
the software while the user will save money over time with lowered surrounding costs.

One type of adaptive control system is a software which is called Adaptive Line
Balancing (ALB). ALB includes a number of control algorithms which will learn the
correlation between machine capacities and use that information to systematically
adjust the control parameters on-line. The purpose of ALB is to maintain the max-
imum production rate while minimising the load on the line. Expected outcome of
ALB is:

• Improvement of production rate (Overall equipment efficiency (OEE))
• Decrease starvation and blocking events
• Reduction of load and energy consumption
• Improvement of gentle handling and smooth operation
• Reduction of noise and stress

The algorithm has shown positive results in initial simulations and the mathematical
models has been proven. The next step is to take ALB from the research phase into
a phase of verification, validation and system testing in reality.

1.2 Purpose and Aim
The aim with the thesis is to validate if ALB is a solution which can increase the
production rates within factories without increasing the load on the system. ALB
should be able to increase of production rate by managing real time monitoring of
the WIP in the system and control the system based on the current situation.

While bringing ALB into the testing phase is the primary objective, a secondary
object is to ensure that the algorithm has a possibility to later be introduced to
the market. To make the testing as realistic as possible the system which ALB gets
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1. Introduction

validated on needs to be of industry standard. One of the most common system
used in the industry today is driven by PLCs. Due to that it is important to make
sure that ALB and PLCs can work and communicate with each other in real time.

The thesis shall investigate and answer the following questions:

1. What are the prerequisites on a system to be able to implement ALB?

It is already known that ALB is dependent of constantly getting input data
from the system of the current WIP count, but how high does the precision
need to be, and what are the possible solutions to achieve this precision? Fur-
thermore, are there additional prerequisites on systems in order to be able to
implement ALB?

2. What are the benefits with using ALB?

What benefits may come with using ALB? With ALB the system should in
theory become more efficient and if the theory works in reality, how much
more efficient is the system going to be for the end user?

3. Where is it suitable to use ALB?

Even if a system fulfills the prerequisites to be able to implement ALB, it is
not certain that ALB is suitable to be used in that system. Are there some
factors which determines if ALB will be beneficial on the systems and will
there be drawbacks with using ALB?

1.3 Limitations
The algorithm is only tested on one specific system that FlexLink has chosen as
suitable for the thesis. The simulation software does not have a built in function to
measure energy consumption of the machines and conveyors. Dependant on what
type of machine is simulated the values of energy will change, this adds complexity to
the calculations. Due to the complexity, the energy consumption is only estimated.
Due to the short time with a complete system, caused by the covid-19 pandemic,
only twelve different scenarios is tested. Since the simulations are done in real time,
the tests of each scenario is only run for 70 minutes. Other hardware solutions to
get a working implementation of the algorithm is not further investigated due to
economic constraints.
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2
Theory

The chapter describes the theory of the thesis and gives the reader a context to the
different parts of the production system that is needed for the adaptive control system
to work.

2.1 Production Systems

Production systems can be viewed as a transformation process, as it transforms re-
sources into parts and/or products which contains a higher value than the resources
themselves (Holstein & Tanenbaum, 2012). To achieve the transformation process
the system needs resources such as materials, machinery, labour and territory (build-
ings, area etc.) to be able to complete the transformation from material to product.

A production system can be seen as a process with multiple flows. There are phys-
ical flows such as Work-in-Progress and finished goods but there is also flows of
information which can be used for planning and controlling the production process
(Holstein & Tanenbaum, 2012). The physical flows is responsible for constraints
such as the capacity of the system, and limit of the maximum output. The planning
and control, which is dependent on the information flow, can be used to retrieve
data which can be used to change the system to get improvements.

There is three general types of basic production systems used in the industry today,
fixed position systems, batch systems and continuous system (Holstein & Tanen-
baum, 2012). The fixed position system is used in large projects where materials
are moved to the finished product rather than having the product move around.
This type of system is used when producing for example buildings, airplanes and
ships (Bellgran & Säfsten, 2010). An overview of the fixed position layout can be
found in Figure 2.1.
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2. Theory

Figure 2.1: Fixed Position Layout

The batch systems or job-shop system uses general purpose equipment to produce
smaller batches of product which are moved between the resources (Holstein &
Tanenbaum, 2012). The specification of the products produced in batch systems
can vary a lot between one batch to the next. This type of system can be used
when producing many different product types in small volumes(Bellgran & Säfsten,
2010). An example layout of a batch system is shown in Figure 2.2

Figure 2.2: Batch System Layout (Bellgran & Säfsten, 2010)

The third common system is the continuous system were the products are processed
while flowing through the system. To help the products move from process to pro-
cess a common solution is to use conveyor systems to move products through the
factory, see Figure 2.3 for overview of a continuous system. The continuous system
is used in large volume applications were the products does not differ so much be-
tween one another (Bellgran & Säfsten, 2010). Tasks along the continuous system
are often divided into shorter segments in which the workers can perform the tasks
in a efficient way (Holstein & Tanenbaum, 2012).

6



2. Theory

Figure 2.3: Continuous System Layout (Bellgran & Säfsten, 2010)

2.1.1 Conveyor systems

A conveyor system can be seen as a continuous system were the conveyor is used
to make the products flow through the factory. The max speed of conveyor belts
are restricted by several factors such as belt dimensions, product dimensions, weight
on the belt, and belt load (Ananth, Rakesh, & Visweswarao, 2013). Some of these
are constant factors whilst some of them vary depending on the variations and dis-
turbances in production. The speeds of conveyor belts are then often calculated
based on constant variables which are not accurate in reality due to these oscillating
effects (Mosadegh, Fatemi Ghomi, & Süer, 2017). This results in conveyor belts
either being run at a too high speed without gaining any benefits or running at a
too low speed which results in time losses. Not only does running the conveyor belts
at a higher speed not bring any benefits but it increases the energy consumption
(S. Zhang & Xia, 2010), as well as the noise levels in the facility.

The electricity consumed by conveyor systems is a big part of energy consumption in
companies and is a post which economically could be reduced. As an example a dry
bulk terminal has conveyor systems consuming 50-70 percent of the total amount
of energy. If it is then consider that 41 percent of the total amount of electricity in
the world is produced by burning coal and the coal makes up for 45 percent of the
worlds total CO2 emissions (He, Pang, Lodewijks, & Liu, 2018) there is a big reason
to try to find a way to lower the energy usage. To reduce the energy usage there is a
demand to find solutions which can reduce the amount of electricity needed. One of
the alternatives is to find a speed control to the conveyors. With speed control it is
suggested that the conveyor should not be run faster than needed. For example there
is no need to run the belts at full speed if there is a low load on the belt since there
will not be a higher production output by doing that (He, Pang, & Lodewijks, 2017).

2.2 Production control

Introduces types of production control theories of how to improve and increase the
efficiency of a production system. The chapter also contain an explanation of a new
type of adaptive control system.
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2. Theory

2.2.1 Theory of constraints (TOC)
The theory of constraints (TOC) was introduced in the book "the goal" written by
Eliyahu Goldratt in 1984 (Goldratt, Cox, & Whitford, 2004). TOC is a way to make
business run more smoothly while increasing business income (Butts, 2019). TOC
rests on the principle that every system has at least one constraint which limits the
performance of the system (Rahman, 1998). Hence in order to improve a system
the company has to find these constraints, often called bottlenecks. The importance
lies in reducing the impact that the bottleneck has for the business environment.
By continuously seeking these constraints a company can refine the processes and
with that improve efficiency (Butts, 2019).

TOC is built up with five steps of how a company should think and react in regards
to exploiting the constraints (Şimşit, Günay, & Özalp Vayvay, 2014). An exploited
constraint will make the process smoother which will improve a company’s efficiency
(Goldratt et al., 2004). The five steps are listed below:

1. Identify the constraint
In the first step of TOC the business need to find the constraint(s) of the
system, a good way to find the constraints can be to look into areas in the
business in which there is excess WIP. Equipment and underlying systems is
commonly found to be constraints since if they are not working correctly and
have redundancies it can negatively affect the system (Butts, 2019). Con-
straint does not necessarily only exist inside the company, constraints from
the outside can be eg. competitors to a specific market segment (Butts, 2019).

2. Exploit the constraint
The second step in TOC is to exploit the constraint, these exploits have to be
done using resources that the company has at hand (Butts, 2019). It could be
to move processes to other departments or use different machines that already
exists in-house. If there is a need, the business could hire a company to help
out with some of the workload.

3. Subordinate everyone to the constraint
In the third step, also known as the subordinate step, the business leaders
have to make sure that the weak link gets support from the other links in the
company (Butts, 2019). If the third step does not solve the constraint, the
next step which is to elevate the constraint has to be initiated.

4. Elevate the constraint
When elevating the constraint the leaders have to find new ways to solve the
problem, this can include spending money to solve the constraint if necessary
(Butts, 2019).

5. Prevent inertia to become the constraint
The last step of TOC is to find a new constraint to do the process all the
way from the beginning. There is always a constraint in a system that can be

8



2. Theory

improved upon to increase the efficiency within a company (Butts, 2019). The
TOC is a continuous process which should be used to increase the financial
performance over a long period of time.

2.2.2 Adaptive Control Systems
There are many different adaptive control systems which can be used to increase
efficiency within production. One of these adaptive control systems is Adaptive
Line Balancing (ALB). ALB offers a dynamic control of a production system since
it allows for online changes to be carried out based on the current status of the pro-
duction. Using the TOC methodology, ALB is constantly applying step 1, 2, and
3 on the production system. The advantage of dynamically applying TOC is that
bottlenecks are rarely constant bottlenecks but rather the bottleneck shifts during
production (Roser, Nakano, & Tanaka, 2003). This means that a "static" or offline
implementation of TOC can not account for all of the dynamics in a production
system.

ALB breaks down the structure of a production line into zones, segments, machines,
and conveyors. A line may contain several zones and a zone is defined as a part
of the production line which starts or ends with either a diverter, assembler, or
merger. Each zone contains one or more segments, each segments starts and ends
with a machine and in between the machines there is one or more conveyors. How
segments are divided in a continuous system is over viewed in Figure 2.4.

Figure 2.4: How ALB divides a system into segments

To identify bottlenecks in the system, ALB monitors the WIP in each segment. If
there is a high WIP in one segment ALB may increase the speed of conveyors and
the end machine of that specific segment and thereby lower the WIP and increase
the throughput in that segment, hence exploiting the constraint. If the end machine
in the segment is already running at full capacity, ALB will reduce the speed, or
turn off, upstream and downstream machines to avoid wasting energy, hence subor-
dinating everyone to the constraint. The feedback function can be seen in Figure 2.5.
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2. Theory

Figure 2.5: ALB feedback function

2.2.3 Production monitoring
The Sub-Chapter gives an introduction to what WIP is and how it affects companies
economical. There is also explanations to different types of systems which can be
used to count and monitor WIP within a production system.

2.2.3.1 WIP counting in production

WIP is the amount of products that has entered a system but are waiting to be
completed or the value of these parts. WIP is part of a company’s balance chart
and include costs of raw material, labor and overhead costs which has gone in to
moving the product to were it is in production. Finished goods that are stored in
inventories are not to be counted as WIP and neither is raw material which has not
entered the production yet. When the product moves through the production the
production cost of the product increases, this cost is accounted as increased WIP
cost of the product. The product goes from being counted as WIP to finished goods
when it is complete and ready to be sold (Investopedia, 2020). There are a num-
ber of different ways to count WIP and a some of them are mentioned in this chapter.

Photoelectric sensors
The sensors that are used in the test rig is of a type called photoelectric sensors.
This sensor is very flexible and can be used in many different applications. The
photoelectric sensor is a device which can detect differences in light levels which are
being sent from a light source. The sensor contains a light source, amplifier, signal
converter and an output (Tri-Tronics, 2020). There are three types of photoelectric
sensors, the thru-beam, retro-reflective and diffused reflective sensor.

Thru-beam sensor, also called opposed sensor, is a constructed as a two device
unit, one which transmits the light and one that receives the light. The sensor detects
an object when the light beam is interrupted between the two units. The advantages
with the thru-beam sensor is that it is the most accurate and has the longest range
out of the types of photoelectric sensors. It is also the preferred device in dirty
environments making it a good choice in factory environments. Disadvantages is
that it needs to be correctly installed. If the setup between the two units is wrong
the system will not work as intended. Therefor it is important to install the sensors
correct to get a working and functional system (Tri-Tronics, 2020).
Retro-reflective sensor, is built up with the light source and receiver encased into
the same unit. The sensor needs a reflector to be able to give signals. The sensor
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sends out the light which are reflected and sending it back to the light receiver. To
detect an object the sensor gives a signal when the light path is interrupted. The
retro-reflective sensor can be used on large objects as well as detecting fast moving
objects. The advantage of these sensors is that they are cheaper than thru-beam
sensors while also being the best alternative if the materials that needs to be detected
are transparent (Tri-Tronics, 2020).
Diffuse reflective sensors, are just as retro-reflective sensors a single unit con-
taining the light source and receiver in the same housing. The difference between
the two is that the diffuse sensor does not require a reflector to be able recognise the
returning light. The disadvantage due to that comes with the fact that the sensing
distance is the lowest between the sensors mentioned in this chapter. So why is
this solution used when there is more accurate alternatives? The diffuse reflective
sensors are the easiest to install since there is only a single device, the unit is also
cost efficient compared to the other sensor alternatives. The drawbacks other than
shorter sensing distances is that it can be affected due to color, texture and dirty
environments (Tri-Tronics, 2020).

Radio-frequency identification (RFID)
Another solution to monitoringWIP in a production system is to use Radio-frequency
identification (RFID) which is a tag mounted on for example a pallet transporting
the parts in a production system. The tag is equipped with a small radio transponder
which can send and receive signals. When the tag gets triggered by a electromag-
netic pulse, the tags sends digital information to a RFID reader. Often this digital
data is a identifying number which can be used when for example storing parts in
warehouses.

The advantage with using RFID is that the tag can be read without having line
of sight, making it superior to barcodes and other scanning solutions (Baysan &
Ustundag, 2013). Since there is no need of line of sight to read the tag, RFID
provides a production site with less human intervention since the reading can be
performed from longer distances. The readings are also fast and accurate so thereby
there is no need to stop the line to perform the readings (Baysan & Ustundag, 2013).

Although the RFID technology is good and functional it comes with a price. The
hardware cost and mainly the price of the tags is the reason to why RFID is not
implemented as much as the technology is capable of in the industry today. There
is reusable tags available on the market but they need to be manufactured in more
durable materials and there is a need to reprogram them when used with different
product types (Baysan & Ustundag, 2013). Also the amount of information needed
to be stored in the tag will change the costs, more memory equals a larger cost
(Baysan & Ustundag, 2013). Because of the price to the RFID tags these types of
systems is most commonly used within closed-loop systems since the tags can often
be placed on pallets which will be stationary giving the tag a long lifetime for the
same type of products (Ullah & Sarkar, 2020). In open loop systems, using RFID
on mass production of cheaper products would therefore most likely heavily increase
the cost per product and is hence not a feasible option.
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Benefits from using RFID technology is that companies can get increased visibility
of were the products are within the system by scanning the tags. By knowing were
products are in the factory the accuracy of WIP can be improved. With the in-
formation that RFID gathers, companies can use that data to support adjustments
and controlling the production (Yin, Gao, & Tian, 2012). It can lead to companies
being able to lower the amount of labor and stock needed within the company which
would decrease cost significantly (Baysan & Ustundag, 2013).

Vision systems
Detecting and counting products can also be performed by using a vision system.
Vision systems uses algorithms and filters to find objects within pictures and can
be used to identify and count objects (Huansheng, Haoxiang, Huaiyu, Zhe, & Xu,
2019). A vision system uses a tracking region in which it identifies objects, and then
there is a counting line which is used to keep track of the amount of objects which
passes the line (Kim, Choi, Choi, & Ko, 2002). With help of algorithms there is
possibility to create segments in a picture (Huansheng et al., 2019), these segments
creates a possibility to count multiple lines using only one camera.

2.3 Simulation of production systems
Theories of how to proceed when creating a simulation model of a production system
in a virtual environment. The chapter also contains how to verify and validate the
model against a physical counterpart.

2.3.1 Digital Twin
A digital twin is a simulation model which is real-time based and models an ac-
tual product, process or system. The properties of the model makes it capable
of describing the actual process dependent on certain conditions and giving the
user predictions to how the system works in reality (Schleich, Anwer, Mathieu, &
Wartzack, 2017). With implementation of a digital twin companies can use field-
level data to decide between different actions to make sure that the system operates
in the most optimal way (Kritzinger, Karner, Traar, Henjes, & Sihn, 2018). With
an implementation of a digital twin companies can potentially find solutions which
increase the accuracy and efficiency of production systems.
The original form of digital twin was constructed to give the user digital information
of a physical process which was developed on its own but connected to the physical
system. By using digital twins in the design process technicians can try the function
and use the system practically before it has been physically assembled (Ungvarsky,
2019). This way the digital twin can be used to find childhood diseases and find
solutions to them. This can reduce costly errors compared to finding the errors on
a physical product (Ungvarsky, 2019). The digital model should contain all needed
information about the physical system, the information could be gained by collect-
ing the data from the real world application (Kritzinger et al., 2018).
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2.3.2 Banks Methodology
Banks methodology is a methodology founded to be used as an aid in simulation
projects. The methodology breaks down simulation projects to 4 phases consisting
of a total of 12 different steps (Banks et al., 2010). Each phase contains several steps
which are all shown below in the flow chart in Figure 2.6. The preparation phase
consists of steps 1–4, the model building phase consists of steps 5–7, the analysis
phase consists of steps 8–10, and the implementation phase consists of step 11–12
(Banks et al., 2010).

Figure 2.6: 12 steps of a simulation study (Banks et al., 2010)
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Problem formulation The first step in the methodology is, as in almost any study,
to properly formulate the problem. It is important that all stakeholders agree with
the problem formulation to ensure that the correct problem is being investigated.
When a problem formulation has been agreed upon the next step is to set objectives
and an overall project plan.

Setting of objectives and overall project plan
The project plan should contain the problem formulation, time plan, objectives of
the project and which level of detail it should use (Skoogh, 2019). Once a project
plan is finished, the project can move on to the two next steps.

Model building
The third step Model building or Conceptual model building entails building a simple
model which describes the system and its logical relations which is usually visualised
as a sketch or a flowchart (Skoogh, 2019). The conceptual model is usually changed
several times during the project in order to be able to describe the system well
enough for the purposes of the project. During these changes it is important not to
increase the complexity of the conceptual model more than necessary as increasing
the complexity requires more resources for the subsequent steps (Banks et al., 2010).
The level of complexity to strive towards should be decided based on the scope and
the level of detail previously determined in the project plan (Robinson, 2015).

Data collection
Data collection concerns both the collection and management of input data. How
much input data that is needed is determined by the complexity of the model. This
means that the data collection should be performed alongside the conceptual mod-
eling or as a iterative process between the two (Banks et al., 2010). Proper data
collection is one of the most important steps in a simulation project and often the
most time consuming (Skoogh & Johansson, 2008). This is due to the fact that
without proper data the simulations will lack credibility, rendering the results use-
less or even harmful since they may lead to incorrect recommendations (Banks et
al., 2010). Since both the conceptual model and the desired input data may change
a lot during the course of the simulation project, both these two steps will go on
alongside the subsequent steps.

Coding
Once a sufficient foundation has been built in the preparation phase, the coding,
or the translation of the conceptual model may begin. This step entails converting
the conceptual model into a computer-recognisable format to be able to simulate
it using a computer. This step may be done with or without a specific simulation
software depending on what the goal of the simulations are.

Verification
The simulation model itself needs to be verified in order to ensure that it is work-
ing as intended. This step is as several of the previous steps often a very iterative
process where several iterations of coding and verification normally is needed. The
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verification may be performed through many different methods.

Validation
To assert that the verified model accurately reflects the real system, it also needs to
be validated. To validate a model it needs to be somehow compared to reality, this
can be done in many ways and if there are inaccuracies in the model the developer
should go back to either the input data management to assert that it is correct, or
to the conceptual modeling to investigate why the model is not accurate enough.

Experimental design
If a company is carrying out a simulation study, there has to be something they
want to test or analyse. This means that there should be some form of experiments
on the simulation model which should be carried out. In order to do so the analyst
should first design the experiments. In this step the analyst should clearly state
how the experiments should be carried out, which parameters should be altered and
extracted, and how many times the system should be run (Banks et al., 2010).

Production runs and analysis
Once the design of the experiments has been agreed upon it is time to carry out
the experimental production runs and analysing them. The runs should be carried
out as stated in the experimental design. The analysis may be performed in many
different ways and if it is done with simulation software there are often built in
functions to aid the analyst in analysing the data.

More runs?
From the analysis the analyst should be able to determine if enough data has been
gathered for the objective of the study or if there is a need for more data. If more
data is needed the analyst might only need to do more runs but there might also
be a need to go back and look over the experiments to ensure that they entail all of
the aspects necessary before doing additional runs.

Document program and report results
When the analyst is content with the results from the simulations, it is important to
properly document the project and report the results. The documentation should
not only include the obvious parts such as methodology and results, but also docu-
mentation for the simulation model/program. This allows for the model to be used
again, either for other projects or for other to replicate the simulations to get a
better understanding for the correlations of the model and the real system (Banks
et al., 2010). Having proper documentation for the program also allows for decision
makers to try the model themselves which should increase the analyst’s credibil-
ity. The results themselves is recommended to be continuously reported throughout
the project. This allows the people who are not working with the project on a
daily basis to still stay updated which allows for misunderstanding, and recommen-
dations to arise early, overall increasing the quality of the results (Musselman, 1998).
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Implementation
The final step in a simulation project is Implementation. The success of this step is
fully dependant on how well all of the previous steps have been performed. A well
performed simulation study should have generated enough data and precision to be
able to know what changes to the system would be beneficial. If the previous steps
have been poorly executed, the data may give false indications. Step 7 is the most
prominent step to cause faulty data if it is not performed properly (Banks et al.,
2010).

2.3.3 Verification
Verification is the process of checking the model to assert that it is working as
intended and it can be done in many different ways (Skoogh, 2019). Simulations
with animations may be studied in order to see that entities in the simulation are
moving as intended and that they are not disappearing. Using a debugger to be
able to pause and step through the execution of code is another good method to
use since it allows the developer to assert that the logic is acting correctly based
on the current state of the model. Checking the inputs and outputs of the model
allows the developer to get a good indication if the model has reasonable results.
If the outputs and logic in the model is working as intended, the model should be
properly verified (Banks et al., 2010). However, a verified model is not guaranteed
to accurately reflect reality. A verified model only means that the model is working
as the conceptual model but the conceptual model may very well be too simplified
or contain incorrect assumptions.

2.3.4 Validation
Validation is the process of asserting that the simulation model is accurately enough
reflecting the real system. And as with verification there are numerous ways of
performing this process. Naylor and Finger(1967) proposed a methodology which is
recommended by Banks (2010) to help with the validation process which consists of
three steps. These steps are:

1. Build a model that has high face validity.
2. Validate model assumptions.
3. Compare the model input-output transformations to corresponding input-

output transformations for the real system.

To check the high face validity of the model, it should be checked by persons who
have a good knowledge of the system which is being modeled. If several persons
whom are well acquainted with the real system thinks that it looks probable then
the face validity of the model is high (Banks et al., 2010). Once the model has a
high face validity, the model assumptions should be validated, the way to validate
these depends a lot on which assumptions have been made. Banks (2010) divides
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model assumptions into two different categories: structural assumptions and data
assumptions. Structural assumptions mainly concern assumptions from the con-
ceptual model while data assumptions mainly concerns assumptions from the data
input management. Structural assumptions may be validated through observing
the real system to see if they are accurate enough. Data assumptions are validated
through controlling the reliability of the input data (Banks et al., 2010). If both the
structural and data assumptions are accurate enough, the validity of the assump-
tions is validated. Once the assumptions are validated, the final validation step is
to compare input-output transformations for the real system and the model. This is
commonly done by either using the model to predict how the real system will react
to specific inputs or by using historical input data to run the model and compare the
output to the historical output data. Since most simulation models are created to
test the impact that future changes would have on specific parameters, the outputs
used to validate the model should be the same as the ones that are to be tested
later in the experiments (Banks et al., 2010). Once all of the above validation steps
have been completed the model should accurately enough reflect the real system
and hence be validated.
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Methodology

The overall methodology of the thesis followed Banks methodology with some slight
modifications to handle the complexity of the simulations (Banks et al., 2010). Since
the goal of the final simulations was to have a simulation model controlled by virtual
PLCs which were controlled by ALB, four models of the system was built. However,
only the final model was validated and used for the experiments later on. This is due
to the fact that each model was built to only verify some of the total functionality.
The first model was only the basic system without any added control. The next
two models were built with ALB and virtual PLCs separately and the final model
was with all of the separate pieces together. This allowed for each part to be
verified separately and problems with each part could be fixed before the parts were
integrated. Even though this required a lot more work before the final simulation
model could be built, it significantly lowered the work required to build and verify
the final model. Furthermore this methodology assured that the quality of the final
model was high. A simplified workflow is presented below in Figure 3.1, the model
building blocks in the figure are further explained in section 3.2.
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Figure 3.1: Flowchart of the order the methods was executed

3.1 Data input management

As the project began the majority of data about the real system was neither available
nor possible to collect since the system was not currently operable. Some examples
of this sort of data was the highest speed that it was reasonable to run machines and
conveyors with. Both the conveyors and the machines had known maximum speeds
that they could be run with. However, the max speed at which they can be run is
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not the same as the max speed that it is reasonable to run the system with when
there are products in the system. Hence these would need to be investigated once
the real system was operable they could not be used in the first simulation models.
In order to have data to test the simulation models with, the unavailable data was
estimated based on the capacities of the motors.

The real system in this project was a mock up made specifically to test the func-
tionality of ALB. This means that several of the parameters were data that had
to be decided rather than collected. Two of these were the takt time and failure
times. These two were decided to be part of the experiments later on, to give the
system different characteristics to test several scenarios. Other parameters such as
how long the maximum queue which was allowed was decided together with the
PLC-programmer at FlexLink whom have extensive knowledge of their production
systems. All of the parameters which was to be determined were added in both the
simulations and the real system which meant that those parameters were exactly
the same in both versions.

3.2 Model building and conceptual modelling

The work was divided into four sections to ensure that each step of the process got
verified before going forward. The approach was chosen to ensure each individual
model worked as intended before moving on to the next model. To build the models
a conceptual model was created for each model. The conceptual model was then
translated and verified before the next model was started. The methodology of the
model building is shown below in Figure 3.2.

Figure 3.2: Process of verification in model building
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3.2.1 Model 1: Base model
The first model was built using Visual Components (VC). Since this model was the
base for the subsequent models, a limited amount of logic was implemented. The
basic geometry of the test rig was built and the minimum physics required to run it
was implemented. This means that the base model only had constant speeds which
were set before the simulation started on all of the components and no control logic
was implemented. Further information about the test rig can be found in Chapter
4.1.

3.2.2 Model 2: ALB model
The implementation of ALB into FlexLink Design Tool (FLDT) has been tried be-
fore at FlexLink but has never been verified with satisfactory results. ALB is written
as a python script which can be run independent or implemented into VC. Since
earlier implementations of ALB has been using FLDT as simulation software they
have needed to use RabbitMQ with an input panel called Human Agent Interface
(HAI) to manage the communication between software and simulation. In Figure
3.3 an overview of how the communication was implemented in earlier experiments
is shown.

Figure 3.3: Overview of earlier ALB implementation

Although this implementation has been used before and have been demonstrated
to work. The amount of time and work it would take to set it up every time as
well as having a server to connect to was unnecessary due to the tests needed to be
performed was quite small. Therefore, the need to find a simpler and more usable
solution arose. It was decided to try with an implementation where ALB would to be
directly called from the Python files within VC by translating the scripts to Python
2 and adding them into the site packages in VC. The overview of the solution can
be found in Figure 3.4. With this solution, there would not be any need to setup a
server for each and every test since there would not be any communication problems
between different software languages. The solution of implementing ALB straight
into VC was not the most realistic solution in regards to being implemented as a real
world application. In a real world implementation there would be some hardware
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which the data has to go through and there would be a panel for the operator to
overlook the production and change input values into ALB dependant on the need
in a factory. But, to be able to verify the functionality of ALB it was enough to
implement it directly in VC.

Figure 3.4: Overview of new OPC-UA solution

To create a simulation which works as the real system there was a need to create a
component which could act as the steering unit of machines and conveyors. To cre-
ate such component which would work as a PLCs in the real system the modelling
function of VC was used. The components created was named MachineController,
SegmentObserver and MainController and these were given functions of what ALB
needs to terms of inputs and also a method to receive the speeds which ALB cal-
culates and sends to the operating units. The MachineController is connected to
all of the machines in the production line and hold all of the information about
the machines (maximum speeds, ID, segment ID, etc.). The MachineController also
receives the speeds for the machines from the main controller and sets each ma-
chine to the desired speed. A SegmentObserver was also created which worked as
a counter which counts the WIP in each segment and also holds the properties of
that segment. The MainController is connected to the MachineController, all of the
conveyors and all of the SegmentObservers. It collects all of the data that ALB need
from the connected components and builds the input files for ALB. When the sys-
tem is running, MainController continuously calls ALB and then sends the output
speeds to the MachineController and all of the conveyors.

The input data needed for the ALB software to work is to receive the WIP data from
every segment. If this is not fulfilled the software will be unable to do the necessary
calculations. From the WIP values the software will perform calculations and then
respond to the system by sending machine and conveyor speeds. The value of these
speeds are a percentage value to the max speed of the component which is receiving
the data. Thereby, the value sent from ALB to the system will be between 0 and 1.

ALB also needs additional information about the system such as length of conveyors
etc. This is fed to the software through a config file. An example of a config can be
found in Figure 3.5. These values are given to ALB once but can be changed by an
operator depending on how the system should act.
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Figure 3.5: Example of how a system config can look like in ALB

3.2.3 Model 3: Virtual PLC

OPC-UA or Open Platform Communications Unified Architecture is the industry
standard for secure and reliable exchange of data between machinery. OPC-UA is
an independent platform used to create smooth information flows between compo-
nents from different manufacturers (OPCFoundation, 2020). Since VC has built in
support for OPC-UA this allows the user to connect the simulation environment to
a OPC server in an easy way as long as the server is set up correctly. The virtual
PLCs were run using Siemens PLCsim Advanced software which also has support
for OPC-UA. Since FlexLink’s standard is to have separate PLCs for conveyors and
machines, the test rig has two separate PLCs. This means that in order to make
the simulations with VC and virtual PLCs realistic, two separate PLCs were emu-
lated. If both of the PLCs are from FlexLink they will normally be communicating
directly with each other. However, it is not uncommon for FlexLink to only be the
hardware owner of the conveyor systems in production lines, i.e. the controllers for
the processing machines may often be of other hardware. When that is the case,
communication between the PLCs can not be guaranteed. Since the direct commu-
nication is purely an advantage, having a setup where no direct communication is
allowed between the two PLCs means that the results are valid for both of the above
scenarios. Hence in the simulations for this project the two emulated PLCs will not
have any direct communication. To allow for this setup, both of the emulated PLCs
hosts a OPC UA server to which VC have a separate client connecting to each. With
the two clients connected to the different servers, the signals from the VC model
was paired up manually to the corresponding variables on the server. Overview of
the solution can be found in Figure 3.6.
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Figure 3.6: Overview of setup Visual Components to virtual PLCs

The process of connecting the variables between the PLCs and VC was done using
the User Interface (UI) in VC. The UI is simple and allows the user to browse the
contents of the server and the simulation environment to select and pair the desired
variables. The PLC however does not allow values in the OPC-UA server to be
written directly to inputs which means that separate variables were added in the
PLC programs to allow for them to take values from the server and then mirror
them to the inputs. One of the problems with this setup is that in the simulation
environment it’s often desirable to use a high simulation speed to quickly collect a
lot of data. But since the PLCs have filter times for the sensors and some delays in
their logic, a high simulation speed kills the functionality of the PLCs.

3.2.4 Model 4: Final model
Since ALB lacks several functionalities of a complete control system, it can not prop-
erly control a production line without another controller, in this case a PLC. This
means that ALB is not allowed to have any direct connection to the production line,
it should only exchange data with the PLCs. To replicate this in the simulations,
ALB is not allowed to exchange any data with the simulation model. Instead ALB
collects data from the PLCs from the OPC-UA servers. In order to do so, a script
was written which sets up two Python OPC-UA clients using the Free OPC-UA
repository (Roulet-Dubonnet, 2020). The approach works as following, the script
collects data from the OPC-UA servers, updates the inputs for ALB, calls the ALB
function and writes the outputs from ALB to the servers. While the simulation is
active ALB will be running and sending its outputs independently of the production
state. The overview of the system can be found in Figure 3.7. The PLCs however
have several functions which all override the values from ALB. Examples of func-
tions which overrides ALB are emergency stop, full queues, machine breakdowns
etc. This means that ALB is setting the speeds in the production line during the
times when the PLCs would be using the "standard speeds" (from HMI or set in
their logic), which means that ALB is only complementary to the normal production
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control.

Figure 3.7: Overview of setup between ALB to test rig

For the aspect of testing the functionality and setting up the connections it was
easier to have both the emulated PLCs and the Python scripts running on the same
device instead of having them on separate computers. In the real world however, the
PLCs and ALB would never be run on the same hardware. To mimic that, the con-
nections were also tested when the emulated PLCs were run on one computer and
the scripts were run from another computer connecting the two computers through
a switch. The test of using multiple devices through a switch ensured that there was
no problem with the functionality when the softwares were run from different devices.

3.2.5 Verification of simulation models
Since the four models were built separately to be able to test their individual func-
tionality, they were also verified separately. The first model was verified by several
different techniques, the first one was studying the model animation and looking
at the statistics of the machines to ensure that they were operating as intended.
Beyond studying the animations and statistics, one of the employees at FlexLink
continuously inspected the functions to assert that they were correctly coded.

The second model, with ALB integrated, was verified through extensive use of the
debuggers and prints to assert that values were changing and being communicated
as intended. The calls for ALB itself was checked with the developer of ALB to en-
sure correct inputs were given to ALB and that the outputs were feasible. Beyond
the code checking and prints the model animation was also studied to ensure that
the adding of ALB did not obstruct the previously verified functionality from model
1.

The third model, with virtual PLCs, was verified by looking a lot at the data sent
from the PLCs and assuring that it reached the simulation model. Several short test
runs were made where data was sent between the virtual PLCs and the simulation
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model to ensure that all data was sent and received correctly.

Since all of the previous models were verified, the final model was just the addition
of them all on top of each other, the chunk of verification of the final model was
already done. However, even though most of the functions in the model was verified
separately, the layering of them had to work as well. The interplay of the functions
was verified by making short runs and studying if all of the variables were sent and
received correctly. Furthermore, since ALB was now run from a standalone Python
script communicating with the PLCs the Python script had to be verified as well.
The verification of the Python script was done by using the built in debugger in
PyCharm and also by studying the interplay of the PLCs and ALB, asserting that
the information from ALB was successfully communicated with the PLCs.

3.3 Validation of the final simulation model

The validation process for the model was performed by doing the same tests in real-
ity as in the simulation environment. The first tests was performed by doing small
runs of the simulation model while comparing the behaviours and properties to the
test system (Murray-Smith, 2015). The behaviours that was examined was how the
product flow acted in the model by looking at spacing between products as well as
the flow through the system. This method does not give complete validation, but
it can help giving an overview to if the model compares to the real system. When
validating there is need for both quantitative and qualitative methods to get a sat-
isfying result (Murray-Smith, 2015).

When the behaviours of the test system and simulation model matched each other
the next step was to investigate if the speeds between the two systems were the same.
If not the simulation model would need to be adjusted. To do this the two systems,
the test rig and simulation, was ran for one hour. The test was done to compare the
throughput numbers of the systems and if those did not match, adjust the speeds in
the simulation model to match the test rig. The speeds from the PLC program was
implemented into the simulation. Although, there was some questions regarding if
the machine speeds were credible and had the same speed as the number sent to
them. To be able to secure that the machine was working in the intended speed the
conveyor after the machine was setup to run at the intended machine speed. The
machine was adjusted to match the conveyor speed by changing the gear ratio of
the motor which drives the motorised screw and thereby moves the products forward.

As a final validation step the model was run whilst data was collected from the
PLCs. The collected data was throughput, WIP values and speeds in the system.
The same data was then collected from running the simulation model with the same
inputs. These two data sets was compared to determine how accurate the simulation
model was.
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3.4 Preparation of experiments
The chapter contains explanations of the experiments chosen and how these were
conducted. Further there is information of how to gather the correct data for vali-
dation of ALB both in simulation in VC as in reality on the test rig.

3.4.1 Experimental plan
The experiments consisted of running the model with constant speeds or with ALB.
To give a result on how ALB would perform compared to the constant speed model in
several different scenarios, some of the input parameters to the system was changed
to slightly change the characteristics of the system. The parameters which were
altered were: Takt time, feeding pace and breakdowns. Since the takt time and
feeding pace are correlated the feeding pace was set with regard to the takt time.
Whilst both takt time and feeding pace are just scalar values, the breakdowns in this
regard entails both frequency and length of down times. The experiments contained
in total four different breakdown patterns and three different takt times and feeding
paces.This gave a total of 12 different systems to be tested both with and without
ALB.

The breakdown patterns were determined by both mean time between failures
(MTBF) and mean time to repair (MTTR). The length of the times were cate-
gorised as either long, medium or short. For MTTF short meant ≈ 10-15 s, medium
≈ 1 min and long > 4min. For MTBF short meant < 5min, medium was not used
and long meant > 15 min. The full breakdown patterns are presented below in Table
3.1.

Table 3.1: Breakdown times for the experiments

Machine Filler 1 Filler 2 Labeler 1 Labeler 2
Factor MTBF MTTR MTBF MTTR MTBF MTTR MTBF MTTR
Case 1 Long Medium Long Medium Long Medium Long Medium
Case 2 Short Short Short Short Short Short Short Short
Case 3 None None None None None None None None
Case 4 Short Short Long Long Short Short Short Short

The three takt times chosen and the throughput that they would correlate to are
shown in Table 3.2.

Table 3.2: Takt times and corresponding throughput for the experiments

Takt time (s) Throughput (products/s)
1 1

0.67 1.5
0.5 2

Three takt times and four different breakdown patterns resulted in 12 different test
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cases to be tested both with and without ALB. The 12 test cases were ordered as
shown in Table 3.3.

Table 3.3: All test cases ordered by test ID

Test ID Takttime Breakdown case
Test 1 1 Case 1
Test 2 1 Case 2
Test 3 1 Case 3
Test 4 1 Case 4
Test 5 0.67 Case 1
Test 6 0.67 Case 2
Test 7 0.67 Case 3
Test 8 0.67 Case 4
Test 9 0.5 Case 1
Test 10 0.5 Case 2
Test 11 0.5 Case 3
Test 12 0.5 Case 4

To be able to compare the results from ALB and conventional control, the runs with
ALB was performed first and then the average speed of each machine and conveyor.
The constant speeds in the other simulation was then set from the average speeds of
the ALB runs. Setting the speeds like this assumes that the energy consumption is
linearly dependent on the speed of which machines and conveyors are run. When it
comes to the machines this assumption is very dependent on what type of machine
it is and can hence be hard to estimate its accuracy. However, with the conveyors
Shirong Zhang and Xiaohua Xia (2009) shows several different models to calculate
the energy consumption and all of them are close to linearly dependent on the
speed of the conveyors when the other parameters are constant. Hence the linear
assumption was deemed accurate enough.

3.4.2 Output data collection
To gather relevant data, two main data types were chosen for collection. The first
one was the throughput of the system, this one was chosen since it’s a very impor-
tant factor of how well the system is performing. The second one was the speed
of conveyors and machines. This factor was chosen since it directly relates to the
energy consumption of the system and that is the main factor that this thesis aims
to investigate, if ALB can reduce.

The retrieval of data from the simulation model was conducted by using the sta-
tistical function in VC. In the statistical function the user can choose the desired
parameters to monitor. In this case the machine and conveyor speeds were chosen
to be monitored together with the systems total throughput. The chosen data pa-
rameters from the statistical functions are presented as graphs in real-time while
running the simulation. When the run is completed the data can be saved as an
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Excel-file directly from the software.

To gather data from the test rig a logger function was implemented in the python
script. Since the data from the test rig should match the simulation the script was
called upon to log the same data as the simulation, those data being machine and
conveyor speeds and also total throughput. To be able to control that the sensors
used for counting worked as intended, the WIP in every segment was also moni-
tored. The monitoring of WIP is of great importance since the algorithms efficiency
decreases significantly if it count on the wrong WIP values. If the sensors used
for counting is not good enough, there needs to be a better solution for the WIP
counting. The logger function writes all the data to a .txt-file twice a second. With
the help of python functions the data from the .txt-file could be extracted in values
and then get plotted to be able to compare to the simulations graphs.
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Test Case

An introduction to the production system built to validate ALB on. The chapter
contains explanations to how the system works as well as explanations to how the
simulation model was built out of information gathered from the real system.

4.1 The test system
The physical system that is built with the purpose to test ALB on is built as a
closed-loop system, even though the ALB software is developed for open-loop sys-
tems. The idea behind this is because there is no good solution for how to feed a
open-loop system over a long period of time without having someone available to
put in products during long runs. This can be troublesome since a test can have
thousands of products running through the system and if there is not a constant
in-feed the tests will not show the wanted results. Because of that there has to be
a simplified solution to solve the feeding problem. In this case the solution is to use
a closed loop instead of having the open loop which the system really is made for.
Due to the simplification the last conveyor segments will be used as a large buffer
which will have a constant speed and will not be steered by ALB. The buffers only
function is to bring back the products to the feeder to get an even flow without
starvation. The buffer is pointed out in figure 4.1.

Figure 4.1: Buffer in the system

The feeding to the system is performed by using a pneumatic stop driven with com-
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pressed air which can be used to release the product with a specific interval or on
signal. The interval can be adjusted by an operator depending on which speed the
line needs to be run in. Depending on the speed of the in-feed, the system will adapt
due to the change of WIP values in the first segment. The feeder can be viewed in
figure 4.2.

Figure 4.2: The pneumatic air stop which controls the in-feed of the system

Around the line there is sensors placed for ALB to maintain knowledge about the
WIP count in the different segments of the system. The sensors are placed in the
beginning and end of each segment to let ALB know the current WIP in the spe-
cific segment. A segment always contains two machines, one in the start and one
in the end of the specific segment. Between these machines there can be multiple
conveyors moving the products forward. The sensors used in the rig are diffuse
reflective sensors which are emitting and receiving light to determine if there is an
object passing by and thereby counted by the system. A picture of the used sensors
can be found in figure 4.3. Further information about the sensors can be found in
subsubsection 2.2.3.1.
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Figure 4.3: The diffuse reflective sensors used on the test rig

The test system is operated through two separated PLCs where one handles the
machines while the other handles the conveyors. This is a small simplification of
a system out in the industry since in this case there is only one PLC handling all
the machines. In a real application each machine realistically has its own PLC, the
simplification was used since there is no real machines in the test rig. The machines
in the test rig are made of motorised screws which can be used to simulate a cycle
time. The motorised screw has adjustable speed and can be used to make the system
behave as if it would have had machines with an operating time. The screw can be
viewed in figure 4.4.

Figure 4.4: One of the motorised screws which is used to mimic a machine
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4.2 Simulation model

To make the simulated system as close to reality as possible the correct length of the
beams and conveyor segments was needed. Some of the parts are of standard length
in the FlexLink catalog such as end-drives, idlers and wheel bends. The lengths of
the beams connecting end-drives, idlers and wheel bends are not of standard length
and therefor needed to be measured. To find the correct lengths to the system mea-
suring tape was used on the physical rig located in the FlexLink workshop.

Depending on what functionality the model needed to have there was alternatives to
which software was most suitable when developing the simulation model. FlexLink
wanted the model to be built in their own software FLDT which is developed specif-
ically to give the conveyors the functionality they have in reality. The software is
based on the Visual Components (VC) software, but with an E-catalog which only
includes products that FlexLink provides to their customers. The product parts in
FLDT have added functionality to give the system as realistic function as possible.
The advantage of using FLDT over the standard VC software in the simulation
would have been that the functionality of the conveyors is better. This is because
the parts in FLDT has built in software which understands that the parts connected
to each other should have matching properties such as eg. speed and acceleration.
The function of the whole conveyor will be affected depending on which value is sent
to the end-drive. When it came to build up the machines in the virtual world, FLDT
does not have the modelling characteristics needed to build machines which matches
the actual system. Therefore, the need of using VC came into fruition anyway. VC
has a modelling function where the user can add signals to a component object and
these are then given function through Python scripts.

FLDT as a software is really easy to use when it comes to building layouts and
conveyor systems. It is based on a drag and drop system where the parts are picked
from an E-Catalog existing in the software. When starting to build a layout the user
chooses a part from the E-Catalog and drops it in the 3D world in the software. The
software will then give the user alternatives to which part should be used to continue
the conveyor. For example the user get the alternative to turn the conveyor, make
it straight, give it an uphill angle or to end the conveyor. If the user then wants
to connect a machine to the conveyor the user simply drags in a machine from the
E-Catalog into the 3D world and connects it to the conveyor through the built in
snap function in FLDT.

Since VC and FLDT are compatible with each other and uses the same file format,
models built in FLDT can easily be imported into VC. Despite that the programs
can share layouts the model from FLDT lost some function to how the conveyors
should be operating after opening the file in VC. The loss of function happened
because VC does not understand that the parts that a conveyor is built up with
(End-drive, Idler and Beams) has a relation to each other and gets its inputs from
the end-drive. To co-op with that, the software team at FlexLink have developed a
component called SpeedChanger which can be connected to a conveyor. The Speed-
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Changer will finds all components that are connected in the conveyor configuration
and is used as a source which can be used to change inputs to the whole conveyor seg-
ment. The SpeedChanger lowers the difference between the model in FLDT and VC
respectively to the communication coming through the SpeedChanger-component in
VC instead of the end-drive unit in FLDT. When using the SpeedChanger it should
be noted that it will try to take control over machine speeds if there is a machine
connected to the conveyor. Therefor, it is important to remove unwanted compo-
nents from the SpeedChangers component list. If not, the simulations will not work
as intended. The removal of machines in the component has to be done every time
the model is opened in VC.

The VC software also includes a connectivity function from which there is a pos-
sibility to connect the model to virtual PLCs to further test functionality towards
a real life application. This is convenient since further into the project it will be
investigated to how an application with ALB should be able to control one or multi-
ple PLCs in a real context. The reason to why FlexLink wants to know if ALB can
be connected to PLCs is because they want to sell the software to companies which
already has a conveyor system in place and many of those systems are ran by PLCs.
So instead of having to sell the customer new hardware, FlexLink wants to be able
to implement new software to the existing system to give a more efficient production.
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5
Results

The chapter contains the results from tests and experiments in the simulation model
and test rig. It also presents a comparison of the results from the runs with ALB
and without.

5.1 Validation results
The final validation was conducted by comparing the machine speed curves from
the test rig and simulation model to see if the graphs had similarities and in best
case looked more or less alike. During the validation the test rig was run with
breakdowns according to case 1 (see Table 3.1) and with the takt time set to 1. The
simulation model was run with the same parameters and compared to the test rig.
The resulting machine speeds for all of the machines are compared below in Figures
5.1–5.4.
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Figure 5.1: Comparison of the resulting speeds for filler 1 in the real system and
in the simulation environment.
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Figure 5.2: Comparison of the resulting speeds for filler 2 in the real system and
in the simulation environment.
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Figure 5.3: Comparison of the resulting speeds for labeler 1 in the real system and
in the simulation environment.
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Figure 5.4: Comparison of the resulting speeds for labeler 2 in the real system and
in the simulation environment.

The graphs of the machine speeds shows that with the same input the rig and sim-
ulation works very similar and appears to have the same behaviours during the run.
The real system does have a less stable behaviour with some additional spiking both
to high values and to zero. This is mainly because the sensors in the test rig often
incorrectly signaled for full queue and stopped the preceding machine, causing all of
the machines to react to the unexpected stops. This behaviour was noticed during
the run and is caused by faulty sensors and was not considered a deviation between
the two models, but rather a fault in the real system.

The throughput was also collected in the real test rig and compared to the through-
put from the simulation model. The results from this test is presented below in
Figure 5.5.
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Figure 5.5: Comparison of the throughput from the real system and the simulation
model.

The resulting throughput of the two systems were very close to each other whilst
their behaviour slightly differed. This is somewhat explained by the fact that the
throughput counter in the real system was not placed in the same place as in the
simulation model. This causes them to count the products at different points which
results in different behaviours. However, since the total throughput from the pro-
duction run was close, the small difference in their behaviour is considered negligible.

Overall the simulation model very closely resembled the real system and was deter-
mined to be of high precision.

5.2 Simulation Results with ALB

In the simulation environment, ALB managed to find a steady state for almost all of
the tests. When a breakdown occurred ALB adapted the whole system and after the
breakdown ALB reached a new, often the same as before, steady state. In Figure 5.6
a typical example of how the speed of the machines vary during a run is shown.
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Figure 5.6: Speed curve of labeler 1 from test 9 with ALB.

However, when there is a lot of short failures and the production pace is high, ALB
struggles to find a steady state and the speeds oscillate a lot. Figure 5.7 shows a
speed curve for filler 2 when it is oscillating a lot.
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Figure 5.7: Speed curve of filler 2 from test 10 with ALB.
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The throughput was collected from all of the tests and compared to the requested
output, which is the amount of products that would be produced if the system kept
the takt time. The throughput results are presented in Table 5.1

Table 5.1: Throughput from the tests using ALB, compared to the requested
throughput.

Test ID Throughput Requested throughput Difference
Test 1 3759 4200 -10,50 %
Test 2 4032 4200 -4,00 %
Test 3 4566 4200 +8,71 %
Test 4 3297 4200 -21,50 %
Test 5 5543 6300 -12,02 %
Test 6 5874 6300 -6,76 %
Test 7 6384 6300 +1,33 %
Test 8 4803 6300 -23,76 %
Test 9 7330 8400 -12,74 %
Test 10 7688 8400 -8,48 %
Test 11 8984 8400 +6,95 %
Test 12 6391 8400 -23,92 %

The system did not manage to produce according to the takt time when there were
breakdowns in the system and it slightly overproduced when there were no break-
downs. Although, one reason for this is because there is no algorithm in ALB which
makes the system work faster after a breakdown. So if the breakdowns were re-
moved, the system would most likely follow the takt time.

The runs with ALB also showed a smooth behaviour when it reached the steady
state that it had. During the steady state, the segments had a constant WIP, which
did not change more than up and down with 1 product. The products also had a
consistent spacing where they were evenly spread along the conveyor and did not
queue up in front of the machines.

5.3 Simulation results without ALB

The test without ALB showed a very rigid behavior where the machines were either
running at the set speed or they were down. No behavioural changes were noticed
between the different takt times. The speeds normally behaved as the speed curve
shows in Figure 5.8
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Figure 5.8: Speed curve of filler 2 from test 10 without ALB.

As with the ALB tests, the throughput was collected from each test and compared
with the requested throughput. The collected throughput and the comparison is
presented in Table 5.1.

Table 5.2: Throughput from the tests without ALB, compared to the requested
throughput.

Test ID Throughput Requested throughput Difference
Test 1 3817 4200 -9,12 %
Test 2 3934 4200 -6,33 %
Test 3 4451 4200 +5,98 %
Test 4 3259 4200 -22,40 %
Test 5 5529 6300 -12,24 %
Test 6 5914 6300 -6,13 %
Test 7 6408 6300 +1,71 %
Test 8 4805 6300 -23,73 %
Test 9 7306 8400 -13,02 %
Test 10 7945 8400 -5,42 %
Test 11 8988 8400 +7,00 %
Test 12 6454 8400 -23,17 %

As with ALB, the system did not manage to reach the requested throughput when
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there were breakdowns and it slightly overproduced when there were no breakdowns.
As with ALB there is no function to make up for the lost time when machines are
down and that is why the requested throughput was not met when breakdowns were
included in the system. The takt time when the system was functional, in between
the breakdowns should however be accurate.

5.4 Comparison ALB vs Conventionally steered
system

The simulations of the system with and without ALB shows that without break-
downs the systems slightly overproduce to the asked number of products, while not
reaching the desired number when breakdowns were implemented. Although, it
could be that if the time of the breakdowns were removed, the systems would most
likely hold the takt time given.

To be able to estimate the efficiency of ALB the data from the tests steered with
and without the control system had to be compared to each other. The data that
differed between the tests are listed in Table 3.3. From the tests the corresponding
data sets was brought together and compared against each other. The calculation
used to express the difference between the data sets can be seen in Equation 5.1.
And all the comparisons from the 12 tests can be seen in 5.9.
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Figure 5.9: Comparison of throughput with use of ALB compared to traditional
steering
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The results from the comparison of throughput shows that depending on how the
system is operating in terms of takt time and the amount of breakdowns affects the
throughput of ALB. The data shows that ALB in some situations have a higher
throughput and in certain situations a lower throughput. The test result showed
that the ALB does not have a clear indication that the throughput will increase
using the software. What it does show is that ALB is rather even to a traditionally
steered system, which if ALB shows to be more energy efficient is a large improve-
ment.

Since ALB regulates the speeds within the system in regards to the WIP it was
important to compare how fast the machines in the system was running when ALB
choose the speeds compared to when the PLC program steered the speeds. This
data was collected during the same tests as the throughput was collected and then
the data sets was compared. The calculation used to express the difference between
the data sets can be seen in Equation 5.2. The result which shows the percentage
of speed which ALB runs the system with compared to the conventionally steered
system. The results can be found in Figure 5.10.
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Figure 5.10: Difference of machine speeds in % with use of ALB compared to
traditional steering

The comparison between the data sets show that ALB never runs the machines in
the system with a higher speed than what the conventional system does. Out of the
scenarios tested, ALB showed that in the optimal setting in the test environment
it will run the machines 11% slower than a conventionally steered system. While
11% was the best result in the study, the average between all the test showed that
ALB managed to lower the speed by 5.03%. The tests also showed that ALB never

45



5. Results

ran the machines faster than the conventional system as shown in Figure 5.10. This
result states that in the right settings ALB can be a valuable asset to companies
since it could be used to decrease the energy consumption of a production system
with up to 11% according to the study from Zhang and Xia (2009).

Figures 5.9 and 5.10 shows that with the use of ALB the conveyors will be run on
average 5.03 % lower speed while the deviation in throughput was on average ±1,14
%. These results shows that there were deviations between the runs with ALB and
without ALB but overall neither of them had a significantly higher throughput than
the other one. Further discussion on the deviations can be found in chapter 6.2.4.
With the lowered machine speeds not only is there an energy factor which will be
reduced. The lowered system speeds will lower the sound volume in the factory
which will make the work environment more pleasant for people working nearby the
system. Also with lower speed to the system, the system life time should increase
with a reduce of wear in the machines as well smoother behaviours.

5.5 Summary of results
The simulation model which was of high accuracy showed that with little difference
in throughput, ALB can lower the average speeds of a production line with on
average 5%. The highest reduction of speeds found in the tests were 11% and the
lowest was 0%. The lowest decreases were found in the tests where the system had no
disturbances which lead to ALB operating in the same way as a traditionally steered
production system. However, for all systems which had disturbances, ALB managed
to lower the average speeds of the machines by a minimum of 3%, with minimal
impact on the throughput. This means that according to the results in this study,
ALB should be an improvement to all feasible systems which have disturbances.
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6.1 Validation of simulation model

The validation process did not fully follow the methodology proposed by Naylor
and Finger (1967). The deviation from the methodology was that there were quite
few different inputs tested on the real system in terms of takt times and breakdown
patterns. This means that there is a risk that the real system and the simulation
model would act different in some scenario which has been missed in the validation
process. However, since ALB continuously changes the input speeds of the conveyors
and machines it was determined that it was enough to test one test case. This meant
that instead of doing several different test cases, one test case was instead studied
in depth to assert that the system and the simulation model acted in the same way.
There is of course a risk that some behaviour that would have come up with the
test rig during the other cases have been missed but this is deemed improbable since
there is no reason for the system to act differently due to these parameters being
changed.

Something that was not presented in the validation results is the problems with the
WIP counting in the real system. The WIP values often got offset in the PLCs
and had to be manually adjusted during the test runs. When left unchecked for
some time, the system could accumulate a lot of extra WIP in the counters. This
lead to the system thinking that there were a lot of products on a segment whilst
the segment was in fact empty or only had a few products there. Figure 6.1 shows
how the WIP in segment 2 changed during a run when the WIP was not manually
adjusted.
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Figure 6.1: WIP of segment 2 when it was not adjusted.

The WIP would, almost always after a queue had been formed, increase by some
products. This was not due to more products being in the segment but rather that
the counters in the PLCs did not manage to count down when they left the segment.
This means that the WIP counting in the test rig was not good enough for running
the system with ALB but the simulation models had a perfect WIP counter in order
to be able to actually evaluate ALB. This was a intentional deviation between the
simulation model and the real system and means that the simulation models have
not been validated towards the actual test rig but rather towards the ideal version
of the test rig.

6.2 ALB

Within the research and testing of ALB the algorithm has shown advantages and
disadvantages within use and implementation. In this chapter some of the specifics
of the algorithm has been gathered to be discussed around.
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6.2.1 Similar solutions
This thesis evaluated the adaptive control system ALB as a solution for lowering
energy consumption in production. However, there are other adaptive control sys-
tems and there are other possible solutions to the problem. Siemens have a system
which they call Line control unit (LCU) (SIEMENS, 2019). ALB and LCU have
very similar functionality, they both change the speeds online to diminish the impact
of disturbances. LCU seems to have a more complete set of functions to account
for more factors than ALB and is presented as something closer to a finished prod-
uct. A major difference between them is that ALB wants to perform calculations
every second or even several times per second whilst LCU updates in magnitudes of
minutes. This should mean that the computational power required for LCU is less.
However, no results on how well LCU performs have been found.

Basic on/off control strategies have been shown to reduce the energy consumption
of production systems better than ALB (Chang et al., 2013). The on/off control is
included in ALB which means that ALB should perform at least as well as a system
with only on/off control. Of course this may depend on the system they are tested
on but also the reason why ALB does not implement the on/off control as well is
because ALB is more realistic, it is blind to a lot of information. Unlike the results
presented for the on/off control, no information that ALB would not have in a real
scenario has been sent to it. But this shows the potency of adding more information
flows to ALB.

6.2.2 Implementation obstacles
It is problematic that the ALB algorithm is so dependent on correct WIP values in
all the segments at all times. As mentioned in earlier chapter the sensors used in the
test rig combined with the PLC does not have enough accuracy needed for a good
implementation in a factory today. To make ALB viable to the industrial market,
there is a need to find a solution which secures that the WIP count is correct. Two
potential solutions to the WIP counting of the test rig without bigger investments
is to try other types of sensors and/or increasing the speed of the input signal to
the PLC. The sensors used in the test rig today are diffuse reflective sensors which
is a simple type of sensor that do not need a mirror to return the signal. There
is a possibility that by using a sensor with higher precision than the current ones
there is a possibility to get a sensor solution can work. Another potential reason to
why the WIP count gets an offset by missed products could be that the I/Os to the
PLC is to slow. In such case the PLC does not have the capacity or priority to read
all the inputs that is sent to it. Today the I/Os to the PLCs is through the field
distributors a potential upgrade which would solve the problem could be to install
an external input card to the PLC. Such input card would have much faster inputs
than the ones used today from the field distributor. The PLC could also be setup to
prioritise those the signals on the input card. If a smaller investment solution such
as new sensors or an external input card does not help correct the WIP count, there
is a possibility to investigate in vision systems and see if there is a possibility to
combine that with a sensor system. The vision system could be used to secure that
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the amount of WIP in a segment matches with the value in the WIP counters. If
the counters misses a product the system should be able to recognise the differences.
The system would then need to have a function to adjust the counter value to be
correct with help from the vision system.

When running the system in reality it was noted that after a stop in a machine
there were transients to max speed and to zero. A lot of these transients are caused
by the fact that the full queue sensors gets triggered. The full queue sensors are a
safety feature to make sure that the machines always have empty space on the con-
veyor to send out products. If a full queue is triggered the machine located before
the conveyor will stop. The transients is a behaviour which should be removed if
possible since it might affect energy consumption to be worse, but first and for most
lower the lifetime of machines due to the behaviour of acceleration from zero to max
speed. A possible route for removal of the transients is to use a low pass filter to
filter out the transients.

6.2.3 Production rate
As shown in the results, ALB would cause the system to slightly overproduce when
there were no breakdowns. This may be fixed by further tweaking the tuning pa-
rameters in the inputs given to ALB. However, since the output production pace
was rather close to the requested, more tweaking was determined to be too time
consuming.

When it comes system which have breakdowns, ALB does not manage to regulate
the production pace to hit the requested production rate. This is due to the fact
that ALB is blind to when there are breakdowns in the system and also ALB does
not know if it is behind or ahead in production. There is currently a second soft-
ware under development which is meant to add a second feedback loop to ALB.
This software would then monitor the breakdowns, throughput, and OEE to learn
the correlations of the system. Adding these inputs would allow ALB to account for
outer factors and hence be able to recover for lost production or slow down to avoid
overproduction. Adding functions which dynamically updates ALB on such param-
eters would most likely allow it to hit the production rate with a lot higher precision.

ALB has been proven in the results to be able to maintain the same production
rate whilst lowering the average speed of the machines. This means that it is very
likely that ALB can increase the throughput without increasing the average speed
och machines and conveyors in a system.

6.2.4 Deviations in throughput
Each test was supposed to have the same throughput both with and without ALB.
This means that the speeds for each run without ALB was calculated based on the
results from the runs with ALB. A comparison of the throughput from the tests are
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presented below in Table 6.1.

Table 6.1: Comparison of the throughput from the tests with and without ALB

Test ID Throughput without ALB Throughput with ALB Difference
Test 1 3817 3759 -1,52 %
Test 2 3934 4032 2,49 %
Test 3 4451 4566 2,58 %
Test 4 3259 3297 1,17 %
Test 5 5529 5543 0,25 %
Test 6 5914 5874 -0,68 %
Test 7 6408 6384 -0,37 %
Test 8 4805 4803 -0,04 %
Test 9 7306 7330 0,33 %
Test 10 7945 7688 -3,23 %
Test 11 8988 8984 -0,04 %
Test 12 6454 6391 -0,98 %

In the tests the largest difference in throughput was measured to be -3.23% and
+2.58% but was in most cases within ±1.5% and on average it was ±1.14%. The
difference in throughput is considered low enough to claim that they were not sig-
nificantly different. This means that the resulting speeds of the test are comparable.
Of course even lower deviations would have been desirable since that would make
the comparison of the speeds even more just, but the extra time needed to decrease
the deviations was not justifiable for such a small improvement.

6.2.5 Drawbacks
A drawback of ALB is that the algorithm needs to know the configuration of the
system such as lengths of the segments etc. If ALB is to be implemented all the
data needs to be extracted and added to the algorithms configuration file. This can
be done easily if there is a eg. FLDT model from when the system was originally
built. From that model all data could be extracted fairly easy. But if there is no
documentation, all data will have to be extracted manually on site.

Another drawback is that to make the system work, is that a WIP counting sys-
tem has to be implemented to accompany the line itself. Depending of what type
of system is used to give ALB accurate values, the implementation will vary in
complexity. The test rig that has been used to validate ALB consists of four seg-
ments which each includes two sensors to collect the data needed for the algorithm
to work. In a production system out in industry the amount of segments might be
a lot higher and that would increase work for implementation and setup significantly.

As of today ALB has only been shown to have possibility for implementation on
systems where the products are transported as single units on a conveyor. This is
due to the choice of trying out a WIP counting system with the use of photoelectric
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sensors, which should be the cheapest solution of counting WIP. Now when it has
been shown that today’s sensor solution does not have the accuracy needed there
could with new WIP solutions be other systems where ALB could work as well.
Depending on the construction and accuracy of a vision system, there might be a
possibility that ALB could be functional in systems were multiple products pass a
line at once as well.

6.2.6 Suitable systems
As shown in the results, ALB has little or no effect on a system which is not chang-
ing and does not have breakdowns. In a system as such, ALB would only be useful
for calculating a set value for machines and conveyors, which may just as well be
done without using a complex software.

Systems with a lot of dynamic behaviours such as breakdowns and changes in pro-
duction pace is where ALB would be a good addition to the control system. But as
mentioned several times before, in order for ALB to function there are high require-
ments on the precision of the WIP counting. Which means that ALB today would
probably be best suited to be used in systems with a lot of dynamic behaviour and
which have RFIDs on the products.

Even though ALB has been developed for open loop systems it was indicated in this
thesis that it might also be suitable for closed loop systems. Using it for a closed
loop system may however need some additional changes in either the system or in
the software.

6.2.7 Effects of lower speeds
The results showed how ALB, with lower average speeds on the machines can still
accomplish the same throughput. However, when running the system with ALB
there is a lot more fluctuations in the speeds than without. This behaviour is most
likely increasing the energy consumption but since no exact energy calculations have
been done, it is unclear whether the total energy consumption is lower with ALB or
not.
Better estimations of the energy consumption could be done by performing more in
depth calculations on data from the simulation model. But to be able to precisely
determine the effect ALB has on the energy usage, the best way would be to measure
the energy on a physical rig and compare the extracted data from runs with and
without ALB.

The lower speeds and the spacing of the products along the conveyors means that
fewer products will collide with each other. If they do collide anyway, they will collide
with a lower momentum. This should result in lower noise levels in a production line
using ALB. Furthermore, running machines and conveyors at lower speeds should
prolong their lifespan since it lowers the stress which they are exposed to.
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6.3 Future work
Today ALB is not a finished application which can be directly implemented into
companies in the manufacturing industry. To be able to present ALB to the indus-
trial market, more work needs to go in to investigating and develop a method for
more accurate WIP counting.

As a simplification the feeder solution used in the tests was set to constantly feed
the system. To get a more fluent solution the feeder should be connected to ALB
which would also create a more stable WIP value in the first segment.

To make ALB a complete product for the market an usable UI should be imple-
mented so that a worker can change the values of parameters directly from ALB
instead of having to change the source code. Also, further experimentation with
filters to find a consistent stable behaviour of ALB should be done.
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7
Conclusion

This thesis has, by applying Banks twelve steps of a simulation study, managed to
evaluate ALB as a potential production control system. The thesis has shown that
ALB manages to create a smooth behaviour in the system using the solution of
counting WIP within predefined segments. However, it has also shown ALB is not
suitable for all kinds of systems since several prerequisites needs to be fulfilled for
it to be able to operate efficiently. The system also needs to have certain dynamics
to create the optimal platform for ALB to bring its benefits.

The shown outcomes of ALB was that it logged lower average speeds of machines and
conveyors while still being able to produce the same throughput as a conventionally
steered system. The advantages that should come by using the algorithm was to
lower energy consumption and noise in the facility while increasing running life of the
machines in the system. Although, ALB has also shown that it may cause a volatile
behaviour with speed transients if no other control is added. The volatile behaviour
may cause the opposite effect on energy consumption, life length and noise due to
sudden jumps to zero or max speed of the motors if not regulated in an efficient way.

Finally the thesis shows that with efficient use of an adaptive control system there is
a possibility to save energy by changing speeds of machines and conveyors depend-
ing of the current situation in the system. This adaptive control system still needs
further development to gain accuracy. But in the future adaptive control systems
potentially could be the solution for many producing systems to lower their energy
usage and environmental impact in order to gain advantages within stacked markets.
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