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Summary

In this thesis, a production line simulation model and a predictive maintenance model are de-
veloped. With the simulation model the effect of preventive maintenance on the Overall Equip-
ment Effectiveness can be found. The interaction between the simulation model and predic-
tive maintenance model will give an insight into the quantified effect on the Overall Equipment
Effectiveness when implementing a predictive maintenance strategy in a dairy cup line. This
research will be conducted as a case study of the dairy cup line at FrieslandCampina Maasdam.

In the production industry it is very important to achieve the World Class Manufacturing stan-
dard [1]. World Class Manufacturing strives towards achieving the zeros state [2]. Implementing
an effective maintenance strategy is one way a lot of companies try to achieve this standard
[1]. Effective maintenance can extend equipment life, improve equipment availability and retain
equipment in the proper condition. Poorly maintained equipment may result in breakdowns,
malfunctioning or slower production [3]. Some active maintenance strategies, like predictive
maintenance, can even help reduce the amount of maintenance performed.

To see how well a company is doing, the Overall Equipment Effectiveness can be used. The
Overall Equipment Effectiveness is a quantitative metric defined by Nakajima [4]. The Overall
Equipment Effectiveness can be used by companies as a tool to see where improvements can
be made but also as an indicator as to how the plant, production line or machine is operating.
With the indicators in a percentage of the total effectiveness, the availability rate, performance
rate and quality rate the different losses can be identified [5].

In the dairy industry achieving this zero state is very important [6]. To see how an advanced
maintenance strategy will effect the OEE in the dairy industry, a case study at FrieslandCamp-
ina Maasdam is conducted. FrieslandCampina Maasdam wants to ensure a high OEE for their
dairy cup lines, which is currently at an average of 23.94%, taken from October ’21 until Febru-
ary ’22. Currently this is done with the implantation of preventive maintenance on a part of
the production line, but mostly corrective maintenance is done. This means that when a part
breaks down or causes a lot of unplanned stops, maintenance will be performed. These strate-
gies mean that a lot of losses still occur. To see if the OEE can increase when implementing a
more advanced maintenance strategy this research is set up.

With this research the following research question is answered: To what extent can an ac-
tive maintenance strategy improve the Overall Equipment Effectiveness of a dairy cup
line?

To answer this question first a literature survey was conducted into the connection between
the OEE and maintenance. The Overall Equipment Effectiveness is the product of the avail-
ability rate, performance rate and quality rate. These three factors are effected by the six big
losses. In table 1, the losses contributing to the factors can be seen.

Table 1: OEE factors and the corresponding losses [7]

Availability rate Performance rate Quality rate
Breakdown losses Minor stoppages Quality and rework losses
Set-up and adjustment losses Reduced speed losses Yield losses
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Maintenance strategies have developed from corrective maintenance to preventive mainte-
nance to predictive maintenance and according to some even to process oriented maintenance
[8]. A difference can be made between reactive and active maintenance. In this project there will
be looked at preventive and predictive maintenance as active maintenance strategies. Preven-
tive maintenance aims at reducing unplanned stops by performing maintenance on equipment
before it breaks down [1, 9]. The maintenance is performed at a certain interval, which can be
determined by the manufacturer of the equipment, probability and statistics or experience with
the equipment [9].

Predictive maintenance aims at only performing maintenance if it is needed [1]. The condi-
tion of different parts is used to indicate if maintenance is needed [9]. Predictive maintenance
consists of the following steps [10–12]:

1. Determining vital components to be monitored
2. Determining parameters that indicate deterioration
3. Setting critical thresholds for each variable
4. Data acquisition
5. Data processing
6. Fault detection
7. Prognosis
8. Maintenance decision making

Predictive maintenance is said to have an effect on the environmental safety, reliability. avail-
ability, product quality, costs for parts and labour and waste regarding raw materials and con-
sumables [10, 13].

The link between the OEE and active maintenance can mainly be found in the improvement
of the availability rate when implementing predictive maintenance. With predictive maintenance,
maintenance is only performed when needed, resulting in less planned stops. With both pre-
ventive and predictive maintenance less unplanned stops, like breakdowns, are supposed to
occur. These factors lead to a higher availability rate.

In the performance rate and quality rate the effect of preventive and predictive maintenance
is mostly secondary. For the quality rate in the dairy industry a reason for quality losses is if
the dairy stood still for too long in the production line and has perished. These produced cups
have to be thrown out, resulting in quality losses. If less stops and also the duration of stops is
reduced this problem will occur less.

To see which part of the production line in scope is most suited for active maintenance, an
analysis of the OEE and unplanned stops is made. The analysis of the OEE of the production
line shows that the availability rate is not up to the world class standard determined by Nakajima,
see table 2.

Table 2: OEE values for production line 14, (average over October’21 - February’22) vs. World
Class values

Availability
rate

Performance
rate

Quality
rate OEE

Average 24.6% 98.22% 99.09% 23.94%
World Class 90% 95% 99% 85%
Difference - 65.4% + 3.22% + 0.09% - 61.06%

This shows that the implementation of active maintenance could theoretically lead to an im-
proved OEE. To see which part of the production line is most suited for the implementation of
active maintenance an analysis of the breakdowns occurring is made. From this analysis it is
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evident that the sections which have suction cups are responsible for the largest number of
stops occurring but also for the largest total time spend on stops. Within these sections it is
checked what causes these stops. The largest part of the stop and also the biggest contributor
in time is the fact that cups, seals or lids are missing. The suction cups in these sections extract
the cups, seals and lids from the holders and place them in/on their designated place. If these
cups, seals or lids are not extracted the error message: cup/seal/lid missing shows.

The missing of these materials was found to be due to the following reasons:
• Jamming of material
• Deterioration of suction cups
• Holder empty

If the stop is due to the jamming of the material only one stop occurs, if it is due to the dete-
rioration of suction cup the stops will increase with time, if the holder is empty another error
message saying the magazine is empty will show. If the stops are caused by deterioration it
is something that could be prevented with predictive maintenance. It was checked if this could
really be helped by replacing the suction cups. From historic data the number of stops prior to
replacement and after replacement were compared, this showed a reduction of 8 times.

From here an indicator for the deterioration of the suction cups is chosen. The suction cups
create a vacuum when touching the to be extracted material, this vacuum is set at -0.75bar.
If this -0.75bar is achieved, production continues as normal. If the achieved vacuum is equal
to or above -0.65bar, the production line will stop due to not being able to extract the material.
From historic data the change in the achieved vacuum due to deterioration for all sections is
constructed.

To see what the effect is of implementing active maintenance on the suction cups, a simu-
lation model of the production line is made. This simulation simulates all the stops that occur
in the production line. This simulation model follows the production of 1 row of cups in the pro-
duction line, one row equals 6 cups being produced in parallel. This is done for the stops of all
the different sections, the stops due to maintenance, the changeover stops and stops due to
factors outside of the production line. The distributions for all these stops, how often they occur
and how long they take, are determined from the historic data of October ’21 until February ’22.
The achieved vacuum of the cup, seal and lid vacuum is also simulated for every row produced.
The final output of the simulation model is the availability rate, as this is the factor of the OEE
that will be influenced by predictive maintenance. In figure 1 the outputs of the simulation model
can be seen, this also shows which outputs are used by the advanced maintenance model as
inputs.

Figure 1: Interaction between Model Line 14 and Advanced Maintenance Model

The predictive maintenance model uses the achieved vacuum of the cup, seal and lid section,
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as can be seen in the �gure above, as well as the available time for maintenance from the
simulation model as inputs. In �gure 2 the steps in the predictive maintenance model with the
corresponding inputs and outputs can be seen.

Figure 2: Interaction of di�erent parts of predictive maintenance model

As can be seen for the fault detection the input is the achieved vacuum of the three sections. In
�gure 3a the achieved vacuum (in blue) can be seen with it's corresponding moving averages
(orange). The moving averages is used for the fault detection of the suction cups. In �gure 3b
the di�erent stages of deterioration are seen. In green is the normal operations, the moving
averages is here constant at -0.75bar. In yellow is the start of deterioration seen, no real prob-
lems are caused yet, the achieved vacuum starts increasing. in orange is the deterioration at
such a point that more stop start happening, the achieved vacuum starts increasing towards
the threshold of -0.65bar. The red part is when the achieved vacuum is above -0.65bar and
operations with these suction cups are no longer possible.

(a) Achieved vacuum (blue)
and moving averages (orange)

(b) Stages of deterioration
seen in the changes in the
achieved vacuum

(c) Computed delta of the mov-
ing averages of the achieved
vacuum

Figure 3: Achieved vacuum, deterioration stages and the computed delta

In �gure 3c the computed delta of the moving averages is seen. This delta together with
the moving averages is used to determine if deterioration has set in or if a stop happens due
to another reason. If the moving averages is no longer a constant -0.75bar and the delta is no
longer 0, it means deterioration has set in, this will activate the next step: the prognosis.

The prognosis step makes a prediction of the Remaining Useful Life left of the suction cups. It
does this based on the current and past values of the achieved vacuum for each section. With a
machine learning library developed for python a neural network is trained to make a regression
analysis of the RUL of the suction cups. In �gure 4, the determined RUL with the correspond-
ing achieved vacuum can be seen, see orange graph. The current achieved vacuum, from the
simulation model, is used as input of the regression analysis and the RUL at that moment is
predicted.
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Figure 4: Determined and predicted RUL set out on the achieved vacuum in bar

Based on this, a prediction of the RUL corresponding with the current achieved vacuum will
be made. This is shown by the blue dots. With this predicted RUL an advised maintenance
moment is decided upon. If the RUL is below 60%, a moment for maintenance needs to be
planned within a certain time frame, this time frame di�ers for the sections. This is decided
upon with the use of an equation which maximises the available time per week. The output of
this is the advised maintenance week per section.

A few experiments are conducted to see what the quanti�ed e�ect is of implementing an ac-
tive maintenance strategy on the OEE. First a base scenario was run, in this scenario normal
degradation periods are used and the maintenance strategy implemented is corrective mainte-
nance, resulting in an OEE of 24.13%. Then an experiment with the comparison of preventive
and predictive maintenance was conducted. This experiment will show how the two di�erent
methods respond to di�erent scenario's of degradation and how this translates into the OEE of
the production line. In table 3 the results of these experiments are visible.

Table 3: Results expressed in OEE of the di�erent experiments with di�erent deterioration rates

Base 10 weeks 20 weeks 30 weeks Worst case
Preventive Maintenance 27.51% 27.46% 27.48% 27.46% 2.54%
Predictive Maintenance 27.88% 27.86% 27.91% 27.96% 27.3%

From these results it is concluded that the biggest e�ect on the availability rate is due to the
reduction of stops and not due to the reduction in maintenance activities. This can be seen in
the experiment with a degradation period of 30 weeks, with the implementation of predictive
maintenance there are only 3 maintenance actions needed for the scenario of degradation of
30 weeks, while with preventive maintenance still 9 moments are used. However, the di�erence
in OEE is statistically insigni�cant. In the worst case scenario the reduction in stops with predic-
tive maintenance is very good, but more maintenance moments are needed. With preventive
maintenance, the actions are only performed at the set moments, resulting in a lot of stops and
even not being able to operate, resulting in an extremely low OEE. In real life this would be
prevented by switching to corrective maintenance. This could then result in an increase more
than 3% OEE, while the switch from preventive to predictive maintenance in a normal, or 'better'
scenario does not not result in an increase.
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1 j Introduction

In the production industry productivity is very important. To achieve World Class Manufacturing
(WCM) is something that a lot of companies strive towards [1]. WCM strives towards achieving
the zero state; zero waste, zero accidents, zero rejects, zero failure, and zero stock [2]. To be
able to achieve this, measures have to be taken.

Implementing e�ective maintenance is for a lot of companies a way of achieving WCM [1].
According to Swanson, e�ective maintenance can extend equipment life, improve equipment
availability and retain equipment in the proper condition. Poorly maintained equipment may
result in breakdowns, malfunctioning or slower production [3]. Active maintenance can help
reduce breakdowns and failures. Some active maintenance strategies, like predictive main-
tenance, proactive maintenance, and condition based maintenance can even help reduce the
amount of maintenance performed. These types of maintenance strategies can be de�ned as
'as needed' types of maintenance [13]. This means that maintenance is only performed when
it is indicated based on the condition of the equipment that maintenance is needed.

One of the methods for reaching WCM is Total Productive Maintenance (TPM). TPM was �rst
de�ned by Nakajima, who also de�ned a quantitative metric together with this method [4]. This
quantitative metric is called the Overall Equipment E�ectiveness (OEE). During the years OEE
has developed into a tool that can be used on its own [4]. The Overall Equipment E�ectiveness
is a tool companies use for improvement, to see how far from WCM they are. One way the tool
can help is by identifying losses, it can show which losses occur[14, 15]. Another way the OEE
can be used as an indicator, expressed in a percentage, of how well the equipment operates[4,
5]. These losses contribute to the availability rate, performance rate and quality rate [14]. If
the OEE value is high, it indicates that the equipment e�ectiveness is good [5]. However, with
OEE, there is not one way de�ned as to how to improve the low OEE value or how to reduce
the losses.

1.1 FrieslandCampina

In the dairy industry, the zero status is very important [6]. Dairy products are perishable prod-
ucts. For example, if long failures occur in the dairy production line it may cause the in-process
product to be scrapped due to quality deterioration during the stoppage [6]. Contributing to 14%
of the global agricultural trade, the global dairy market in 2019 had a value of 719 billion US
dollars [16, 17]. The dairy industry is a very important and large industry worldwide.

FrieslandCampina is a Dutch dairy production company. They produce dairy consumer
goods, like milk, yoghurts, quark, custard, porridge, etc. They also produce ingredients for
medicines and nutritional supplements. FrieslandCampina is a worldwide company, with fac-
tories all over the world. They own di�erent brands but also produce for supermarkets like the
dutch Albert Heijn and Jumbo.

FrieslandCampina has a production plant in Maasdam. At the Maasdam plant, special
products are produced. Special products are products that contain extra ingredients, like fruit,

avouring or nuts and grain �bres. At the plant they handle 260 million kgs of raw milk, this
is processed into 4 million units per week. All these units are produced across 12 production
lines. At the plant of Maasdam, the Overall Equipment E�ectiveness is monitored for all these
production lines. Every production line has its own OEE target, based on the planned stops
due to preventive maintenance (PM) and changeovers and a margin for unplanned stops and
speed losses.
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One of these production lines is Line 14. Line 14 is a new line. It is a 
ex line, which means
it can produce di�erent types of products and also in di�erent packaging con�gurations. For
example, the line can produce porridge in 95mm base cups of 450g, but also quark in 112mm
base cups of 500g.

The OEE target for line 14 is 45%. However, currently this production line has an OEE
value of roughly 25%. For dairy cup line 14 to reduce the breakdowns preventive maintenance
is implemented to part of the production line, but corrective maintenance, a reactive type of
maintenance, is still the dominant strategy applied for this production line. Meaning equipment
on the line is not kept up to standard and breakdowns occur often, being a contributor to this
low OEE. If equipment fails, corrective maintenance actions have to be taken. The practical
problem here is that the OEE of line 14 is beneath the target and needs to be improved.

1.2 Problem de�nition

As mentioned, using the Overall Equipment E�ectiveness is a way for companies to monitor
their level of World Class Manufacturing. It is also a tool for �nding improvement areas. Ad-
vanced maintenance is a good �t for trying to reach the zero failure state.

Often companies already make use of an active maintenance policy, like (condition based)
preventive maintenance or predictive maintenance, and also use the OEE value to monitor the
productivity of their machines, production lines or whole plants. However, the direct e�ect is not
always quanti�ed. Also, the decision of implementing an active maintenance strategy can be a
di�cult one to make for companies. Implementing a strategy like predictive or condition based
maintenance does bring costs with it [18]. If there is no knowledge about what the quanti�ed
e�ect of an active maintenance strategy is on the Overall Equipment E�ectiveness in a dairy
cup line, the decision to implement this type of strategy can be a di�cult one.

From literature, it can be found that an active maintenance strategy has a positive e�ect
on the OEE [19]. This has been researched widely in di�erent types of industries. There has
also been research into the e�ect of maintenance strategies on the performance of companies
[8]. However, a model or tool which can be used to determine the quanti�ed e�ect on the OEE
value if an active maintenance strategy is applied in the dairy industry is not available.

At FrieslandCampina Maasdam this can be seen as well. The company uses preventive
maintenance, they know that this type of maintenance can reduce unplanned stops, like failures.
But, it is not taken into account how much this factors into the OEE value. Implementing a more
advanced maintenance strategy, like PdM, can bring many costs with it, it can also take quite
some time to train the sta� properly in working with the strategy [18]. However, it is found that
with the use of an active maintenance strategy the OEE can increase. Increase in the OEE
means better productivity, which can save a lot of costs due to, for example, less breakdowns
and equipment failures which need to be restored [1]. So for a dairy company it would be
interesting to see what the quanti�ed e�ect on the OEE of a dairy cup line is if a more advanced
maintenance strategy were to be implemented, like predictive maintenance. This way, decision
making into the implementation of this maintenance strategy is better grounded.

1.3 Aim of the research

With this research the aim is to show what the e�ect of an active maintenance strategy is on
the OEE in a dairy production line. With this the following research objectives are set:

ˆ A production line simulation that can generate the OEE based on di�erent in
uences on
the production line.
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ˆ Provide a predictive maintenance model that can decide on the maintenance actions that
have to take place and when.

ˆ A quanti�ed answer on to what the e�ect of an active maintenance strategy is on the OEE
for the dairy cup line at FrieslandCampina Maasdam.

As academic contribution this will be a two models that can interact with each other. These
can be used to determine the e�ect on the OEE of an active maintenance strategy. Providing
insight into where this e�ect is largest and quantify this e�ect. It will also be a methodology of
implementing a maintenance model on a production line simulation model and how to use this
e�ectively.

As a practical contribution for FrieslandCampina, the predictive maintenance model can
be used in combination with the simulation to see what the increase in OEE might be after
implementation. With this information, a cost-bene�t analysis can be made by the company to
decide upon implementation.

1.4 Scope

For this research the following scope will be used to give boundaries to the research.
The type of maintenance used in this research is a more advanced maintenance type than

the one currently used at FrieslandCampina Maasdam. Currently mainly corrective mainte-
nance is used on the production line, but a start has been made for planned preventive main-
tenance. The next, more advanced, step would be predictive maintenance. The OEE will be
the tool used to quantify the changes made. The OEE tool has been widely used, in di�erent
industries, and is proven to be a good tool for monitoring changes and if these changes lead
to improvements or not. The model will be a generic model, however, the model will be imple-
mented on a simulation of Line 14. One part of the production line will be used to implement
predictive maintenance on. The most suited part will be chosen and the parameters indicating
the degradation of this part will be simulated.

1.5 Research questions

From the problem statement and the research objectives the following research question and
sub-questions have been set up. The main research question will be answered during this the-
sis by answering the sub-questions. The main research question for this research is:

To what extent can an active maintenance strategy improve the Overall Equipment
E�ectiveness of a dairy cup line?

To be able to answer this question the following sub-questions have been drawn up:

1. On which aspects of the Overall Equipment E�ectiveness does an active maintenance
strategy have an e�ect?

2. What active maintenance strategies will be used to analyse the e�ect on the OEE?

3. What critical part of production line 14 will be used to analyse the e�ect of active mainte-
nance?

4. How will the active maintenance strategies be modelled?

5. What is the di�erence in e�ect from the di�erent active maintenance strategies on the
OEE?
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1.6 Methodology

To be able to answer the research question and sub-questions two di�erent models will be build
in this project. One predictive maintenance model and one simulation model of the dairy cup
line.

The answer to the main research question will be a quanti�ed answer. Meaning, it will be
an indication in a percentage of how the OEE is a�ected by active maintenance. To be able to
give this quanti�ed answer, experiments with active maintenance strategies on the production
line will have to be conducted. Within active maintenance there is preventive and predictive
maintenance. Because a predictive maintenance strategy is not easily or quickly implemented
on the physical production line [20], it was chosen to make a simulation model of dairy cup line
14. This model that will be build will have to include di�erent sections of the production line,
production runs, stops in the sections, routine stops, other stops, maintenance performed and
will have to generate the to monitor parameter.

A predictive maintenance model will be build that can be implemented on the simulation.
The model will have to be able to use the outputs of the simulation for decision making about
the maintenance to be performed. Di�erent experiments which represent di�erent scenarios
which can occur regarding the degradation of the monitored parts will be executed. The results
from these experiments will give a quanti�ed outcome into the increase or decrease in the OEE
of the production line.

1.7 Outline

The sub-questions and main question mentioned above will be discussed in di�erent chapters
of this report.

Sub-question 1 will be discussed in chapter 2. A literature survey will be conducted to �nd the
link between the OEE and active maintenance, with the main focus on predictive maintenance
as this is new for the production line. Case studies into the dairy industry will be surveyed to see
how the OEE can be used in practice. The e�ect on production of predictive maintenance will
be researched, this gives information about how predictive maintenance can lead to improve-
ments. From this information links between the improvements which can come from predictive
maintenance and the improvement areas which are indicated by the OEE are made.

Sub-question 2 will also be discusses in chapter 2. The di�erent types of maintenance
strategies will be discussed. Also how the development of these maintenance strategies works
and how they became more advanced than the previous one. An in-depth analysis of predictive
maintenance will also be given as this is needed for the predictive maintenance model.

Chapter 3 will give some background on modelling. Since two di�erent models will be made,
a survey on how to do this will be conducted. In this chapter the fundamentals of a simulation
model will be discussed. How predictive maintenance can be modelled will also be discussed.
As well as how to verify, validate and analyse the sensitivity of a model. This information can
later be used when building the models.

In chapter 4 sub-question 3 will be discussed. Here an analysis of the working of the production
line will be given. The current situation regarding the line OEE and maintenance performed will
be explained. From this information, it can be seen what the critical losses are in the production
line. Failure analysis into these critical losses will provide an insight into the most critical part of
the production line which can be used to implement predictive maintenance on. The decision
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into what parameters will have to be included into the line 14 model and what these parameters
represent.

In chapter 5 the model which will be used to simulate the critical part of the production line
will be explained. This will contribute further to the answer of sub-question 3. Here more in
detail data is explained about the breakdowns and the parameters which indicate these break-
downs. It is explained how the critical component will be modelled and how the rest of the
dairy cup line is modelled. Sub-question 4 will partially be answered. In this chapter it will be
discussed how maintenance can be Incorporated into the simulation model.

In chapter 6 the predictive maintenance model will be explained. This will be a partial an-
swer to sub-question 4. In this chapter the predictive maintenance model's used components
will be introduced and discussed. The methods used for fault detection, prognosis and decision
making will be discussed. The modelling of these will be explained and how the model can be
implemented on the simulation model of Line 14.

Sub-questions 5 will be discussed in chapter 7. In the results chapter the outcomes of the
implementation and simulation of the models will be discussed. Several experiments will be
conducted to visualise the quanti�ed outcome of the increase or decrease in the availability
of the production line. The di�erence between the di�erent active strategies chosen will also
be discussed. The di�erence in the initial state and the state after the implementation will be
discussed. The quanti�ed di�erence in the OEE values will give an insight into the e�ect active
maintenance has on the OEE in a dairy production line.

In chapter 8 the conclusion will be drawn. Here all the sub-questions will shortly be discussed
and the answer to the main research question will be stated. Recommendations for further
research will also be made in this chapter.
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2 j Survey on OEE and maintenance connection

To �nd out to what extent an advanced maintenance strategy has an e�ect on the Overall
Equipment E�ectiveness in a dairy production line, �rst some literature has to be found about
the link between these two. In this chapter the following will be discussed:

ˆ General understanding of the OEE
ˆ Maintenance strategies
ˆ General understanding of predictive maintenance
ˆ E�ect of predictive maintenance on OEE

2.1 Overall Equipment E�ectiveness

The Overall Equipment E�ectiveness is a quantitative metric provided by Nakajima in combi-
nation with Total Productive Maintenance [4]. Total Productive Maintenance is a strategy for
productivity and e�ectiveness improvement [21]. According to Sowmya and Chetan (2016),
the OEE can measure the gap between the actual productivity and the potential productivity of
a manufacturing unit [22]. This means, it measures the degree to which the equipment does
what it is supposed to do. It is used to identify and measure losses of important aspects of
manufacturing, these are availability, performance and quality [14, 22, 23]. This can then be
used for the improvement of equipment e�ectiveness and thus the productivity [4].

2.1.1 OEE value

The OEE tool can be used to identify losses which reduce the equipment e�ectiveness [14].
Losses are activities which cost time and resources but do not create any value [4]. To monitor
how the equipment is operating, the OEE value can be used. This value is calculated using
three values, availability rate, performance rate and quality rate [14]. The OEE is calculated as
follow:

OEE = availability % � performance% � quality % (2.1)

These values can in their turn be calculated from the di�erent losses. According to Nakajima
(1988) there are six di�erent types of losses, the six big losses [7]. In table 2.1 these six big
losses can be seen with their corresponding OEE value.

Table 2.1: OEE values and the corresponding losses [7]

Availability
rate

Performance
rate

Quality
rate

Breakdown losses Minor stoppages
Quality and rework
losses

Set-up and adjustment
losses

Reduced speed
losses

Yield losses

The availability rate is calculated as follow [14]:

Availability =
Actual operating time

P lanned operating time
� 100% (2.2)

Actual operating time = P lanned operating time � Down time
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The performance rate is calculated as follow [4]:

Performance =
Theoretical cycle time � Actual outputs

Operating time
� 100% (2.3)

The quality rate is calculated as follow [4]:

Quality =
P rocessed amount � Defect amount

P rocessed amount
� 100% (2.4)

Nakajima has suggested the ideal values for the availability rate, performance rate, quality
rate and the OEE. These values are:

Availability rate 90%
Performance rate 95%
Quality rate 99%
OEE 85%

These values are now considered to be the World Class OEE factors [7, 24]. However, Dal,
Tugwell and Greatbanks (2000) found that in practice this OEE performance number is almost
never reached. Instead, they propose a more realistic OEE of 50% and higher [14].

2.1.2 OEE use in dairy production lines

To see the current situation of using the OEE in the dairy industry found in literature a few case
studies have been surveyed. Dal, Tugwell and Greatbanks said that one way of using the OEE
is to indicate improvement areas [14]. In the case studies performed by Tsarouhas in the dairy
industry, it can be clearly seen that this is the way the OEE was used for that research. The
availability rate, performance rate and quality rate were calculated. Those values were set out
against the world class value and it was determined which factor needed most improvement.
From here the losses contributing to that factor were found and those were improved upon.

The second way of using the OEE, according to Ljungberg, is to monitor the dimensions of
e�ectiveness of the implemented improvement strategy [5]. This could be seen in the case study
performed by Ihueze and U-Dominic. The OEE values were calculated at the start of the case
study. It was shown that the improvement areas were the availability rate and the performance
rate but no direct actions on this were taken. TPM was implemented and after this the new OEE
values were calculated. In this case, the OEE was used to monitor the improvements made.

From other studies it also became clear that when using a di�erent method for improve-
ments, like TPM, the OEE was most of the time used as an indicator or measure for improve-
ment and productivity. TPM does not focus on only one improvement area but wants to improve
in di�erent areas [9]. If no other method or tool was used, it was more like for the OEE to be
used as an indicator of improvement areas. It can be seen that in the studies that use TPM
as an improvement method, like in [25],[5],[21],[26],[27], the OEE is used as an indicator of
productivity and reliability than an indicator for improvement areas.

In the studies [28],[29],[30],[31],[15],[14], it can be seen that the OEE is used to show the
improvement areas. The biggest contributor to the low OEE value is found and from there the
biggest loss is determined. For these areas recommendations are then made as to how to
reduce the losses.

From the case studies read, it can be seen that there is not a very big di�erence between
the use of OEE in any other industry and the dairy industry. This could be because OEE can be
applied to many di�erent types of industries and the usage of the tool is de�ned in such a way
that the implementation does not have to be very speci�c [4]. Another reason why this could be
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the case is because of the person who conducted the research. The studies in the dairy industry
were both performed by the same researcher, this may lead to having the same methodology
in both studies. This will lead to very similar usage of the tool and outcomes. However, the
similarities could also be due to the fact that when using the OEE tool, it has become clear
that it is either as an indicator of improvement areas [14] or as a measure of productivity and
e�ectiveness [5]. Which type of production industry might not make such big of a di�erence in
how the tool is used. How the value of the OEE is calculated is for every industry the same.

From the studies it also became visible that methodologies for improving the OEE value in
the dairy industry are limited to either just looking for the improvement areas and analysing how
those can be improved by means of machine improvements, training or improving maintenance
actions or scheduling. It is not explicitly de�ned which method works best in which case. Using
TPM is also a commonly used method for improving the OEE value. The values are used to
compare the before and after of implementing TPM.

2.2 Maintenance strategies

Maintenance plays an important role to keep availability, reliability, product quality and safety
requirements to the desired level cite wang2007selection. The purpose of maintenance is to
extend equipment lifetime [32]. The de�nitions of the di�erent maintenance strategies can di�er
between researchers. For this research the strategies used can be seen in �gure 2.1.

Figure 2.1: Development in maintenance strategies

All these strategies focus on a di�erent aspects of maintenance. In orange, the reactive main-
tenance type is shown, here something is only repaired when it has broken down. In blue the
active maintenance strategies are shown, here it is tried to make sure equipment does not break
down [3]. The di�erences between the strategies will be explained below.

Corrective maintenance

Corrective maintenance is described by Swanson (2001) as a �re�ghting approach to main-
tenance [1]. It is the most simple way of performing maintenance. It is an unplanned and
run-to-failure based approach. It allows the machine or piece of equipment to run until it fails
[10]. When this happens, repairs will be done and the machine can start again, making it a very
easy way of performing maintenance [13].

This way of maintenance is very cheap, it minimises maintenance manpower and money
to keep the machines running [13]. This strategy does include unpredictable equipment, it is
unknown when a machine will break down. When catastrophic failure happens the costs may
rise very high and a dangerous situation could arise[1].
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Preventive maintenance

From corrective maintenance, the next step is preventive maintenance. Preventive mainte-
nance, or time based maintenance, is a maintenance strategy where maintenance is sched-
uled based on calendar time or equipment operation time [8]. The scheduled maintenance
should take place before failure occurs. The frequency of the scheduled maintenance can be
determined by the manufacturer's guidance or from experience [10]. It relies on the estimated
probability that the equipment will fail in the speci�ed interval [1].

Preventive maintenance can include lubrication of equipment, part replacement, cleaning
and adjustments [33]. There may also be an inspection of the production equipment to look for
signs of deterioration during the preventive maintenance stops [1, 13]. This type of maintenance
tries to prevent breakdowns from happening but maintenance is performed at set times, even
if maintenance is not needed it is performed [9].

Predictive maintenance

Predictive maintenance is based on information about the condition of the equipment [1, 9].
This information is about the deterioration which may result in more energy consumption and/or
in failure. Predictive maintenance does not only aim to prevent failure but also for e�cient
operation [34]. This can lead to improved safety, product quality, reliability, availability and
reduction in energy costs [8, 12]. Predictive maintenance is often referred to as condition based
maintenance. Diagnostic equipment is used to measure the physical condition of the production
equipment [35]. It is like preventive maintenance a type of maintenance that wants to prevent
failures from occurring. However, there is an additional bene�t which is that maintenance is only
done when the need is imminent, and not like with preventive maintenance on a scheduled basis
[9].

Process orientated maintenance

Process orientated maintenance goes beyond the e�ort of avoiding equipment failure. Total
productive maintenance is a process orientated maintenance strategy [8]. Improvement of the
design of new and existing equipment is key in this strategy [9]. TPM is a philosophy of main-
tenance management much more than only a strategy. The key is to minimise the six losses
in OEE [23]. By doing this the equipment e�ectiveness is optimised and the breakdowns are
eliminated [26]. This method promotes autonomous maintenance by the operators through
day-to-day activities involving the total workforce [1, 9].

Proactive maintenance is also a type of process oriented maintenance [36]. It is similar
to predictive maintenance as it is also a type of condition based maintenance [33]. Proac-
tive maintenance endeavours to get to the root cause of a potential problem, while predictive
maintenance collects relevant data to appropriately schedule routine �xes to ensure equipment
is operating e�ectively [37]. The aim of proactive maintenance is to eliminate the failures of
equipment forever [38].

2.2.1 Comparison

To clearly see the di�erences between the di�erent strategies table 2.2 can be used. Besides
the advantages and disadvantages themself, it can also be seen how many advantages vs.
disadvantages every strategy has. It can be seen that reactive maintenance has more disad-
vantages than advantages. For preventive maintenance, this is about 50/50. For predictive
maintenance and process oriented maintenance, there are more advantages than disadvan-
tages, but predictive maintenance has more advantages and less disadvantages.
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For example, a disadvantage of reactive maintenance is the many unplanned stops. As
with reactive maintenance, repairs are only done once a breakdown or stop has occurred, it
is always waiting for the next unplanned stop to happen. With preventive maintenance the
chances of unplanned stops occurring are much less. With the maintenance interval set based
on experience, probability or prescription, the idea is to always perform maintenance before
a breakdown happens. However, it is possible that due to some factors a breakdown occurs
before the planned maintenance moment. With predictive maintenance it will be known when a
breakdown or stop will happen. This way, it is possible to always plan the maintenance actions
before the breakdown occurs. With proactive maintenance the operator's involvement with
autonomous maintenance is to ensure the state of the equipment is always at its highest, this
should eliminate breakdowns.

Table 2.2: Advantages and disadvantages of di�erent maintenance strategies [9]

Advantages Disadvantages

Reactive
- Easy option
- No investment costs

- Unplanned stops
- Excessive damage
- Spare parts problem
- High repair costs
- Excessive waiting and
maintenance time

Preventive
- Prevents equipment breakdown
- Prolong equipment service life
- Planned when convenient

- May perform maintenance tasks too often
- May replace parts too soon:
costly and not sustainable
- Still risks of unplanned stops

Predictive

- Only perform maintenance when needed
- Only replace parts that need it
- Prevents equipment breakdown
- Prolong equipment service life
- Can be planned when convenient

- High investment costs

Process
Oriented

- Operator involvement in maintenance
- Optimised equipment e�ectiveness
- Eliminates breakdowns

- High investment costs
- High investment in training of sta�

For this research the e�ect of active maintenance on the OEE is experimented with. The
two chosen active maintenance strategies to look into are preventive and predictive. It was
chosen not to use process oriented maintenance as this is not just a maintenance strategy but
incorporates also people.

2.3 E�ects of ctive maintenance on OEE value

As mentioned in section 2.1.1, there are six big losses in the Overall Equipment e�ectiveness.
From the information gathered about the OEE and predictive maintenance, it is discussed how
PdM a�ects these losses and the corresponding OEE values.

2.3.1 Availability

As mentioned earlier, the availability rate is calculated with the actual operating time and the
planned operating time. The di�erence between these two is the time spent on stops; un-
planned stops, minor stoppages, planned stops and setup and changeover losses. With im-
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plementing PdM, maintenance is only performed when the need is imminent and not after the
passage of a certain time period [9]. This would lead to the time spent on planned maintenance
can be reduced, meaning the planned operating time would reduce, while the actual operating
time stays the same. This would lead to a larger percentage of the planned operating time
resulting in the actual operating time, thus increasing the availability rate.

With PdM, knowledge about when a part is about to break down or cannot perform standard
operations anymore is available. This knowledge can help with planning maintenance in an
e�ective way to maximise the availability of the production line for production itself [35]. With
the use of the knowledge about the condition of the production line and its parts comes that no
surprise breakdowns should happen any more [10]. This will lead to a reduction in unplanned
stops, leading to an increase in the availability rate.

It was found that the implementation of the OEE but also predictive maintenance does not
di�er very much in di�erent industries. In the dairy industry the above explained way in which
predictive maintenance has an e�ect on the availability rate is no di�erent. If maintenance
is only performed on the machines when it is needed, and not routinely every 2 weeks, for
example, the time the line can actually be used for production will increase. If the condition of
the line is monitored and maintenance is performed on the parts which need it, the chance of
them breaking down unexpectedly is reduced. This leads to more actual operating time.

From this decrease in planned downtime and decreases in unplanned maintenance and
minor stoppages it can be seen that the planned operating time can decrease while the actual
operating time can increase. This would lead to a higher availability rate.

2.3.2 Performance rate

The performance rate is calculated with the theoretical cycle time, actual outputs and operating
time. The losses contributing to this are the minor stoppages and the reduced speed losses
[14, 39].

Reduced speed losses are due to equipment not operating at the designed speed. It can be
the case that lubrication needs to take place to make sure the equipment can operate properly
[39]. With the use of PdM it could be monitored how the production line and its parts operate
and if actions like lubrication, cleaning or replacement of parts is needed [13]. However, in more
high end equipment, like used in the dairy industry, it is more likely that speed losses are due to
machines which are not designed correctly and not due to wear. The machine will still be able
to work at the same speed but will just break down if something is wrong, not slow down. In the
case studies into the diary industry it was found that most speed losses occurred due to dirty
equipment, sensor blockage and product misfeeds [28, 31]. The solutions for this are mostly
linked to the operators, maintenance will not improve the reason behind the speed losses.

The actual output of the production line can be linked to both the reduced speed losses, if
the speed is lower than the norm, less units can be produced in a certain time frame. Minor
stoppages also have a play in this, if the machine keeps on stopping it will lead to an increase
in the operating time but a decrease in the actual outputs.

As discussed above, minor stoppages can decrease with the use of a predictive mainte-
nance strategy. However, not all reasons for speed losses, which are the main contributor to
the performance rate, can be helped with predictive maintenance.

2.3.3 Quality rate

The quality rate is calculated with the processed amount and the defect amount. This is con-
nected to the quality defect losses and yield losses [14]. As stated in section ?? PdM can help
improve the product quality, however this can be a secondary e�ect. Quality defects can be due
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to malfunctioning production equipment [14, 15]. This can take the form of a machine which
needs to add a part to something not working correctly and for example not attaching it correctly
or strongly enough. This way the product will not have the quality needed for the market. With
the use of a predictive maintenance strategy, malfunctioning of production equipment will be
reduced or in a perfect scenario, the equipment will not malfunction anymore [8]. This will have
the e�ect that less quality defects occur. However, this problem is also likely to occur due to
the fact that the machine is not programmed properly, or the connection between the di�erent
machines is not working properly due to malfunctioning sensors [10].

In the case studies performed by Tsarouhas in the dairy industry, it was found that quantity
losses occurred due to tolerance adjustment, scrap, in-process damage or incorrect assembly.
This was mainly in the time from startup until stable production process was reached [31].
Another reason was in process damage. In the dairy industry the quality rate can decrease
due to the fact that the production line has broken down while there is still dairy in the line and
packaging material which cannot move any further. If this stop takes too long, the dairy will go
bad and cannot be used anymore [6]. Meaning a higher number of products have to be thrown
away, quality losses, which lead to a lower quality rate. This is where predictive maintenance
can make sure that lines do not break down and have to stand still for too long [34]. However,
this is a secondary e�ect on the availability of the line. Also, quality defects can also be due to,
as said in the example above, not closing the packaging correctly. This problem is more likely
due to the fact that the equipment is not programmed properly or because there is a deviation,
much more than maintenance needed on the equipment of the line.

2.4 E�ects of PM on the OEE

Where the e�ects of preventive maintenance on the OEE can be noticed do not di�er very
much from the e�ects noticed with predictive maintenance. In the comparison table it could
already be seen that the advantages of preventive and predictive maintenance overlap quite
a lot. Meaning that the e�ects of fewer breakdowns and thus more available time still stands.
However, it could be that a lot of time is spent on maintenance as it is performed very often.
This would then have a negative e�ect on the availability of the production line. How much
these two weigh up to each other depends on the number of unplanned stops occurring and
the time spend on maintenance.

In the performance rate and quality rate the same secondary e�ects can be seen as with
predictive maintenance. This would primarily be a secondary e�ect in the dairy industry. As
fewer unplanned stops lead to less products being thrown away due to them perishing, leading
to a better quality rate. With the performance rate, preventive actions like lubricating timely
could lead to well performing equipment, leading to an improvement in the performance rate.

2.5 Conclusion

The e�ect of preventive and predictive maintenance on the Overall Equipment E�ectiveness
can primarily be seen in the availability rate of the OEE, which can then have a secondary
e�ect on the performance rate and the quality rate of the production line. These e�ects are
found to be positive, meaning that the rates, and thus the OEE, will likely increase with the
use of a predictive maintenance strategy. To conclude, the e�ect of a preventive or predictive
maintenance strategy on the OEE in a dairy production line is a positive e�ect.
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3 j Survey on modelling in practice

For this project, two models will be built. The �rst is a simulation model and the second is
a predictive maintenance model. To get an understanding of how to build these models, a
literature survey has been done. In this chapter the following will be discussed:

ˆ Simulation techniques
ˆ Predictive maintenance modelling

{ Data acquisition and processing
{ Fault detection
{ Prognosis
{ Decision making

ˆ Veri�cation, validation and sensitivity analysis

3.1 Simulation Technique

To get a quanti�ed answer about the e�ect of active maintenance on the OEE, the predictive
maintenance model that will be built has to be implemented on something. Implementing this
model on a simulation of a diary cup line is a great way to experiment with the model and gain
answers for di�erent scenarios. Simulations are generally seen as cheaper, faster, safer and
tests/experiments can be replicated multiple times [40].

There are di�erent simulation techniques which can be used for di�erent types of simu-
lations [41]. The �rst division is between stochastic and deterministic simulations. Stochastic
simulations are simulations that have random variables as input, and thus also generate random
outputs [40]. A stochastic model can handle uncertainties in the inputs applied [41]. Determin-
istic simulations are simulations that has an entirely predictable behaviour, meaning, given a
set of inputs the model will result in a unique set of outputs [40]. A deterministic model can
calculate a future event exactly, without the involvement of randomness [41].

The next division is between static and dynamic simulations. Static simulation models rep-
resent the system at a particular point in time, while dynamic simulations represent systems as
they evolve [40].

The last division is between discrete and continuous simulations, these are both types of
dynamic simulations. In �gure 3.1a it is visualised how a discrete time simulation works. Here
the changes in the system state are discontinuous and each change in the state of the system
is called an event [42]. In �gure 3.1b it is visualised how a continuous-time simulation works.
Here the state variables change continuously with respect to time [42].
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(a) Discrete time (b) Continuous time

Figure 3.1: Visualisation of discrete and continuous time simulation [42]

3.1.1 Simulation model

Building a simulation model, implementing it as a computer model and proving it, works in a
cycle. In �gure 3.2 this cycle can be seen as de�ned by [43] and [44].

Figure 3.2: Simpli�ed view of the modelling process [43, 44]

The computer model represents the implementation of the mathematical model, usually, in the
form of numerical discretisation, solution algorithms, miscellaneous parameters associated with
the numerical approximation and convergence criteria [43].

From the 'reality of interest,' the output for the model is chosen. The di�erent inputs are
chosen to create this output. With these inputs, a mathematical model is built that gives the
wanted output. This model is de�ned by one of the simulation techniques described above.
This mathematical model is implemented into a computer model, or code and can be run to
generate the output.
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3.2 Predictive maintenance modelling in practice

Predictive maintenance has become a promising approach to decrease the downtime of ma-
chines and increase the reliability of systems [1, 10].

In predictive maintenance the following steps are taken [10{12]:
1. Determining vital components to be monitored
2. Determining parameters that indicate deterioration
3. Setting critical thresholds for each variable
4. Data acquisition
5. Data processing
6. Fault detection
7. Prognosis
8. Maintenance decision making

According to [10] steps 1 to 3 are the following actions. Determining vital components to be
monitored is investigating which component is most suited for predictive maintenance and will
have the largest e�ect. Determining the parameters that indicate deterioration is �nding the
parameters for the chosen component that indicates the state of that component. Setting crit-
ical thresholds for each variable is to use in the fault detection step. According to [12] steps
4 to 8 are the following actions. Data acquisition provides the access to the installed sensors
and collects data. Data processing performs single and or multi channel signal transformations
and applies specialised feature extraction algorithms to the collected data. Fault detection con-
ducts condition monitoring by comparing features against expected values or operational limits
and returning conditions indicators and/or alarms, it determines whether the system is su�er-
ing degradation. Prognosis projects the current health state of the system into the future by
considering an estimation of future usage pro�les. Maintenance decision making provides rec-
ommendations related to maintenance activities and modi�cation of the system con�guration.

Steps 1, 2 and 3 will be discussed in chapter 4, but do not need to be modelled. Steps 4
to 8 are the steps in PdM that need to be modelled. This will be discussed in this chapter. The
actual modelling for this speci�c research project will be explained in chapter 6.

3.2.1 Data acquisition and processing

When the vital components and the corresponding parameters are determined, the data from
these components need to be gathered. Data acquisition is the process of collecting analogue
data from a sensor and converting it to a digital signal that a computer can process [45]. A
data acquisition system is composed of sensors, data transmission devices and data storage
devices [46]. Common ways of monitoring data are listed below [10, 13, 35]:

ˆ Vibration monitoring
ˆ Lubricant/
uid analysis
ˆ Process parameter monitoring
ˆ Thermography
ˆ Acoustic ultrasonic analysis
ˆ Visual inspection

According to [45] data that is collected can be classi�ed into two categories. The �rst one is
event data. This includes data that concerns the information about what happened and what
was done to repair. For example, breakdowns, what caused them and how it was repaired. The
second category is condition monitoring data. These are the measurements of the parameters
related to the health conditions of the physical asset, for example, pressure, temperature etc.
This collected data is transmitted into a PC or portable device through a data transmitting de-
vice and then stored in a memory location for further analysis [46].
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According to [47], data processing includes two main steps. The �rst step is data cleaning.
Data cleaning is responsible for removing errors and noise from the retrieved data, this is es-
pecially important since data always contains errors. There is not one way for data cleaning,
sometimes it requires manual examination of data, sometimes prescribed methods are avail-
able, this depends very much on the data.

The second step is data analysis. This step involves methods such as time domain analysis,
frequency domain analysis and event data analysis. Data analysis for event data is well known
as reliability analysis, this �ts the event data to time between events probability distribution and
uses the �tted distribution for further analysis. Condition monitoring data can fall into the 
owing
three categories:

ˆ Value type: data collected at a speci�c time epoch for a condition monitoring variable are
a single value.

ˆ Waveform type: Data collected at a speci�c time epoch for a condition monitoring variable
are a time series.

ˆ Multidimensional type: Data collected at a speci�c time epoch for a condition monitoring
variable are multidimensional, like x-ray images, thermographs etc.

Again the type of data generated as condition monitoring data highly in
uences the method to
use for the data analysis [47].

3.2.2 Fault detection

Fault detection is the process of determining if there is a fault in the system or not. Any deviation
from a standard behaviour can be categorised as a failure[48]. Depending on the data and the
requirements for the system, the methods used can di�er. Three methods were classi�ed by
[45], these methods are:

ˆ (Physical) model-based
ˆ Knowledge-based
ˆ Data-driven

Within these methods, there can be subsystems. In �gure 3.3 these can be seen, in the para-
graphs below these methods will be explained.

Figure 3.3: Classi�cation for commonly used PdM methods [49]

Physical model-based

Physical models quantitatively characterise the behaviour of a failure mode using physical laws
[50]. It normally uses a mathematical representation of the physical behaviour of a machine.
The mathematical representation re
ects how the monitored system responds to stress from
both macroscopic and microscopic levels. To obtain an accurate description of the system,
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it is important to identify one or several system diagnostic parameters that are speci�c to the
predictive maintenance task [49].

Once the physical model is available, sensor measurements from the actual process are
compared against the outputs of the model. Di�erences between the measured outputs and the
outputs of the model are called residuals [50]. Large residuals are assumed to indicate a fault,
whole small residuals occur under normal conditions due to, for example, noise or modelling
errors [50].

Because physical models require the behaviour of a system to be derivable from �rst prin-
ciples, it may bring obstacles to its implementation [49, 50]. When the understanding of failure
mechanisms can only be partially obtained this can bring di�culties. Because of this, phys-
ical model-based approaches are more likely to be used in isolated cases where failure/fault
mechanisms are well understood and predictive maintenance systems are well-developed [49].

Knowledge-based

A knowledge based system contains a knowledge base that stores the symbols of a computa-
tional model in the form of statements about the domain and performs reasoning by manipulat-
ing these symbols [49]. Knowledge based systems can be further classi�ed into expert systems
and fuzzy systems. Expert systems can be rule-based systems or case-based systems. An
expert system simulates the performance of human experts in a particular �eld, it generally
consists of a knowledge-base containing accumulated experience from subject matter experts
and rule or case base for applying that knowledge to particular problems [50]. From [49] and
[50] the following information on case-based, rule-based and fuzzy systems is gathered.

Case based reasoning is one of the emerging paradigms for designing intelligent systems
[51]. It solves new problems by adapting previously successful solutions to similar problems.
According to [51] it has the following advantages: Commonly each case comprises two parts.
The �rst part is the problem or situation: a description of the state of the world when the case
happened. The second part is the solution: the derived solution or answer to the corresponding
problem. There are two main steps to case-based reasoning: case retrieval and case adapta-
tion. With case retrieval, the case base is searched for matches between individual cases and
the pattern that serves to index the cases. Case adaptation is to �nd old cases that are most
similar to the target case. Against these existing cases, it can be checked whether a fault is
detected.

Rule-based reasoning normally encodes problem-solving knowledge of the domain experts
in terms of a set of situation actions, IF-THEN rules. These rules are written in the following
format:

if A and B, then C

If C or D, then E

Here the if portion is called the antecedent and the then portion is called the consequent [52].
The rules are often based on heuristic facts acquired by one or more experts. To be useful, a
knowledge base must be as complete and exact as possible, meaning each set of inputs must
provide only one output and output must be provided for any possible combination of input
values [50]. The drawn-up rules can be checked against the output of the physical system and
can give the condition of the current state, fault or no-fault.

Fuzzy systems are often used when a real-world situation requires 
exible decision making.
In a classic predicate logic that is used by classic knowledge-based systems, a statement is
either true or false, meaning, a data entity can only belong to one set and be excluded from
the remaining sets. However, it is not always feasible to follow this principle when real-world
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situations involve 'vague' knowledge for decision making. To overcome this challenge, fuzzy
set theory is used [49]. A fuzzy system is comprised of a knowledge base, fuzzy rule base and
algorithms for applying the fuzzy logic. Data is received and after pre-processing, converted
into fuzzy representations that can be compared against the fuzzy rule sets, this process is
called fuzzi�cation. It involves using membership functions to de�ne how input data is mapped
to particular fuzzy variables. After processing by the fuzzy logic, the resulting data needs to
be defuzzi�ed into numerically precise outputs [50]. This output can indicate whether a fault is
detected or not.

Data-driven

Because of the exponential growth of data volume and the rapid development of data acquisition
technologies, data-driven methods have attracted wide attention and are developing fast in
predictive maintenance [49]. Data-driven methods are based on large amounts of data from
systems where data analytics is applied, for example, statistics-based, arti�cial intelligence (AI)
or machine learning algorithms [34]. According to [11] these techniques can discover patterns
and relationships in data sets which in turn can indicate faults or no faults. An advantage
is that no prior knowledge of faults has to be known, the model will recognise this from the
patterns. The downside is that incorrect conclusions can be drawn. [49] and [11] have divided
the methods for data-driven approaches into machine learning and deep learning methods. In
�gure 3.4 the di�erence between these two methods can be seen.

Figure 3.4: Flow of machine learning and deep learning [11]

According to [11] the biggest di�erence between machine learning and deep learning meth-
ods is the complexity. Machine learning generally requires collecting large amounts of data
from health conditions and various failure status scenarios for model training. Next, feature en-
gineering is conducted from time, frequency and time-frequency domain. The representation
learning of the equipment health is performed using extracted features. Deep learning meth-
ods avoid feature engineering and can be learned using an end-to-end learning manner, which
is implemented by adding deep layers between the raw data and the prediction results. The
deep models can be deemed as a 'black box', which outputs the prediction result from the input
directly.

3.2.3 Prognosis

The next step in predictive maintenance is the prognosis. When a fault is detected, the prog-
nosis process will be started. Prognosis is the process of projecting the current health state of
the system into the future by considering an estimation of future usage pro�les [12]. The main
approach widely used in prognosis is concerned with the estimation of the remaining useful
life (RUL). RUL approaches also be classi�ed into the above-named model-based, knowledge-
based and data-driven methods [45]. As the working of these methods is explained in more
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detail above, a short explanation of the methods regarding prognosis will be given according to
[45].

Physical models provide an assessment of the RUL, based on a mathematical represen-
tation of the physical behaviour of the degradation. Case-based reasoning will retrieve a case
similar to the degraded state, adapt this to the current situation and based on this give an esti-
mation of the RUL. Rule-based reasoning will use the setup rules with the input of the current
situation. The if will be the situation and the then will be the prognosis of how the system will
behave, giving a prognosis on the future states, or RUL. Fuzzy systems will use fuzzy rules
which indicate the RUL. With the input of the system fuzzi�ed and compared against these
fuzzy rules, the defuzzie�ed output will give an estimation of the RUL. Data-driven methods will
use machine learning or deep learning to create patterns which can indicate the RUL. The input
data will be processed by these algorithms, as shown in �gure 3.4, and the output will be the
RUL.

The prognosis of the RUL will be used in the maintenance decision making.

3.2.4 Maintenance Decision

Decision making is the process which is triggered by the RUL in order to generate proactive
recommendations about maintenance actions and plans that eliminate or mitigate the impact
of the predicted failure [53]. In a literature review conducted by [53], 5 areas of decision making
were determined.

ˆ Maintenance planning and scheduling : Algorithms that can recommend the most ap-
propriate maintenance actions according to the company's policies and the estimations
regarding the potential impacts and risks of the candidate actions.

ˆ Reliability- and Degradation- based decision making : Algorithms incorporating the
degradation rates to minimise long-term costs and thus enable the scheduling of mitigating
maintenance actions.

ˆ Joint optimisation : Algorithms aiming to optimise the maintenance operations, taking
also into account production and supply chain-related objectives.

ˆ Multi-state and multi-component systems optimisation : Algorithms that allow the
identi�cation of intermediate stages of their health state. On this basis, optimisation mod-
els lead to intermediate decision making.

ˆ Maintenance cost and risk estimation and optimisation : Algorithms dealing with cost
and risk estimation aspects capable of facilitating the decision making for optimal main-
tenance actions.

It is said that the stochastic nature of the degradation process makes decision making for pre-
dictive maintenance higly uncertain and complex. Due to this, a large amount of existing deci-
sion making algorithms utilise simulation models or iterative solution procedures. It is also said
that several decision making algorithms are based upon model-based prognostic algorithms
instead of data-driven ones. This leads to the decision making methods and algorithms to be
mainly knowledge-based due to the lack of data analytics capabilities. The decision for which
maintenance actions and when to perform is then based upon which area is determined most
important and to be optimised in combination with the predicted remaining useful life of the
component.

3.3 Veri�cation, Validation, Sensitivity Analysis

When a model is built it has to be veri�ed, validated and a sensitivity analysis has to be con-
ducted. [43] has de�ned veri�cation and validation of a model as the following:
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ˆ Veri�cation is the process of determining that a model implantation accurately represents
the developer's conceptual description of the model and the solution to the model.

ˆ Validation is the process of determining the degree to which a model is an accurate rep-
resentation of the real world from the perspective of the intended uses of the model.

In short, veri�cation deals with the mathematics associated with the model whereas validation
deals with the physics associated with the model.

Sensitivity analyses are conducted to investigate the relations between parameters and out-
puts of a model. Sensitivity analysis (SA) can be thought of as examining the shape of the
response surface of each output to the input parameters [54].

3.3.1 Veri�cation

Veri�cation is concerned with identifying and removing errors in the model by comparing nu-
merical solutions to analytical or highly accurate benchmark solutions [43]. There are two basic
approaches for veri�cation, static and dynamic. In static testing the computer program is anal-
ysed to determine if it is correct by using such techniques as structured walk-troughs, correct-
ness proofs and examining the structural properties of the program, while in dynamic testing the
computer is executed under di�erent conditions and the values obtained are used to determine
if the computer program implementations are correct [55]. It also encompasses checking the
implementation of the numerical algorithms used in the code [43]. This can be done by running
'test problems' with known solutions, like output will increase or decrease, and comparing it to
the solutions obtained by the simulation [43].

3.3.2 Validation

Validation is concerned with quantifying the accuracy of the model by comparing numerical
solutions to experimental data [43].

According to [55], for validation of the simulation model, there are di�erent ways to compare
the output behaviours. This can be the comparison of the output of the simulation model to
either the system or another, already validated, model. An objective and subjective validation
can be done. Objective validation would be graphical comparisons of data. Here three types of
graphs, histograms, box plots and behaviour graphs using scatter plots, are used to compare
the model output and the system output. To make an objective decision on the validity of the
model it is said that either using the con�dence interval or hypothesis test are best. For the
con�dence interval method a con�dence interval is chosen and for the hypothesis test method,
an acceptable range of accuracy is chosen. The con�dence interval method checks if the
system output �ts within the con�dence interval created when running the simulation n times.
The hypothesis tests compare the means, variances, distributions and time series of the output
variables of the model and the system for each set of experimental conditions to determine if
the simulation model's output behaviour is acceptable.

To validate the simulation model the con�dence interval validation method is used. This
method is a type of dynamic validation, this means that the simulation model has to be run to
validate it [55]. The con�dence interval validation method compares the given or observed value
for the behaviour or performance of the simuland to a con�dence interval for that value calcu-
lated from data obtained by executing the model [56]. According to [56] this method consists of
the steps that can be seen in �gure 3.5.
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Figure 3.5: Steps for con�dence interval validation method according to [56]

3.3.3 Sensitivity Analysis

According to [54], sensitivity analysis gives insight and answers to the following questions:
ˆ For each output, in what order of importance do the parameters in
uence it?
ˆ Are there parameters which a�ect the outputs so little that the model should be rewritten

without them?
ˆ How well can the combined e�ect of a collection of parameters be found by summing their

individual e�ects?
ˆ Conversely, what are the signi�cant interactions between parameters in their e�ect on an
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outcome?
ˆ How closely is an output change proportional to the change in parameter value which

causes it?
ˆ More broadly, how does the e�ect of a given change in a parameter value vary with that

value?
[54] de�ned four methods for the sensitivity analysis, listed from simplest to the most complex.

ˆ One-at-a-time perturbations
ˆ Algebraic 'no box' SA
ˆ No-box SA of a dynamical model: in
uence equations
ˆ Sampling based SA

For the one-at-a-time perturbations, the idea is to change one parameter at a time and see how
much the output changes. For the algebraic 'no box' SA, the idea is that the model is not seen
as a black box, but the equations and principles are known and can be analysed. The no-box
SA of a dynamical model goes one step further, the model has a memory which depends on
previous inputs. It is also likely that, in this case, the entire behaviour of the outputs as time goes
on is of interest. The last method is sampling-based SA, here it is wanted to explore sensitivity
over the whole range of credible model parameters with an acceptable computational load.

3.4 Conclusion

The simulation model that will be used to simulate the production 
ow, stops occurring, routine
stops and maintenance moments will be a mix of a continuous and discrete time simulation. As
the production 
ow is a continuous 
ow but the occurrence of stops are discrete events.

The predictive maintenance model will have a fault detection part, where it is found if faults
and degradation occur, a prognosis part, predicting how much remaining useful life is left, and
a decision making part. This model is based on a predictive maintenance strategy.

With the building of models, veri�cation, validation and sensitivity analysis are important to
conduct. With veri�cation, it is checked if the model implementation generates outcomes that
are as expected. Validation is to see if the output of the model is representative of the real-world
system on which it is based. It is not always possible to validate a model, for example, if no
real-life system or similar models are available. With sensitivity analysis, it can be analysed
which input parameters have the biggest in
uence on the model and what their interactions
might be.
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4 j Dairy cup line at FrieslandCampina

In chapter 2 information about the use of the OEE and active maintenance is provided. For this
case study, the link between these two will be studied at FrieslandCampina Maasdam. The plant
of FrieslandCampina Maasdam has 12 working production lines. One of the newest production
lines is line 14, it was installed at the beginning of 2021. FrieslandCampina Maasdam has
been encountering problems with the production line since the beginning. While most of the
problems are now solved, the line still does not perform at the wanted standard. The plant is
often overthrown by failures or breakdowns of the production line, as there is no indicator for
this. The failures just happen.

FrieslandCampina Maasdam wants to improve the productivity of the production line. One
way of doing this is for them to be able to 'see' failures and breakdowns coming. A good way
of doing this is by using an active maintenance strategy. Implementing an active maintenance
strategy, like predictive maintenance, can be costly and should have a good enough return in
the increase in productivity. At FrieslandCampina Maasdam, the OEE is used to monitor the
productivity of the production line. To be able to see how large the e�ect is on the OEE when
using an active maintenance strategy to prevent failures and breakdowns from happening, the
dairy cup line and the active maintenance strategies will be simulated. For the building of the
models needed for the simulation, the following about the production line has to be known:

ˆ The working of the production line
ˆ Current situation of production line regarding OEE and performed maintenance
ˆ Critical part in production line which can be improved with maintenance
In this chapter these points will be discussed. The result will be the build-up of the production

line model which can be simulated.

4.1 Production line working

Production line 14 is what is called a Flex line. This means that the production line can be
used to produce di�erent types of products. The production line can produce cups of two base
sizes, 112mm and 95mm. Cups of di�erent heights are also possible. Di�erent types of dairy
products can be handled by the line, these products are porridge, yoghurt and quark. These
products can either be plain or mixed with 
avouring, like vanilla, or fruits. All cups are sealed,
some with Polyethylene Terephthalate (PET) seals and some with aluminium seals. It is also
possible to put lids on the cups, however, not all products are provided with a lid.

In �gure 4.1 a 
ow diagram of the production line can be seen. The production line consists
of 6 di�erent machines. Within the �lling machine, there are multiple sections, these sections
all consist of di�erent pieces of equipment and will be viewed as individual machines which all
have a direct e�ect on the whole machine and production line.

In the �gure, the �lling machine is presented in blue. Inside the �lling machine, the cups are
transported by means of a chain with holes in it. The yellow blocks are external in-feeds, these
are either pipelines or chutes going down into the machine. In red are the conveyors which are
used to transport the trays. The green blocks are other machines. The tray folder provides the
trays to the packer station. The palletizer stacks the trays on pallets. The pallet wrapper wraps
the pallet in foil and sends it to the distribution centre, the pallet moves through a cooling tunnel
to get there.

The �lling machine, in blue, works in series. Meaning all the steps are done after one
another. The trays are produced parallel to the 
ow of the dairy product. When there are no
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Figure 4.1: Flow diagram of production line 14 with di�erent in- and out-feeds and components

trays at the packer station, the whole production line will stop, as the packer inside the �lling
machine cannot move the cups out of the chain. This means the chain will have to stop, stopping
the whole �lling machine. The other way around works a little di�erent. If the �lling machine
has stopped, the tray folder will keep working until the conveyor is full.

The palletizer can operate on its own. If the �lling machine has stopped but there are still
trays left on the belt conveyor, it will �nish stacking those until there are no more trays to stack.
The pallet wrapper will also wrap as long as there is a pallet to wrap. If the palletizer or pallet
wrapper malfunction and stop, the �lling machine will continue to produce cups until the outfeed
belt conveyor is full.

Filling machine

The �lling machine is the most complex machine in the production line. The machine consists
of di�erent sections, which can all be viewed as di�erent machines. These sections are all
dependent on each other. Meaning, that if something goes wrong in one of the stations, the
whole �lling machine will stop. For example, if there are no seals extracted from the seal storage,
the cups will not be sealed and this will give an error. The cups will not be moved forward and
the whole machine will stop, meaning all the other stations will stop as well. This is due to the
fact that the cups are transported through the �lling machine by means of a board chain with
cup holes in it, see �gure 4.2, see number one for the holes. This means that if there is a stop
at one section in the �lling machine, the chain will stop moving, resulting in the whole �lling
machine stopping.
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Figure 4.2: Chain with cup holes for transportation

Besides the named sections, the machine also has some general systems which work over
the whole machine. In �gure 4.3 the di�erent sections and systems in the �lling machine can
be seen. These stations are:

Figure 4.3: Filling machine
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1. Cup feeder 12. Re-aligning chain holes
2. Cup station 13. Lid feeder
3. Cup check 14. Lid station
4. Sterile tunnel 15. Packer station - cup lifter
5. Cup sterilization station 16. Drive unit
6. Dosing station unit 1 17. Packer station - out-feed conveyor
7. Dosing station unit 2 18. Sterile air unit
8. Seal station - seal applier 19. Control cabinet
9. Seal station - sealing unit 20. Main control panel
10. Leak detection station 21. CIP return tub
11. Printing station

In 1. cup feeder, the cups are transported from the cup storage into the �lling machine. In 2.
cup station, the cups are extracted from the cup feeder by means of vacuum cups and placed
in the chain. In 3. cup check, a check is done using light and pressure sensors to check if
there is a cup in the chain. 4. is the sterile tunnel, this is the part of the machine where the
product is in contact with the 'open air'. In 5. cup sterilisation station, the cups are sprayed
with H2O2 to sterilise them. 6 and 7 are dosing units, here the product is dosed before �lling.
These units can work simultaneously but also separately, depending on the product. In 8. seal
station - seal applier the seals are extracted from the seal storage and placed on the cups. In
9. seal station - sealing uni, the seals are 'melted' on top of the cups with hot sealing heads.
In 10. leak detection station, the cups are checked on leaking seals. In 11. printing station,
the best before data and other information is printed on the seals. In 12. the chain holes are
realigned for the packer, this way the packer can lift 3 rows of cups. In 13. lid feeder, the lids are
transported from the lid storage into the �lling machine. In 14. lid station, the lids are placed on
top of the cups, after which they go through the second printing station. In 15. packer station -
cup lifter, the cups are lifted from the chain, this is done with 18 cups at the same time, and are
placed into the 3 trays. 16. is the drive unit which drives the chain of the �lling machine. In 17.
packer station - out-feed conveyor, a small outfeed conveyor moves the trays to the out-feed
conveyor which transports the trays to the palletizer. 18. the sterile air unit, provides sterile
air to the cup sterilisation, seal sterilisation and to the whole machine during the sterilisation
process. 19. is the control cabinet where the electronics and controls can be found. 20. is
the main control panel where the operators can change settings, see warnings and stops, and
operate the machine. The CIP (Cleaning in Place) return tub, 21., is where the CIP liquids are
returned. In appendix C more in-depth information about the �lling machine can be found.

4.2 Current situation

At FrieslandCampina the OEE is used as an indicator of productivity and where improvement
areas can be found. Doing this is based on the general understanding of the OEE and how it
can be used as an improvement tool. The current situation of how the OEE and maintenance
are used in line 14 for improvements is discussed.

4.2.1 Line 14

The production line has been producing for the market since April 2021. The plant of Maasdam
is normally closed for production during the weekend. However, with the many breakdowns and
stops, the production line cannot always meet the demand within the time frame of Monday-
Friday. The Overall Equipment E�ectiveness is currently used to monitor the production line but
also to indicate where improvement areas are. The OEE on average over the months October
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to February is 24%. In table 4.2 the OEE for these months can be found. Due to the many
routine stops this production line has, the OEE target is not set to the world class standard but
to 45%.

OEE

The OEE is currently used by the improvement team to see due to which value, availability rate,
performance rate or quality rate, the OEE is below target. For all production lines, this is the
availability rate. From here, they analyse the di�erent stops contributing to the low availability
rate. When the biggest losses have been found, they are tried to be solved. When this is due
to stops happening very often due to breakdowns, the preventive maintenance plans will be
reviewed. If the stops happen due to minor stoppages due to blockages or other short stops,
improvements in the machine might be made to reduce these. If changeover stops contribute
to a large part of the loss, there will be looked into how these could be reduced.

At this moment for Line 14, machine improvements to reduce minor stoppages have been
carried out and are still being carried out. For example, there were problems with the place-
ments of the lids, the cups could not be centred correctly under the lids, causing many minor
stoppages. An improvement to the cup lifters was made to reduce these stops. In the pal-
letizer sheets of paper have to be placed in between every layer of trays. The suction cups on
the palletizer would be completely degraded every 2 weeks and could not pick up the paper
sheets anymore. This caused stops due to not being able to stack the layer of trays onto the
pallet. Adjusting the maintenance schedule for these cups reduced these stops signi�cantly.
Changeover, or routine stops as they are called in Maasdam, contribute to a reduction of 35%
in the availability rate. To reduce this percentage Single Minute Exchange of Die is being im-
plemented.

As can be seen, there are many di�erent actions which can increase the OEE of the dairy
production line. However, if the actions are for a reduction in minor stops or breakdowns, there
is no clear methodology to follow. Simply by looking at what that problem might be di�erent
tactics are tried to reduce the stops from happening. Very often a corrective action is taken to
reduce the stops but after a few weeks, it might occur again.

Maintenance

The maintenance strategy that was implemented until week 6 of 2022 was purely corrective.
Breakdowns would happen unexpectedly and the technicians of the plant would have to repair
the damage. With this came the fact that the technicians did not have a lot of knowledge about
the production line, resulting in long standstills due to not knowing how to resolve the problem.
Currently, preventive maintenance is executed on the �lling machine of the production line.

Since week 7 in 2022 preventive maintenance is performed on the �lling machine of the
production line. The preventive actions are based on a list of tasks provided by the manufacturer
of the �lling machine. These actions are based on 4, 8, 12, 24 or 48 week cycles. This means
that every 4 weeks the production line has to be stopped for 8 hours for preventive maintenance.
A lot of the actions for the scheduled preventive maintenance are inspections that have to be
done.

The preventive actions are divided into the di�erent sections and systems of the �lling ma-
chine. These are:

ˆ Vacuum system
ˆ Cup station
ˆ Sterilisation system

ˆ Filling station
ˆ Seal station
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ˆ Leak detection station
ˆ Print station
ˆ Lid station

ˆ Packer station
ˆ Chain

However, since this type of maintenance has only started in February, all the data used is based
on corrective maintenance. Also, preventive maintenance is only applied to the �lling machine,
as was discussed above, the production line consists of more machines. On those machines
corrective maintenance is still applied.

4.3 Data Analysis

To gather a good insight into where the problems of the production line lie, a thorough analysis
of the production line has to be made. To be able to make this analyis, a few steps have to be
taken. In �gure 4.4 these steps are depicted.

Figure 4.4: Steps in data analysis

For step 1, data is collected from the monitoring system Patch, here everything is stored
and data can be extracted. Data from October '21 until February '22 was used for the analysis.
The data included the following information:
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Information
Machine Which machine
Machine group Which machine cluster
Startingtime Date + time of start of production run or stop
Endtime Data + time of end of production run or stop
Duration Duration of stop or production run
Units Units produced per run
Code Stop/production code group
Stop code explanation Stop code explanation
OEE category 6 big losses
OEE subcategory Further division in big losses
Operator note Note added by operator on stop
Norm [units/h] Set norm for production speed
Average production [units/h] Average production speed per run
Order Order number
Product Product number
Product group Product group
Product description Product description
Number of units Number of units produced
Scrap Number of products scrapped
Original stop code Original stop code
Shift Monring, afternoon, night
Year Year
Month Month number
Week Week number
Day Number of the day into the year

Depending on the use of the data, the data was �ltered into only the needed entries, this
is step 2. Step 3 is data pre-processing. Here the �ltered data is processed into usable data.
This can be splitting a data entry into di�erent categories or ordering the data. In step 4 the
�ltered and pre-processed data is used to make the needed analysis. In this chapter, this will
be an analysis of the OEE and the failures that occur. In the following sections, it will �rst be
explained how the data was �ltered and processed and then how it was used for the analysis.

4.3.1 OEE

It was known that the data was needed for the calculation of the OEE of the production line.
The OEE is calculated with the availability rate, performance rate and quality rate. In table 4.1
the �rst column shows what is actually needed to calculate these rates. In column two it can
be seen in which data entry from the collected data is needed for the corresponding needed
data. The third column shows what information is extracted from each entry after processing
the data. With the processed data the OEE analysis can be made.
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Table 4.1: Information needed for OEE calculation, collected data and data after processing

Needed for OEE Collected Data Processed Data
Operating time Duration + code Duration of production runs
Stop time Duration + code Duration of unplanned stops
Planned downtime Duration + code Duration of planned stops
Units produced Units Units produced per run
Ideal Cycle time Norm Norm set for speed [unitsnh]
Defective units produced Scrap Scrap units per run

The availability rate is calculated with the operating time and the planned operating time.
The planned operating time is the total time minus the planned downtime, like planned main-
tenance or planned breaks. The performance rate is calculated with the parts produced, the
ideal cycle time and the operating time. The quality rate is calculated with the units produced
and the defective units produced. The Overall Equipment E�ectiveness can then be calculated
by multiplying the availability rate, performance rate and quality rate. In table 4.2 the availability
rate, performance rate, quality rate and OEE can be seen for the production line and what the
World Class standard is for these values.

In Appendix B the data used for the calculation of the availability rate, performance rate and
quality rate can be found.

Table 4.2: OEE values for production line 14, October - February vs. World Class values

Availability
rate

Performance
rate

Quality
rate

OEE

Oct '21 23.3% 95.94% 99.12% 22.15%
Nov '21 22.6% 99.74% 99.05% 22.32%
Dec '21 25.96% 99.22% 98.91% 25.12%
Jan '22 24.7% 99.75% 99.16% 24.43%
Feb '22 26.8% 96.43% 99.20% 25.63%
Average 24.6% 98.22% 99.09% 23.94%
World Class 90% 95% 99% 85%
Di�erence - 65.4% + 3.22% + 0.09% - 61.06%

From this table, it is very clear that the availability rate is way below the World Class stan-
dard. The performance rate and quality rate are actually both above the World Class standard,
meaning that when the production line operates it does perform well and without many rejects.
Because the availability is so low, the OEE, in the end, is also much below the World Class
standard. It is very clear that the problem with the production line is with the availability. From
the literature found and the conclusion drawn in chapter 2, an active maintenance strategy will
have the biggest impact on the availability rate. An active maintenance strategy looks promising
so far to improve the OEE.

Within the availability rate, there are di�erent types of losses which contribute to the ac-
tual operating time. These losses are the breakdown losses, minor stoppages and setup and
changeover losses. To get an understanding of how these losses proportionate to each other
charts are made. In �gure 4.5 the number of occurred losses for every category can be seen.
In �gure 4.6 the time spend (hour:min:sec) on the occurred losses for every category can be
seen.

30



Thesis Assignment CHAPTER 4. DAIRY CUP LINE AT FRIESLANDCAMPINA

Figure 4.5: Stacked chart showing the number of occurred losses per category

Figure 4.6: Stacked chart showing the time spend on the occurred losses per category

In �gure 4.5 it can clearly be seen that the minor stops contribute the most to the number
of stops. However, in �gure 4.6 it is seen that between 15-25% of the time is spent on those
losses. With the breakdown losses being the least number to contribute, the contribution in time
is still between 20% and 28%. This shows that the time spend on a breakdown on average is
much larger than that spent on a minor stop. The setup and changeover losses contribute to
a large percentage of the availability rate losses in time, between 45% and 65%. However,
these losses will not be reduced with the use of an active maintenance strategy, as they are not
failures but losses due to the result of the many varieties of products and packaging.

Within these breakdowns and minor stops, an analysis of the cause can be made for further
understanding of the losses and pointing to critical equipment or parts in the production line.
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4.3.2 Failure analysis

To be able to �nd a piece of equipment which has the biggest impact on the production line's
availability, an analysis of the breakdowns and the breakdown causes has to be made. The
breakdowns have been monitored in the time span of October to February. All the �gures
created are based on this time frame. From the available data mentioned in section 4.3, the
following information is needed for the failure analysis:

Table 4.3: Information needed for failure analysis, collected data and data after processing

Needed for failure analysis Collected Data Processed Data
Failures Stop code explanation Di�erent failures
Stop time failure Duration Duration of failures
Failures per section Stop code explanation Stop codes per section divided

The processed data mentioned in table 4.3 will be di�erent data entries for every section. In
these entries the duration of every failure in that section is shown, in short this can look like the
table below:

Cup Feeder
Failure code Duration [h:m:s]
Cup Feeder not ready 0:40:21
Cup Feeder jam 0:32:19

Above two occurrences of failures for the cup feeder are shown. The occurred failures, the cup
feeder not being ready and the cup feeder jam, are shown in the Failure code column. For both
failures, the time spent on the failure is noted in the column duration.

The cause of the breakdowns was later determined by inspection, interviews with the op-
erators and technicians or analysis of the generated data of the equipment. The breakdowns
can happen in di�erent sections of the production line, these sections have been divided into:

ˆ Cup feeder
ˆ Cup station
ˆ H2O2 station
ˆ Sealing station
ˆ Leak detection station
ˆ Printing station
ˆ Lid feeder
ˆ Lid station
ˆ Packer station

ˆ Chain
ˆ Tray folder
ˆ Tray conveyor
ˆ Out-feed conveyor
ˆ Palletizer
ˆ Pallet wrapper
ˆ Cooling tunnel
ˆ Software
ˆ External

By adding the duration of every failure in a section, the total failure time per section is calculated.
By counting the number of failures that occurred in a section, the total number of failures per
section is calculated.
In �gure 4.7 the amount of breakdowns for every section can be seen. In �gure 4.8 the time
spend on breakdowns for every section can be seen.
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Figure 4.7: Total number of breakdowns in each section

Figure 4.8: Total time spend on each section caused by breakdowns

It can be seen that the sealing station and the palletizer have the highest number of break-
downs and also the longest standstill time due to breakdowns. The breakdowns in the palletizer
are very often due to mishandling and not due to broken or deteriorated parts.
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Seal section

The seal station is the biggest problem contributing to the breakdowns. There are several
reasons for the seal station to stop. Within the seal section, di�erent error messages occur that
indicate breakdowns or minor stoppages. These can be generated due to di�erent reasons.
The error messages have the following meaning and possible causes, see table 4.4:

Table 4.4: Failures contributing to the seal station with the meaning and the possibles causes

Failure code Meaning Cause

Seal missing Seal not detected on suction cup
- Seal jammed in storage

- Not enough vacuum
- Seal is broken

Sealing lid apply
position not OK

Seal storage not
in position

- Movement curve of storage is wrong
- Storage does not move into position

Serial error seal station
On 3 consecutive cups no

seal detected

- Not enough vacuum
- Seal was misplaced on the cup

- Seal is broken

Seal station not on temp.
Temperature seal

sterilisation not OK

- Steam not in the correct temperature
range of 120-130

- Condensejar clogged
- Heating elements not working correctly

Malfunctioning seal
station

Unplanned stops

- Repairing parts
- Leaking seals

- Cleaning sealing heads
- All other reasons for stopping

In �gure 4.9b the ratio between the di�erent error messages can be seen in a number of mes-
sages and in �gure 4.9a in time spend on the errors.
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(a) Total time [h:m:s] spend on error messages
per type of seal station error message

(b) Number of error messages per type of seal
station error message

Figure 4.9: Error messages seal station

From these graphs, it becomes clear that the most time lost and the most frequently occur-
ring failure is 'seals are missing'. From interviews with the maintenance department and the
mechanics, it became clear that this was due to 3 out of the 6 suction cups being deteriorated.
In �gure 4.10 it is visible where one of the suction cups was torn, see inside blue circle. Due to

Figure 4.10: Suction cup with tear

this, air could enter the vacuum area and the amount of vacuum needed to extract a seal could
not be reached. To check if this component is suitable for monitoring and predictive mainte-
nance it had to be checked whether the stops are really due to deterioration and if maintenance
actions make a di�erence in stop reduction. In �gure 4.11 the number of stops due to seals
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missing and serial error seal are shown for 12 weeks.

Figure 4.11: Development of number of failures due to seals missing due to deteriorated suction
cups

Week 52 is visible in the �gure but is not representative. This week was the week between
Christmas and new year, the production line had less production time in this week. The green
area is where there is no problem with the suction cups, they are not torn or deteriorated around
the edges. The red area is when there was a tear forming in the suction cup, due to this it could
not build up enough vacuum to extract the seal, resulting in seals missing. The orange area
is when a 'quick' �x was put in place. The vacuum was set stronger, meaning that even with
a torn suction cup enough suction could be built up to extract a seal. In week 6 maintenance
was performed and the torn suction cup was replaced, and the vacuum setting was set back
to normal. In weeks 7 and 8, after the maintenance actions were taken, the number of failures
due to seals missing was back to before production with a broken seal. This concludes that
maintenance actions are e�ective in the reduction of stops for this component of the production
line, making it suitable for active maintenance.

4.3.3 Suction Cups

The suction cups mentioned in the section above cannot only be found in the seal section but
also in the cup and lid section. From historic events and information gathered from the manu-
facturer of the �lling machine, the inspection intervals and replacement intervals are gathered.
By the manufacturer, these times are given in operating hours. The maintenance department
has translated this to intervals in weeks based on the average hours the machine runs in one
week. In table 4.5 these can be seen for the di�erent sections with suction cups. The di�erence
in replacement interval can be explained by the fact that the suction cups handle di�erent types
of materials which make them deteriorate faster or slower. The cups are either made out of PET
or paper, the seals are made out of PET or aluminium and the lids are only made out of PET.
However, not all cups require a lid, so the lid section is not always used, meaning the suction
cups are not always used. The average of usage in a production week was used to determine
the replacement interval.
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Table 4.5: Inspection and replacement intervals determined by �lling machine manufacturer for
suction cups in cup, seal and lid section

Inspection
Interval

Replacement
Interval

Cup Section 4 weeks 16 weeks
Seal Section 4 weeks 12 weeks
Lid Section 4 weeks 20 weeks

As discussed in chapter 2, now that the vital components to monitor are determined, the
next steps are to determine the parameter which indicates deterioration. The suction cups
are connected to three separate vacuum systems, see appendix C for more information on
the vacuum system, The pumps in these systems always produce a vacuum of Xbar, due to
con�dentiality the real number cannot be used, instead, the setting for the vacuum pump used
will be at -1bar. By the means of valves and tubes the vacuum is directed over the suction
cups. From historic events regarding degradation, it was found that when the suction cups
have tears or are deteriorated around the edges, the vacuum needed for operations cannot be
achieved anymore, resulting in stops due to missing cups, seals or lids. The vacuum achieved,
is also a �ctive number due to con�dentiality and will be used throughout the whole report, for
every row of suction cups is analogy visible inside the machine in the corresponding sections.
The vacuum updates every 0.5seconds to the at that moment achieved value. This will look
something like the following:

0 sec 0 bar
0.5 sec 0 bar
1 sec -0.72 bar
1.5 sec -0.76 bar
2 sec -0.75 bar

Meaning, at 0 and 0.5 seconds no vacuum is created, as no cup, seal or lid is placed upon
the suction cups. At 1, 1.5 and 2 seconds vacuum is created, as there is a cup, seal or lid
placed upon the suction cups.

If the suction cups have deteriorated around the edges or have tears in them, air can get into
the space where vacuum should be created. If this happens, the values of the created vacuum
will become closer to 0 bar.

Based on this information it was decided that the parameter to indicate degradation is the
achieved vacuum of the suction cup rows. The threshold for this variable is determined from the
minimal vacuum under which the suction cups can still operate. The desired achieved vacuum
is -0.75bar, when the achieved vacuum reaches -0.65bar, there is not enough vacuum for cups,
seals or lids to be extracted and the machine stops. This leads to the threshold for operation of
-0.65bar.

To show where and how the suction cups are used for the extraction of the cups, seals and
lids, the di�erent sections where they occur are explained below. Due to con�dentiality, the
machines in these sections are not displayed in great detail.

Cup section

The �lling machine starts with the cup section. In this section, the cups are placed from the cup
storage into the chain which moves through the whole machine. With suction cups, the cups
are retracted from the storage and placed into the chain. The chain has 6 cups in each row.
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The level of the cups in the storage is checked, if this level is low a warning will be sent and if
it is almost empty the machine will stop. The cup storage has to be �lled by hand. When the
cups are placed into the chain, a check is done to see if in all the cup holes are �lled. If cups
are missing the machine stops and cups can be placed in the holes by hand. If double cups
are detected the machine stops and the extra cups have to be taken out. The cup station, see

Figure 4.12: Cup station

�gure 4.12 consists of the following parts:
1. Cup storage - 6 lanes
2. Light sensor - level of cups in cup storage
3. Servo motor - lifting movement forced unstacking
4. Servo motor - holding strips open/close
5. Cup break (pneumatic driven)
6. blocking and holding strips
7. Cup check
8. Suction Cups
9. Servo motor - forced unstacking open/close

10. Servo motor and adjustment belt - hight setting cup unstacker
In �gure 4.12 number 8 shows the suction cups. As can be seen, the cups enter from above
and the suction cups are pulled down. There are 6 stamps which have a suction cup, one for
every cup in a row. These suction cups need to be able to create vacuum on plastic and paper
cups. From here the cups move to the sterilisation and �lling sections.

Seal section

After the cups are �lled they will be sealed. The sealing can be done with an aluminium or a
PET seal. The seals get extracted from the seal storage by suction cups on a rotatory arm. The
seals get sprayed with H2O2 and dried with hot air. The arm rotates until the seals are placed
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above the cups and are placed on top of the cups. With heated sealing heads, the seals are
melted on top of the cups. This station consists of the seal applier and the sealing unit.

In �gure 4.13 the seal applier can be seen. Here the seals are extracted from the seal holder
and placed on the cups. The seal applier consists of the following parts:

Figure 4.13: Seal applier in seal station

1. Servo drive with rack and pinion 6. Suction connection drum
2. Chutes for suction strips 7. Approach switch to detect drum position
3. Drum drive 8. Ejector
4. Suction strips 9. Suction cups
5. Drums

Part 4, the suction strips, are strips which contain 6 suction cups on them. In this section,
there are 5 suction strips. The drum rotates the suction strips, this way the suction strips are
placed below the seal holder and three beats later the suction strip is placed above a cup. As
soon as the suction strip is placed under the seal holder and a seal touches the suction cups,
vacuum is created. When the strip is placed above the cups, this vacuum is switched o� and
with the ejector the seal is placed on the cup. Next, the seal will be melted on top of the cup
and the best before date and other information is printed on the seal.

Lid section

From the printing station, the cups are transported to the lid section. Not all products require
lids. If they do not require a lid, this section is just passed through without anything happening
to the cups. If lids are required the following steps happen in this section. The chain moves
the cups over the cup lifters. The cup lifters are moved upwards by a servomotor, this way the
cups are lifted slightly out of the holes. The lids are extracted from the lid storage by a row of
suction cups. They take the lids and with a rotary movement of 180 degrees, the lids are placed
on top of the cups. The lids are then pressed on the cups to snap on. The cup lifters lower
the cups again into the holes. The cups now rest on the rims of the lids in the chain holes and
are positioned slightly higher. This is also the test to see if the lid has been applied correctly. If
the lid has not been applied (correctly), the cup will be positioned higher, leaving a small area
underneath the cup. With a 'light curtain,' it is checked if a light is visible underneath the lid, if
this is the case the lid is applied correctly. If there is no light visible, the lid has not been placed
correctly, the machine will stop and give the error that a lid is missing. Double lids are detected
the same way but with a light sensor above the chain. After the lids have been placed the cups
are transported to another printing station which works the same way as explained above.
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