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Abstract

Large conveyor systems require much power to make the system work properly. Therefore,
the cables and power distributors in a system should be designed to handle an amount of
power, although it is unnecessary to overestimate this amount of power, as it makes the sys-
tem more expensive. We developed a stochastic model to describe the power consumption in
a (sub)system. This model is based on a number of equipment that switch on and off, each
having a power consumption distribution. This model can be verified using simulation.
We performed power consumption measurements at the conveyor system of Oslo Gardemoen
Airport, although these data could not be used to verify the stochastic model, nor the simu-
lation. Nevertheless, using these measurements, we analyzed the measured (sub)systems and
also the baggage flow in these systems, as data of the number of items in the (sub)system was
also available. We were able to describe a relation between the number of transported items in
the system and the power consumption in the system. This relation then can be extrapolated
to the maximum capacity of the (sub)system such that we can predict the consumed power
at maximum capacity. This data-based prediction method enables us to give a prediction for
(an upper bound of) the maximum consumed power. We developed an Excel-tool to perform
this method.
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Executive summary

Problem background

Electrical devices require an amount of power in order to work. This power needs to be trans-
ported through cables and fuses designed for this purpose. When the power that is actually
going through the cables and fuses is higher than what it is designed for, the system will fail.
However, designing the system to be able to handle the maximum amount of power when
all motors are running on full capacity is also not desirable, since not all devices will work
simultaneously. Over estimation of electrical devices and simultaneous factors prevents that
the installed power is ever met in a practical situation.
Ideally, we want to have a very accurate value for the maximum consumed power, such that
we can design the fuses and cables in a system corresponding to that maximum consumed
power value.

Vanderlande Industries

Vanderlande Industries is a Dutch company, situated in Veghel, that is specialized in the
design and installation of conveyor systems, most often in airport luggage transportation,
warehousing and parcel and postal. Designing these systems using an accurate value for
maximum power consumption is very important, because it can prevent system failures and
reduce installation costs.
The purpose of our research is to find an analytic method to determine the maximum used
power and to find a method to predict the maximum simultaneous power consumption in a
(sub)system that is still to be designed.

Model

For the analysis of this process, we first developed a mathematical model, where the total
number of running machines (all conveyors and equipment) follows a Markov Chain. From
every machine we know the operational factor ρ (the fraction of time that a machine is
running) and the corresponding amount of consumed current C. Naturally, it is not enough
to analyze the number of running machines, since we are interested in the used amount of
current (or power). However, to get an insight in the process, we will look at the number of
simultaneously running machines first.
Every machine is switched on after an exponential amount of time and switched off after an
exponential amount of time, where the parameters for these distributions are chosen such
that the fraction of time that the machines are running is ρ. Under the assumption that all
the machines in our system have the same properties, we will see that the number of running
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machines follow a Markov Chain. It will be shown that it is possible to find an expression for
the equilibrium distribution for this Markov Chain. The analysis is more difficult if we do not
assume all machines to be similar, because then we will have to keep track of which machines
are running instead of how much of them are running. We can use the Poisson binomial
distribution for this, as it is the sum of independent Bernoulli random variables, each with its
own parameter pi. Ultimately, we are interested in the distribution of the maximum number
of machines that are running simultaneously.
The insight in the process is good, however we wish to analyze the consumed power in a
system rather than the number of running machines. Since we know that the total amount of
consumed current T is a sum of a stochastic number of random variables, we chose to analyze
a transform of T , the moment generating function ϕT (t). We find a closed expression for
ϕT (t) in terms of a moment generating function. This moment generating function gives us
all the information about the distribution of T . Even if we assume that not all machines are
similar, we can use this method.

Data analysis

To verify our model, we performed measurements at Oslo Gardemoen Airport. We measured
(sub)systems with different properties and main functionalities, such as check-in, security,
arrival carousels, etc. Below we find a power consumption measurement overview of one day
at a conveyor area in the Main Baggage Hall of Oslo Gardemoen Airport. In Figure 1, we
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Figure 1: Measured and consumed power over time (regarding the installed power and simul-
taneous power), also compared with the number of items in the system.

see that the power consumption is fluctuating very much over time, and we expect that this
has to do with the number of items that is transported on the conveyor system. To explain
these power fluctuations, we plot the power consumption over time and the number of items
in the system in one graph. We see that the power consumption pattern indeed matches the
pattern of the number of items, which leads to the conclusion that the fluctuations are caused
by the items on the conveyor belts.
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Prediction

Given these measurements, we wish to give a prediction for the maximum consumed power in a
(sub)system.
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Figure 2: The fitted relation between the num-
ber of items and the power consumption in a
Main Baggage Hall subsystem.

Therefore, we fitted a relation between the
number of items and the consumed power as
a rational function, as one can see in Figure
2.
The maximum capacity of a (sub)system is
known, and therefore we can extrapolate our
power measurement data to the maximum
capacity of the (sub)system. The data is lim-
ited, because measurements are taken every
hour during one day, which results in only
24 data points. Given this data, we can con-
struct a 95% prediction interval to find an
upper bound and lower bound on our pre-
dicted value.
We are able to use this analysis if we are de-
signing a (sub)system with the same prop-
erties as the measured system, since the si-
multaneous factor cannot differ much. Also,
for accurate power consumption prediction

of a (sub)system that is still to be designed, one can perform measurements at an already
installed system with the same properties as the system that we are designing. For this
prediction method, we wrote an Excel-tool.

Conclusion

We can conclude that we were able to model the power consumption using a stochastic
model, although this could not be checked using the available data. With these data, we
created a statistical analyzing method, that can be used to predict power consumption in
similar (sub)systems.
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Chapter 1

Introduction

This report describes a study on the simultaneous power consumption in large-scaled con-
veyor systems commissioned by Vanderlande Industries, located in Veghel, the Netherlands.

It is general knowledge that devices need to be supplied with power in order to work as
they should and this power supply depends on the amount of power that a device requests.
Since power distribution is limited in every system, it may happen that our power distributor
cannot handle the amount of requested power, which will lead to a power surplus and will
cause a fuse to be blown. This is caused by the design of that system, because apparently it
was not designed to be able to handle that surplus of power.
The fall out of a system is highly undesirable, however, designing a system to handle an
unnecessary high amount of power is also highly undesirable. This is because the installation
will be much more expensive, as for example cables need to be thicker and more expensive
fuses will need to be used.
In our private environments (like houses or small office buildings), these expenses are minimal,
however in much larger environments, with a large power consumption, these expenses can
become very big. One can think of large factories, amusement parks or warehouses.
In this chapter we will first describe the problem that lead to this research, followed by our
research questions. Afterwards, we will tell something about Vanderlande, the company that
requested this research.

1.1 Problem description

A large system (as for example an entire airport) requires much power in order to work cor-
rectly. The benefit we have in designing this large system (and its power distribution) is that
we know what devices we are going to install and we know their installed power.
Although the cables should be able to handle the amount of current belonging to the con-
sumed power, it is not desirable to design all the cables in a way they can handle the maximum
current when all devices are turned on with maximum capacity. This is the case, because
in general not all devices will be working at the same time and on the maximum required
capacity. For example, if we link 10 devices, 5 A (Amps) each, but only 5 of them will work
simultaneously, then we do not need fuses and cables suitable for 50A current usage, but for
25A current usage. So designing with 50A current usage would be an overestimation or as we
will call it overdimensioning.

Analysis of the power consumption in large conveyor systems
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Even though Vanderlande never encountered many defects due to the faulty usage of overdi-
mensioning, we are still interested in the accuracy of the currently used factors for systems.
It might be the case that these factors are very accurate and therefore they should not be
changed, however it is also possible that the factors are too high, and that our expected
consumed power is lower than the actual consumed power. This means that the used ca-
bles could be even thinner and then installations will become cheaper. The accuracy of the
overdimensioning and operational factors on the total consumed current is our main goal to
research.

Research questions

The main research question we wish to answer is

How can we model simultaneous power consumption in a large system and pre-
dict the simultaneous power consumption for systems still to be designed?

To support and divide this main research question, we formulate sub research questions.
These sub questions are;

1. Which data are available regarding power consumption and can we use this for research
on simultaneous power consumption?

2. Can we develop a method to mathematically model the behavior in power consumption
of a (sub)system?

(a) Under what assumptions can we use this model?

(b) What is the input needed for this model?

(c) Can we use measurement data to verify the correctness and accuracy of this model?

3. How can we use the given data to predict an upper bound for the simultaneous power
consumption in the system?

4. How can we use the data to create a predictive model for simultaneous power consump-
tion to predict power consumption in a system that is still to be designed?

Analysis of the power consumption in large conveyor systems
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1.2 Company description

Figure 1.1: A conveyor system that Vander-
lande installed.

The origins of Vanderlande lie in the Dutch
town of Veghel, where Eddie van der Lande
established the company in 1949. His family
initially refurbished and later produced ma-
chines for the textile industry, before moving
into the manufacture of hoisting apparatus,
cranes and conveyor belts for bulky materials
and barrels of oil.[6]
A significant development came in 1963
when VanderLande entered into a part-
nership with American company Rapistan
Incorporated. It began to develop and
build customized transport systems and this
marked the start of a successful global organization.
In 1988, the company’s current owner NPM Capital acquired a majority of the company’s
shares. Since then, it has enabled Vanderlande to achieve its long-term goals and expand on
an international scale.
Today the company has a presence in each of the world’s expanding markets and it is currently
carrying out 260 projects in 105 countries. Vanderlande has continued to grow from supplier
of equipment to one of the major international players in the field of integrated, automated
material handling solutions for airports, sorting systems for parcel and postal services and
warehouse automation solutions.

Figure 1.2: One of the Vanderlande company buildings
in Veghel, the Netherlands.

In all of these systems, Vander-
lande will take care of all the neces-
sary equipment to make the system
work at its best. Such systems can
be very big and complex and there-
fore very complicated, see also Fig-
ure 1.1.
All the used devices in these sys-
tems need an amount of power
in order to work as they should.
These devices include conveyor mo-
tors, sorting installations, scanning
installations, among other things.
It is very important for Vander-
lande to have an accurate view on
the power consumption in their sys-

tems, as this could lead to a cost reduction, for example when the used cables could be thinner
and still be able to handle the amount of current. Also, this accurate view can contribute
to the sustainability of systems that Vanderlande manufactures and installs, and it can be
beneficial for the environment.

Analysis of the power consumption in large conveyor systems
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Chapter 2

Theory on power systems

To better understand the following chapters, we will give a brief description of required theory
on the design of a system, followed by some basic theory on power calculations and overdi-
mensioning. This will be necessary to understand the design concept and its corresponding
power distribution.

2.1 System design

All conveyor systems that Vanderlande installs are designed in an equal way. They distinguish
3 types of different power distributors, each on their own level. A schematic view can be found
in Figure 2.1. This pyramid shape is build up from below, where we find the conveyor motors
and other devices. In the following layers we find respectively the central control cabinets,
the power distribution panel and the main distribution panel.
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Up to the CCC there are calculations methods known which take in account over dimensioning of motors and 
simultaneous factors. Higher in the pyramid these factors are not really known. 
In large systems however there is a relation between capacity (products to transport), the simultaneous used installed 
power on transformers and the actual power consumption. In general sub-systems must be able to momentary handle 
a certain capacity, but in larger systems it will never happen that all sub-systems on the same moment require the 
calculate power based on its momentary maximum. 
 
Assignment: 
Measure in number of large systems the used installed power at the PDP or MDP. Measurement need to be done on 
installed sites like Schiphol the Netherlands, or abroad (as example London Heathrow, Barcelona, Oslo). Out of the 
measured results, can we determine simultaneous factors in the given pyramid in relation to the installed power at 
CCC’s. Can we make a relation between the required power on PDP and MDP in relation to capacity flow (product 
flow) in the system. 
Can we make a relation to the simultaneous used power and the consumed power. As consumed power is also heat 
production in a building can we make an estimate from the consumed power over the day if the material system 
capacity is fluctuating. 
 
For example a flight schedule on an airport makes that baggage flows are fluctuating over the day. What is the effect 
from fluctuating capacity on the power requirements and power consumption. 
 
As we have different market segments (baggage, express parcel, warehouse and distribution) and differ type of 
equipment (Single belt, multi belt, Tubs, Carts, Cranes, Shuttles), can we give per market segment simultaneous 
factors for installed and consumed power. 
 

Figure 2.1: The schematic pyramid layout of a certain airport power distribution system.
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Conveyor motors

In a system there are many devices (motors) contributing to the transport of items. These
devices can also be heating- or cooling devices, screening machines, amongst others. Multiple
motors are often placed on one power connection to the next layer in the pyramid.

Central Control Cabinet (CCC)

A number of devices is clustered in a Central Control Cabinet (CCC). A Central Control
Cabinet contains a panel that distributes power to all the devices that are clustered in this
CCC. It also contains some controlling units, the Programmable Logic Controller (PLC)
which is the modular solution for equipment control. Other components in a Central Control
Cabinet are taking care of for example protection, signaling, cooling and data registration.

Power Distribution Panel (PDP)

Multiple Central Control Cabinets are linked
to a Power Distribution Panel (PDP). This is
almost the same as the power distributor in
a Central Control Cabinet, but in contrast to
the CCC, in a PDP there are only parts that
contribute to power distribution. So there is
no data registration and no controlling units.

Main Distribution Panel (MDP)

All Power Distribution Panels are linked to one Main Distribution Panel (MDP). This MDP
works in the same fashion as the PDP. An MDP is directly attached to a transformer, and
it distributes all of the power over the different Power Distribution Panels. In small systems,
the Main Distribution Panel is omitted, and the Power Distribution Panel is then filling its
role.

2.2 Theory on power calculations

There are a certain different characteristics for power. We distinguish installed power from
active power (or consumed power) and apparent power [7].

Installed power (kW)

The installed power of a system is the sum of the given motor power and given power needed
for the integrated units and electrical components.
The system will never consume this amount of installed power because;

• Not all motors will be switched on simultaneously,

• The load of the system will vary between the minimal and maximum weight,

• Not all windows (spaces on a conveyor belt) will be used at all times and the operational
capacity is lower than the designed capacity,

Analysis of the power consumption in large conveyor systems
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• Motors are more powerful than the maximum required motor power.

Active Power (kW)

Active power is the true power that is consumed to make the system work. In other words,
it is the power from which the associated current works off the load. Often active power is
called consumed power.

Apparent Power (kVA)

The apparent power of a system is the power consumed by the system during operational use,
including the power that does not help to work off the load. Apparent power is the power
that is both dissipated and absorbed, and therefore it is always bigger than the active power.
We use apparent power for design when we want to analyze the heating of conductors or other
uses of energy.

2.2.1 Overdimensioning factor and operational factor

Each motor in the system is overdimensioned. If calculations show the need of a certain
power, than this is based on maximum weight, maximum speed and maximum capacity. In
real life, it is very unlikely that all these specifications attain its maximum at the same time.
More than that, there are only a few types of motors used, with a given installed power. So
if calculations show the need of for example a motor of 1.27kW, we will install a motor of
1.5kW, because in the system there are only motors with a specific amount of power. This
causes the overdimensioning factor of the system.
When a system is running, goods will be transported. This does not mean that each motor
will have to run continuously or on full capacity all the time. Therefore per type of equipment
a so-called operational factor can be specified. This factor is based on the fraction of time
that a system is operating. So if a conveyor runs 5 seconds each minute, then the operational
factor is 5

60 which will be rounded up to 0.1. All of these factors are determined and they can
be found in Table 2.1.Note that these values are based on estimation and experience.

2.2.2 Currently used method for overdimensioning

For quick power calculations, one uses a factor of 0.83 as an overdimensioning factor, based
on prior knowledge and experience of Vanderlande Industries. The method that is currently
used is as follows;

Active power (kW) = NMC ·ODF ·OF · SV ·
√

3.

We use the following abbreviations;

• NMC; nominal motor current

• ODF; overdimensioning factor

• OF; operational factor

• SV; system voltage

Analysis of the power consumption in large conveyor systems
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Table 2.1: Operational factors given the functionality of the conveyor
Type equipment System elements Operational factor

Conveyors for transportation

Transport conveyors 0.85
Merge conveyors 0.6
Junctions 0.6
Collector conveyors 0.6
Sorters 1.0
Check-ins 0.1
Un- and loading conveyors 0.85
Index belts 0.85
Diverters 0.2
Carousels 0.85

Controls equipment
PC’s 1.0
Weighing scales 1.0
Scanners 1.0

Other equipment
Compressors 0.6
Cranes 0.4
Fire/security doors 0.0

The multiplication of the nominal motor current and the overdimensioning factor, gives us the
actual motor current. If we multiply this with the system voltage, we obtain an estimation
for the active power, which is corrected with the operational factor to obtain the nominal
power. There is also an advanced calculation method. This is used as follows;

Active power (kW) = AMC ·OF · SV ·
√

3.

We use the following abbreviations;

• AMC; actual motor current

• OF; operational factor

• SV; system voltage

This last method is preferred, although in general it is hard to find the actual motor current,
therefore we often estimate the actual motor current using the first method.
The factor

√
3 in both methods can be explained by the fact that we work with three-phase

circuits. The voltage in a three-phase circuit is the sum of 3 sinusoids with the same ampli-
tude, that all differ a phase 1

3 from each other. Adding these sinusoids together will result

in a maximum value that is a factor
√

3 larger than the original sinusoids’ amplitude, which
explains the factor

√
3 in the formulas. [5]

Currently these methods are not used on each motor, but on each subsystem. So the overdi-
mensioning factor and operational factor of a subsystem are set to a value that is used in the
entire subsystem. Usually these factors are 0.7 or 0.8
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Remark 1 (Power and current). The relation between consumed power and consumed
current is

P = U · I

where P means power, U means voltage and I means current. The voltage in a system
has a constant value that is not fluctuating much. Therefore it does not matter whether
we analyze the consumed power or the consumed current. In all systems, there are several
fuses installed and if a fuse is blown, it is caused by a current overload. In this project
we sometimes analyzed current, and sometimes we analyzed power. Their results can be
interpreted similarly.

2.3 Existing literature

There is little literature on this topic, and for the available literature, we did not find it very
applicable to our situation. The used assumptions in literature often did not fit our situation.
Krikidis [8] states a large-scale model on simultaneous information and energy transfer, but
this is more about energy harvesting than on power consumption. Also, it is best applicable
in communication networks, which is not something we desire.
Xiaohan Ma [10] describes a statistical method for power consumption analysis, although this
model has nothing to do with simultaneous power consumption. Ma describes a statistical
model on the power consumption in a graphics processing unit (GPU) that contains billions of
identical transistors. Because of the transistors being identical, we cannot apply these results,
because our systems contain nonidentical parts. Beyond that, there might be a dependency
between devices in our systems. The state in which a device is (ON or OFF) might depend
on the state of another device.
The model that Martin [9] describes can be applied to our situation. Martin states power
consumption analysis in a processor with a given workload. Nevertheless, Martin describes
how to reduce power consumption and is not talking about simultaneous power usage.
Xiaobo Fan [4] describes a power supply system for a warehouse-sized computer and this is
a useful article. Xiaobo describes the power provisioning in a data center and elaborates
on power consumption and peak power. Then a workload is selected, and the measurement
results are given in a cumulative density function plot. In these graphs, one can see the
fraction of consumed power and maximum consumed power. Unfortunately, Xiaobo does not
share anything about the installed power, and therefore this simultaneous factor differs from
our overdimensioning factor. Furthermore, there is no distribution given for the workload,
so there is no comparison over time between workload and power consumption. This is an
essential part of our research, so we will not use the results from Xiaobo.

Analysis of the power consumption in large conveyor systems



20 CHAPTER 2. Theory on power systems

Analysis of the power consumption in large conveyor systems



Chapter 3

Stochastic analysis of the number of
running machines

To get an insight in the consumed power, we first look at the number of machines that is
running simultaneously. Not every motor will consume the same amount of power, and this
amount of power will even vary over time. However, to get an insight in the power consump-
tion and to get familiar with the process, we will first look at the number of running machines.
For our analysis on the total number of machines that are running simultaneously, we distin-
guish a few methods. First we will assume that all machines are identical (so they all have the
same properties). Then we will assume that machines are nonidentical (so the may all have
different properties), and at last we will look at groups of machines, where all the machines
in 1 group have the same properties.

3.1 Identical machines

We will use our knowledge of birth-death processes to create a model for the number of
running machines. We have a fixed population of N machines, where switching off a machine
will be denoted as a ’death’ and switching on a machine will be denoted as a ’birth’.
For this model, we make a few assumptions;

• We assume that the time intervals between both ’births’ and ’deaths’ are exponentially
distributed,

• we assume that all machines have the same ON-rate and the same OFF-rate,

• we assume that all machine’s ON-periods and OFF-periods occur independent from
each other,

• (we assume that there will never be 2 machines changing their states at the same time).

Under these assumptions, the number of machines that is running at a certain time follows a
Markov Chain. This Markov Chain has N + 1 possible states, namely {0, 1, . . . , N − 1, N}.
The parameter of the distributions of ON-periods and OFF-periods depends on the current
state. For example, if there are many busy machines, it is more likely that one of them will
be turned off instead of an idle machine being turned on. We denote the mean duration
of one ON-OFF period (so from the start of an ON-period to the end of an OFF-period)
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by 1
λ . Note that this λ is not the parameter of any exponential distribution. We denote

the expected fraction of time that a machine is busy by ρ, and therefore we find λ
1−ρ as the

intensity corresponding to go from OFF to ON and λ
ρ as the intensity corresponding to go

from ON to OFF. Our transition model with their transition rates is given in Figure 3.1.

0 21 2 N-1 N

𝑁𝜆

1 − 𝜌

𝑁 − 1 𝜆

1 − 𝜌

𝜆

𝜌

2𝜆

𝜌

𝜆

1 − 𝜌

𝑁𝜆

𝜌

Figure 3.1: The transition model of the birth-death process with identical machines

Equilibrium distribution

For global balance we can use the ’cut’ method, where we look at the transition between 2
states. This gives us the following balance equations.

p0
Nλ

1− ρ
= p1

λ

ρ

pi
(N − i)λ

1− ρ
= pi+1

(i+ 1)λ

ρ
for i = 1, 2, . . . , N

From this result, we can get an expression for the unknown probabilities.

pi+1 =
(N − i)λρ

(i+ 1)λ(1− ρ)
· pi =

(N − i)ρ
(i+ 1)(1− ρ)

· pi

Using this recursion we can express pi+1 in p0.

pi+1 =
(N − i)ρ

(i+ 1)(1− ρ)
pi

=
(N − i) · (N − (i− 1))ρ2

(i+ 1) · i · (1− ρ)2
pi−1

=
(N − i) · (N − (i− 1)) · . . . · (N − 1) ·N · ρi+1

(i+ 1) · i · . . . · 2 · 1 · (1− ρ)i+1
· p0.

This can be simplified further,

pi+1 =
(N − i) · (N − (i− 1)) · . . . · (N − 1) ·N · ρi+1

(i+ 1) · i · . . . · 2 · 1 · (1− ρ)i+1
· p0

=
N !

(N − (i+ 1))! · (i+ 1)!
· ρi+1

(1− ρ)i+1
· p0 =

(
N

i+ 1

)
ρi+1

(1− ρ)i+1
p0.
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Now, we can easily shift the index so we find pi =
(
N
i

) ρi

(1−ρ)i
p0. Adding the normalization

N∑
i=0

pi = 1, we can solve this system of equations:

1 = p0 +
N∑
i=1

pi = p0 +
N∑
i=1

(
N

i

)
ρi

(1− ρ)i
p0 =

N∑
i=0

(
N

i

)
ρi

(1− ρ)i
p0 =

(
1 +

ρ

1− ρ

)N
· p0.

We now find that p0 = 1(
1+ ρ

1−ρ

)N = (1 − ρ)N . This makes sense, because we know that the

fraction of time that a machine is OFF is (1−ρ), so if N of these independent machines should
be OFF, we get (1− ρ)N . If we plug in this value, then we obtain the following expression:

pi =

(
N

i

)
ρi

(1− ρ)i
· (1− ρ)N =

(
N

i

)
ρi(1− ρ)N−i.

We immediately recognize the binomial distribution with parameters N and ρ.

3.2 Nonidentical machines

If we do not assume all the machines to be exactly the same, we have many more states to
consider. Since every machine can either be ON or OFF (so 2 possible states per machine), we
find a total of 2N states, where N is the number of machines. Each machine i then has its own
parameters λi and ρi. Note that we still assume the machines to be mutually independent.
A state s with s ∈ {0, 1}N is a binary vector of length N where a 1 at position i means that
machine i is turned ON, and a 0 at that position means that the machine is turned OFF.
From each state (i1, i2, . . . , iN−1, iN ) we have N possible transitions, since every machine can
go from either ON to OFF or vice versa. This results in only 2 possible transitions to be
made;

• A transition from



i1
i2
...

ij = 0
...

iN−1

iN


to



i1
i2
...

ij = 1
...

iN−1

iN


occurs with rate ρjλj ,

• a transition from



i1
i2
...

ij = 1
...

iN−1

iN


to



i1
i2
...

ij = 0
...

iN−1

iN


occurs with rate (1− ρj)λj .

As we found in the previous section, where we considered identical machines, we can look
at the equilibrium distribution by considering the fraction of time that a single machine is
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running. Now, every machine has its own value ρi, so they all have their own probability of
running at a certain time. This generalization of a Binomial distribution is called the Poisson
Binomial distribution.

3.2.1 Poisson Binomial distribution

The Poisson Binomial distribution is the distribution corresponding to a sum of independent
Bernoulli distributed random variables Xi, each with a parameter pi. So we consider the sum

X =

n∑
i=1

Xi

where expectations of the individual Xi (E[Xi] = pi) are not necessarily equal. Since this
random variable X is a sum of independent Bernoulli random variables, we can easily find the
expectation and variance of this Poisson Binomial distributed random variable X, because

E[X] =
n∑
i=1

pi

and

Var[X] =
n∑
i=1

pi(1− pi).

For this distribution, we can find the following expression for the probability mass function:

P[X = k] =
∑
A∈Fk

∏
i∈A

pi
∏
j∈Ac

(1− pj), (3.1)

where Fk is the set of all subsets of {1, 2, . . . , N} of size k. In the complement of A we consider
every index that is not in A, so Ac = {1, 2, . . . , N} \A.

Given this distribution, we can now obtain a probability density function for the number
of machines that is turned on at a certain time.

3.2.2 Model

The model of this birth-death process with nonidentical machines looks about the same as
with the identical machines. In comparison with the transition model we use with the identi-
cal machines, almost everything remained the same. We still have a state space {1, 2, . . . , N},
since still all N machines can be either ON or OFF. Also, because we assumed that there are
no time steps in which there will be 2 or more switched (from ON to OFF or from OFF to
ON), we still see that from state i, we can only reach either state i−1 or state i+1. The thing
that did not stay the same, are the intensities to jump from one state to another. In fact,
we do not even know them, because they depend on the machines that are already running.

For state 0, we know that the intensity to jump to state 1 is
N∑
i=1

ρiλi, because 1 machine has

to turn on to get to state 1. For state N , we could give a similar argument. But for every
other state, we cannot give the transition intensity without knowing the machines that are
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currently running. For example, if machine 1 is the only one who is in ON-state, then we will

go from state 1 to state 2 with intensity
N∑
i=2

ρiλi = ρ2λ2 +
N∑
i=3

ρiλi. But if machine 2, would

be the only one who is in ON-state, than we will go from state 1 to state 2 with intensity

ρ1λ1 +
N∑
i=3

ρiλi. Here we can see that even for such a fairly easy state, we encounter problems

in giving a good expression for the transition intensity.
Since we have considered every machine to be a Bernoulli random variable, we can use the
Poisson binomial distribution. The probability that machine i is running is ρi, so for the num-
ber of machines running at a certain time (and therefore also for the equilibrium distribution
of this process) we find

pk = P[X = k] =
∑
A∈Fk

∏
i∈A

ρi
∏
j∈Ac

(1− ρj).

This is a reasonably nice expression, but if we want to keep track whether every machine is
running or not, then we need as state space of size 2N . This exponentially large state space
can lead to computational issues. If we can group machines with the same properties, we may
reduce that size. This is what we will discuss in the following section.

3.3 Multiple groups of machines

If we consider multiple different machines, we can divide them into groups. We can then
assume that inside every group, the behavior of every machine is the same. So, within a
group j, each machine has the same parameters λj and ρj .
This approach can reduce the size of the state space significantly, since we need (M + 1)n

memory, where M is the number of machines in the biggest group and n is the number of
groups. We will use corresponding parameters concerning the one-group example above, so
there will be a λi and ρi for the distribution of group i. We take Ni to be the total number
of machines in group i.
Again, the state transition diagram is equal to the diagram we used before, although again the
transition intensities are not clear. We still want to know the number of running machines,
where we have a total of N1 +N2 + . . .+Nn =: N machines. As before we only see transitions
from state i to either state i− 1 or i+ 1. Unfortunately the state space we use is not binary
anymore, because it will look like (i1, i2, . . . , in) where every ij is an integer value between 0
and Nj .
Now, we have to consider about 2n possible transitions from a given state;

• A transition from



i1
i2
...

ij = a
...

iN−1

iN


to



i1
i2
...

ij = a− 1
...

iN−1

iN


occurs with rate a(1− ρj)λj ,
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• a transition from



i1
i2
...

ij = a
...

iN−1

iN


to



i1
i2
...

ij = a+ 1
...

iN−1

iN


occurs with rate (Nj − a)ρjλj .

Again, we can use the fact that the number of machines that is running within a group
j follows a Binomial distribution with parameters Nj and ρj . If we want the equilibrium
distribution for the number of machines that are running at the same time, we find

pk = P[X = k] =
∑

ī:
∑
ij=k

n∏
j=1

(
Nj

ij

)
ρ
ij
j (1− ρj)Nj−ij . (3.2)

Given all the sections above, we now have different approaches to make a model of the number
of machines that are running at a given moment. The things we are actually interested in,
are properties of the maximum number of machines that are running at a given moment.

3.4 Maximum values

The failure of a system due to the fact that there are too many machines working simulta-
neously, is a very rare event. Our main goal will be to find distribution properties of the
maximum value of the number of running machines. This means that we will use n random
observations of the number of running machines to derive a distribution for the maximum
number of running machines, i.e;

P

[
max
i=1,...,n

Mi ≤ m
]
, (3.3)

where Mi stands for the number of machines that are running during observation i, where we
have a total of n observations.
If we consider all our machines to be different, we can use the Poisson Binomial distribution
to find a distribution for M , the number of machines that are running simultaneously. Note
that in (3.3) m should be less than N (the total number of machines) for this expression to
be meaningful.
We can rewrite (3.3) to

P

[
max
i=1,...,n

Mi ≤ m
]

= P [M1 ≤ m, . . . ,Mn ≤ m] = P [M1 ≤ m]·P [M2 ≤ m]·. . .·P [Mn ≤ m]

because all the Mi are independent. Also since we do n identical trials, we can rewrite this
to

P

[
max
i=1,...,n

Mi ≤ m
]

= P [M1 ≤ m] ·P [M2 ≤ m] · . . . ·P [Mn ≤ m] = P [M1 ≤ m]n . (3.4)
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Since the probability distribution function of M1 (and thus of M2, . . . ,Mn) is given by the
Poisson Binomial distribution, we can compute its corresponding cumulative distribution
function if we use (3.1). Since the distribution of all Mi is the same, we will simply call this
M as we did before. Unfortunately, the expression for the cumulative distribution function
cannot be simplified further than

P[M ≤ m] =

m∑
k=0

∑
A∈Fk

∏
i∈A

pi
∏
i∈Ac

(1− pi)

which makes it reasonably hard to compute theoretically.

Convergence when n→∞

We want n to go to infinity in (3.4), because we can do a lot of observations to find a maximum
value distribution. We will see that this will cause problems, if we literally use that expression.
We know that

P [M ≤ m]

{
< 1 for m < N
= 1 for m ≥ N

which will result in a problem when we will use (3.4). Because

P [M ≤ m]n
n→∞−−−→

{
0 for m < N
1 for m ≥ N

shows us that we do not find a proper cumulative distribution function. This means that we
cannot analyze the behavior of the maximum number of running machines if we will keep
working with this expression. If we use a finite value for n then it is possible to perform the
analysis.
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Chapter 4

Stochastic analysis of the total used
current

The distribution of the number of machines that is running at a certain time gives us an insight
in the amount of used current, but it may not be sufficient to determine a value for consumed
current. That is because one machine might use much current compared to other machines.
Also, the amount of current that a machine uses is not deterministic, since it may vary over
time. If we assume that the current used by each machine follows the same distribution C
(which may be a deterministic value), we can find properties for the total amount of used
current. We will see that the direct distributions are difficult expressions, and therefore we
will work with transforms of the distributions, namely their generating functions. We are
especially interested in tail probabilities of the rare event of exceeding a given value.

4.1 Transform of the distribution

If all machine’s current follows the same distribution C and these machines are mutually
independent, then we can take a stochastic sum of random variables C. Our total amount

of current T equals
M∑
i=1

Ci, where M is the number of machines that are currently running.

The distributions of T and M are difficult to express directly, although we are able to express
the distributions in terms of moment generating functions. It is straightforward to obtain
the mean, the variance, and higher moments by differentiating the moment generating func-
tion. Additionally, very efficient (numerical) algorithms have been developed to compute the
probability density function or cumulative distribution function by inversion of the moment
generating function. [1, 2]
We will use a moment generating function ϕC(·) and ϕT (·) for respectively C and T , because
those are continuous random variables. For M we will use a probability generating function
gM (·). Then for the moment generating function of T we find

ϕT (t) = E
[
eTt
]

= E
[
e
∑M
i=1 Ci·t

]
,
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where all the Ci are independent and follow the same distribution.
We can condition on the value of M to obtain an expression for ϕT (t):

E
[
e
∑M
i=1 Ci·t

]
=

N∑
i=0

E
[
e
∑i
k=1 Ci·t|M = i

]
· P[M = i]

=

N∑
i=0

E

[
i∏

k=1

eCi·t

]
· P[M = i]

=
N∑
i=0

(
E
[
eC·t

])i · P[M = i] where C
d
= Ci

= gM
(
E
[
eC·t

])
= gM (ϕC(t)) ,

where we have used the independence between C1, . . . , CM . We can find the moment gen-
erating function for T if the distribution for C is known (or at least its moment generating
function). Though, we still need to know the probability generating function of M . To
determine a probability generating function, we would in general use the following definition;

gS(z) = E
[
zS
]

=

∞∑
i=0

P [S = i] · zi.

Since the probability mass function of the number of machines that are running at a certain
time is given by (3.1), this expression becomes very difficult. Using the property that M is just
the sum of N independent Bernoulli distributed numbers Yi, each with their own parameter
ρi, we can obtain the probability generating function.

gM (z) = E
[
zM
]

= E
[
z
∑N
i=1 Yi

]
= E

[
zY1+Y2+...+YN

]
=

N∏
i=1

E
[
zYi
]

=
N∏
i=1

(1− ρi + ρiz)

These results combined, gives us

ϕT (t) = gM (ϕC(t)) =
N∏
i=1

(
1− ρi + ρi · ϕC(t)

)
as an expression for the moment generating function for the total amount of used current.
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Remark 2 (Equilibrium distribution). Actually, the expression we found for gM (z) can
help us to find the equilibrium distribution pk we were searching for in Section 3.2.2. The
given equilibrium distribution in (3.2) is difficult to determine, because Fk can be very
large. Since the form of a probability generating function is

gM (z) = p0 + p1z + p2z
2 + . . .

we can use differentiation or numerical Taylor expansion to find the values of all pk. This
gives us

pk =
g

(k)
M (0)

k!
,

where g
(k)
M (t) equals the k-th derivative of gM in t.

Analysis of the power consumption in large conveyor systems



32 CHAPTER 4. Stochastic analysis of the total used current

Analysis of the power consumption in large conveyor systems



Chapter 5

Simulation analysis

We will now verify the results we described earlier using simulation. The main reason we
created a simulation, is that this can be extended very easily to properties that are hard
to analyze theoretically, for example dependencies. There might be a dependency between 2
machines being either ON or OFF, since conveyors are sequential. Also their consumed power
might be dependent, because they have to handle the same load. First, we will look at the
number of machines that are running simultaneously. Afterwards, we will say something about
simulating th total amount of current used by the machines that are running simultaneously.

5.1 Simulation of the number of running machines

We can analyze the earlier mentioned models with simulation. For the implementation, we
will use the same assumptions. Given the layout of the electrical system, we can simulate a
machine for each of the conveyor motors, using their own operational factor and mean cycle
length (ON time plus OFF time). Since we assume independence, we can simulate the ON
and OFF times of one machine independent from the other machines.
For the simulation, we need a few more parameters than we need for the theoretical model.
We need to determine when to end our simulation, so we need a parameter endTime.
The core of our simulation is similar to;

for all machines

t=0

if machine is ON on start

register machine switching ON at time t

t = t + exponential ON period duration

while t < endTime

register machine switching OFF at time t

t = t + exponential OFF period duration

register machine switching ON time t

t = t + exponential ON period duration
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total(t) = total number of machines running at time t
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The exponential distribution of the duration of ON periods has expectation ρA, where ρ is
the operational factor and A is the average cycle time. The exponential distribution of the
duration of OFF periods has expectation (1− ρ)A.

Remark 3 (Residual exponential time). The convenience of the residual exponential
time is that if a machine is running from the start, then its residual running time follows
the same distribution as the time period itself, and therefore we do not need to simulate
a starting up period until we reached a more steady state. We only need to determine
whether a machine is running at time 0 or not. This is of course true with probability ρ,
since that is the fraction of time that the machine is running.

This simulation was merely used as a basis for the simulation described in the next chapter,
which has a more practical usage.

5.2 Simulation of the total used current

For simulation of the total used current, we need to adapt the simulation as we described in
Section 5.1. In order to simulate the used current, we can use the following method.

for all machines

t=0

if machine is ON on start

register machine switched ON at time t

generate and register the used current on machine at time t

t = t + sampled OFF period duration

while t < endTime

register machine switched OFF at time t

register no used current on machine at time t

t = t + sampled OFF period duration

register machine switched ON at time t

generate and register the used current on machine at time t

t = t + sampled ON period duration

sum(t) = sum of all used current at time t

Before using this simulation, we need to find a distribution for the consumed current of a
machine. We assume that during an OFF period, the consumed power is 0, and during an
ON period, we want to use a distribution for the consumed current. Unfortunately, we have
no idea what kind of distribution this can be and without any further background on this
process, we cannot guess or estimate this distribution. The only reasonable thing we can
do is to use the installed power of each machine as its consumed power when the machine
is running, but naturally the machines will almost never consume the amount of installed
power. Luckily, we will perform power consumption measurements and we hope to be able
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to find a power consumption distribution for the conveyors. We will explain more on this in
the next chapter.

5.3 Comparison with measurements

The measurements we will describe in the next chapter were done on area-level, which means
that we know the consumed power in one specific area or (sub)system (CCC). We do not have
results on conveyor-level, so we cannot tell which of the conveyors were running at a certain
moment and how much power they consumed individually. Because of this, we are not able
to find a power consumption distribution for each (type of) conveyor. Still, we can compare
measurements with simulation, but since there is no power consumption distribution, there
will be some restrictions.

Measurement restrictions

First of all, we do not know the installed power of a conveyor. We only know the area
functionality (for example, Check-in, Arrival carousel, etc.) and the total installed power in
the area. Due to this, we cannot run the simulation we described earlier, because we have no
power consumption distribution. Instead of this, we will have to make a few adjustments to
the machines’ properties. We will assume that the installed power is equally distributed over
all the machines in the area, and that the machine is consuming all this amount of power when
it is turned on. We will also assume that each machine in one area has the same simultaneous
factor, namely the one that belongs to the areas functionality.
In Section 6.2 we will use this to compare simulation results with data measurement results.
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Data analysis

We measured the power consumption during one day in several subsystems of Oslo Gardemoen
Airport (in Oslo, Norway). These measurements were done with a power measurement device
using coils. All the measurements took place somewhere in 2016, in the period from November
21 to November 30. In 2016, November 21 is a Monday and November 30 is a Wednesday.
In our measurements, we obtain a power value for every 10 minute interval, calculated as
the mean of all power values during the interval with a measurement rate of 10 milliseconds.
Because of this rounding, we cannot see the difference between a conveyor that consumes 20
kW over a 10 minute time span or a conveyor that consumed 40 kW over a 5 minute time span
and was switched off for the other 5 minutes in the interval. This causes some insecurities
that we will describe later.
In this analysis, we will compare the measurement results to the installed power (the sum
of all the installed power of all motors) and the simultaneous power (the calculated power
value that the system is designed to be able to handle). This simultaneous power equals
the installed power multiplied with a simultaneous factor. This factor is usually 0.7 or 0.5,
depending on the main functionality of the area.
We will show results from different subsystems, each with their own properties, and discuss
the difference in their results.

6.1 Oslo Gardemoen Airport layout

We performed the measurements in the first terminal of Oslo Gardemoen Airport. The specific
cabinets where we measured, accompanied by a brief description of their main functionalities,
can be found in Table 6.1. In this table we can see that we measured check-in areas, arrival
areas (in Pier Make-up Zone East), arrival carousel areas, security areas and main baggage
hall areas (MBH).
We can also show a few of these areas on an overview of Oslo Gardemoen Airport.
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Table 6.1: Measurement locations for T1, followed by the Power distribution panel that they
are grouped on.

Location Function Area

Check-in West

Departure West [PDP 3] 11/12
CI West, Standard and Oversize [PDP 4] 21
MBH, Security Area [PDP 5] 27
MBH, Oversize Departure to PMZ-W [PDP 3] 31
CI West 2 [PDP 2] 33

Check-in East

Departure East [PDP 2] 15/16
CI East, Standard and Oversize [PDP 5] 25
MBH, Security Area [PDP 5] 27
MBH, Oversize Departure to PMZ-E [PDP 6] 35

Arrival

PMZ East, Arrival 3/4 unloading [PDP 6] 85
PMZ East, Arrival 3/4 MBH [PDP 5] 87
Arrival Carousel 4 [PDP 4] 94
Arrival Carousel 5 [PDP 4] 95

In Figure 6.1 one can see the schematic overview, in which some areas are highlighted. A
complete overview can be found on the following page. For each of the highlighted areas (each
with their own properties), we want to investigate the accuracy and correctness of the used
simultaneous factor.
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Figure 6.1: A schematic overview of part of Oslo Gardemoen Airport. Some of the measured
areas are highlighted.
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Remark 4 (Multiple measurements). As one can see in Table 6.1, some areas with a
certain functionality were measured twice. For example, we measured both the departure
area 11/12 and departure area 15/16. For reasons of compactness and readability, we
omitted their results because they were very similar to the results from an area with the
same functionality. The graphical results for all measured subsystems can be found in
Appendix A on page 63.

The measurement results from one of the arrival carousels during one day can be found in
Figure 6.2. In these measurements, we observe that during the active time (so from early
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Figure 6.2: The calculated and measured power results for an arrival carousel at Oslo Garde-
moen Airport.

in the morning up until late in the evening) some time periods during which there is no
consumed power (besides the control power that we also observe during the ’night’ period).
This probably means that the arrival carousel was not running during that period. We also
see that the installed and simultaneous power are much higher than the consumed power.
In this case, the maximum consumed power is only 30% of the installed power, where the
simultaneous factor 0.7 is used in the calculations. It seems like the system is designed to
handle much more power than it really does, although these measurements do not tell anything
about the number of items that were on the conveyor system during the measurement period.
This is something we will explain in the following section.

In Figure 6.3 we observe the measurement results from a check-in area. The active period here
is from about 4:30 AM to 22:00 PM. During that period the consumed power is continuously

Analysis of the power consumption in large conveyor systems



6.1 Oslo Gardemoen Airport layout 41

0

5

10

02:00 06:00 10:00 14:00 18:00 22:00
Time

P
ow

er
 (

kW
)

Power

Measurement

Installed

Simultaneous

Power Consumption in cabinet 21 (4)

Figure 6.3: The calculated and measured
power results for a check-in area at Oslo
Gardemoen Airport.
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Figure 6.4: The calculated and measured
power results for a departure area at Oslo
Gardemoen Airport.

increasing and decreasing around a value of approximately 6 kW. Compared to the installed
power and the simultaneous power, the measurement results are lower than the calculated
simultaneous power. This might be because the simultaneous factor is safely chosen, so the
measured power value should never exceed the simultaneous power. Besides that, we still do
not know whether there were many items on the conveyor or not.
In Figure 6.4 we observe the measurement results from a departure area. Again the behavior
is similar to the previously found pattern, but it can also be noticed that the measured power
value is very close to the simultaneous power.
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The measurement results from a security area in the main baggage hall can be found in Figure
6.5. In this main baggage hall security system, we can observe a similar pattern as we found
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Figure 6.5: The calculated and measured
power results for a main baggage hall security
area at Oslo Gardemoen Airport.
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Figure 6.6: The calculated and measured
power results for a main baggage hall oversize
baggage area at Oslo Gardemoen Airport.

in the check-in area measurements. Also, these values are lower than the simultaneous power.
The measurement results from an oversize baggage area in the main baggage hall can be found
in Figure 6.6. In this oversized baggage area, we can observe a very fluctuating pattern. Also,
the values are lower than the simultaneous power, but they are much closer to the simultaneous
power than we saw in the previous cabinets.

Analysis of the power consumption in large conveyor systems



6.2 Comparison with simulation 43

The measurement results from a Pier Make-up Zone unloading area can be found in Figure
6.7. In this unloading system, we can observe a similar pattern as we found in the Pier
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Figure 6.7: The calculated and measured
power results for an unloading area at the Pier
Make-up Zone of Oslo Gardemoen Airport.
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Figure 6.8: The calculated and measured
power results for a MBH area at the Pier
Make-up Zone of Oslo Gardemoen Airport.

Make-up Zone arrival area in the main baggage hall. Also, these values are lower than the si-
multaneous power, even though the simultaneous factor that is used here is 0.5, where mostly
0.7 is used. The measurement results from a Pier Make-up Zone arrival area in the main
baggage hall can be found in Figure 6.8. In this system, we also observe a very fluctuating
pattern. Again the measured values are lower than the simultaneous power even though we
use a simultaneous factor of 0.5.
The graphical overview for each of the subsystems (including the omitted ones) in the mea-
surement plan can be found in Appendix A on page 63.

6.2 Comparison with simulation

The goal of this section is to compare the simulation from Section 5.1 with the real observed
data. If we take a look at the simulation results, according to the simulation in Chapter
5.2 (when we take the restrictions from Section 5.3 into account), we will see the following
comparison between the simulation and the measurements.
Since we do not know the number of devices (or machines) in a system, we estimated it,
and we equally distributed the total installed power over the number of machines. Each
machine has to have the same operational factor, namely the one corresponding to the systems
functionality. We assumed that a machine consumes its amount of installed power when it is
turned on.

In Figure 6.9 we observe that the way of simulating seems to be right as the fluctuating
pattern looks very much like the real measured power values, but clearly the results do not
match the measured values. Note that we only show one simulation run. If we assume
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Figure 6.9: The measured power results and
simulated power results for a security cabinet
at Oslo Gardemoen Airport.
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Figure 6.10: The measured power results and
simulated power results for a security cabinet
at Oslo Gardemoen Airport, after adaption.

that the simulated power value does not match the measured power value due to the input
values (maximum consumed power and simultaneous factor) of the simulation, we can use
the method of moments estimation to get the correct input parameters for the simulation
corresponding to the measurements.

Parameter estimation

Now that we know the data measurements, we can use the mean and variance of the data
to change the simulation input parameters (simultaneous factor ρ and maximum load L).
Given the observed mean µ and standard deviation σ in the active period (see Remark 5),
we can find the values of the maximum load L and the simultaneous factor ρ. If we assume a
determined value for the consumed power of each machine during an ON-period (namely L

n ,
the total load over the number of machines in that area), we can use the Poisson Binomial
distribution to find the values for ρ and L. For the mean, we find

µ = ρ · L

and for the standard deviation, we find

σ =
L

n
·
√
ρ(1− ρ) · n. (6.1)

We can solve these two equations for the unknown parameters an obtain ρ = 1

1+n·σ2
µ2

and

then L = µ
ρ . If we use these adjusted values for L and ρ, we can see that now the simulation

matches the pattern we found in the measurements, as should be. These simulation results
can be found in Figure 6.10.
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Remark 5 (Active period). We use the active period of the system to determine the
mean value of the consumed power, since we are interested in maximum values for the
consumed power. This active period is the period in which the system was working
sufficiently hard, so at almost every area we can select the period from 07:00 AM to 17:00
PM.

6.3 Baggage Process Information (BPI)

We observe fluctuations in all of the power measurements, which are caused by either a
machine (switching ON or OFF) or the fact that also the load on the conveyors was fluctuating.
During our measurements, it will be the case that the system was not running at maximum
capacity, because in practice this is almost never the case. Given the BPI data (Baggage
Process Information), we can see the relation between the number of items (also see Remark
6) and the consumed power. Unfortunately the BPI data is only available in time periods of
one hour. Our measurements were done every 10 minutes, so we take the mean of 6 values to
find a consumed power value for each hour. We will show the combined results of consumed
power and BPI of some areas. We took these specific areas, because they have the most
interesting and different results. Moreover, all the omitted results are similar to the ones we
will show here.

Remark 6 (Number of items vs Weight). The Baggage Process Information data contains
the number of items, since it is a device that is simply counting the number of items that
is passing the device. The device cannot register the weight of the item. If the device
register a few baggage items, it is still possible that these items are heavier than a high
number of lighter items. But we know that airport luggage weight is fairly stable, so we
assume that the number of items certifies the weight of the items, and thus the amount
of load that the conveyor should transport.

The results for cabinet 87 can be found in Figure 6.11.
We observe that both of the patterns match almost perfectly. When we see the BPI value
increasing, than also the consumed power increases linearly. This would mean that there will
be a linear relation between the BPI value and the consumed power.
The results for cabinet 27 can be found in Figure 6.12.
We observe similarities between the consumed power and the BPI value, but the relation in
this cabinet is not as clear as in cabinet 87. The number of items at 11:00 AM is less than
the number of items at 09:00 AM and 10:00 AM, but the power vales were not lowered by a
same factor. The power did go down, but not linearly with the number of items.
To find the relation between the BPI value and the consumed power, we will look at the
relation between these 2 quantities.
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Figure 6.11: The combined graphs of both the consumed power and the number of items in
cabinet 87 during one day
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Figure 6.12: The combined graphs of both the consumed power and the number of items in
cabinet 27 during one day

6.3.1 Power consumption and BPI relation

In Figures 6.11 and 6.12 we already observed a relation (or correlation) between the number
of items that passed that conveyor subsystem and the power consumption in that same
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subsystem. In Figure 6.11, the relation seems to be linear, which is something we really do
not expect.

Relation properties

For the relation between consumed power and the number of items that passed the system,
there are a few properties given that should hold. All of them were provided by Vanderlande,
based on years of experience. First of all, the relation should be increasing. More items should
imply more consumed power. Second, the type of relation should be a decreasing growth.
This is caused by the fact that a conveyor should overcome its own friction and transport the
weight of its own conveyor belts, regardless of the number of items that are on this conveyor.
We even assume this behavior to be asymptotic, which is the reason that we will try to fit a
rational function to the correlated data. Of course, other functions with the same properties
exist, but the rational function was the one we used in more detail. Finally, we should keep
in mind that conveyors can consume power when there are no items on the conveyor system,
even though the conveyors are not running then. This is caused by some equipment that
is simple always running because restarting it every time would take too much time. For
example, this is used for security screening machines.
The relation results for BPI and consumed power in Cabinet 87 can be found in Figure 6.13.
We can see that this indeed shows a more or less linear behavior.
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Figure 6.13: The relation results for BPI and
consumed power in Cabinet 87 of Oslo Garde-
moen Airport.
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Figure 6.14: The relation results for BPI and
consumed power in Cabinet 16 of Oslo Garde-
moen Airport.

In Figure 6.14 we see a pattern that we expected. There is definitely a decreasing growth,
and even the expected asymptotic behavior might be visible.
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6.3.2 Maximum capacity

We will now analyze the relation for more cabinets. In Figures 6.15 and 6.16 we observe that
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Figure 6.15: The relation results for BPI and
consumed power in Cabinet 27 of Oslo Garde-
moen Airport.
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Figure 6.16: The relation results for BPI and
consumed power in Cabinet 21 of Oslo Garde-
moen Airport.

the behavior is also a decreasing growth and for cabinet 21 we clearly see the asymptotic
behavior. Nevertheless it is important to see that the number of items (on the horizontal
axis) for cabinet 27 was very low when our measurements took place. The maximum capacity
in the system of cabinet 21 and 27 is 1500. The graphical expression becomes more clear
when we plot the maximum capacity and the installed- and simultaneous power.
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Figure 6.17: The relation results for BPI
and consumed power in Cabinet 27 of Oslo
Gardemoen Airport, combined with the maxi-
mum capacity and the installed- and consumed
power.
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Figure 6.18: The relation results for BPI
and consumed power in Cabinet 21 of Oslo
Gardemoen Airport, combined with the maxi-
mum capacity and the installed- and consumed
power.

In Figures 6.17 and 6.18 we see the reason that the expected asymptotic behavior hardly can
be found in the relation in cabinet 27. The number of items transported in that subsystem
is just too low to see any asymptotic behavior. For cabinet 21 we do see this behavior.
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6.3.3 Type of relation fitting

For fitting the relation between the consumed power and the number of items on the conveyor
system, we will use a non-linear regression method, because linear regression, which is a very
commonly used technique for this purpose, will not work with the formula we wish to fit.
Given the properties of our type of relation, the pattern of the data and information from
Vanderlande, we chose the following rational formula to fit the relation data to;

P = c− a

N − b
,

where

• P is the predicted consumed power,

• N is the number of item that is in the system,

• a, b and c are coefficients that our non-linear regression method will determine, a is the
scale parameter and determines the speed, b is the location parameter and c is the limit
to which the ration function converges when N tends to infinitely high values.

Non-linear least squares

We used the method of non-linear least squares for the non-linear model fit on our data. The
algorithm we used for this non-linear least squares method is the Gauss-Newton method [3],
implemented in the package stats in R. This method is a modification of Newton’s method
and it uses iterations to find the parameters p to minimize a function value. If we denote
Jg to be the Jacobian of the function yi = g(xi,p) that we want to minimize, we use the
iteration

p(i+1) = p(i) +
(
JT
g Jg

)−1
JT
g R(p(i)),

where p is the vector with all the parameters we want to estimate and the vector R consists of
the residuals Ri(p) = yi−g(xi,p). The vectors x and y are chosen such that every pair (xi, yi)
denotes one of the data points we want to fit through the function g. Note that convergence
of this method is not guaranteed and the number of necessary iterations depend on the choice
of the initial value for p(0). For more details about this method and its implementation in R

we refer to the stats package documentation and to [3].

Relation fit results

In Figures 6.19 and 6.20 we see the rational curves fitted through the data for cabinet 16 and
87. For cabinet 16, we see that the simultaneous power is very close to the upper confidence
limit, indicating that it is very accurately chosen. For cabinet 87, this simultaneous power is
chosen too high. Naturally, we see that the extrapolation to the maximum number of items
can be very dangerous. The data are centered to the left, so we cannot be sure of the predicted
power consumption value at maximum capacity. The quality of the fitted curve through the
data can also be explained by the R2 of the fit, which is 0.955 for cabinet 16 and 0.936 for
cabinet 87. Both values are close to 1, indicating that they both fit well. The mean squared
error in cabinet 16 is 3.475295 and the mean squared error in cabinet 87 is 0.1494578, which
indicates that cabinet 87 has a better fit than cabinet 16.
The relation results for all measured subsystems and information on the model adequacy
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Figure 6.19: The fitted relation results for BPI
and consumed power in Cabinet 87 of Oslo
Gardemoen Airport.
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Figure 6.20: The fitted relation results for BPI
and consumed power in Cabinet 16 of Oslo
Gardemoen Airport.

(goodness of fit) can be found in Appendix B on page 69. The R2 term and the param-
eter significance give a good indication of how useful the data set is and how reliable the
extrapolated value is. We will also explain this in Section 7.1.

6.4 Towards better data collection

As we mentioned in Section 5.3, ideally the measurements should be taken on conveyor-level.
In our measurements we obtained a power consumption for a group of conveyors instead of
the power consumption for one single conveyor. If the measurements were on conveyor-level,
then the model used in Chapter 5.1 can be used in the following manner.

Model parameter estimation

Given power measurements of each single motor in the entire system, we can use the method
we described in Chapter 3. We can find the operational factor of a motor if we look at the
fraction of time that a motor is consuming power. In this way it is also possible to find the
average cycle time, where a cycle is the time from the start of an ON-period to the end of
the following OFF-period.
Most importantly, during the ON-periods our measurements show what the power consump-
tion is, so we can derive a power consumption distribution. It is even possible to check the
relation between the power consumption in a conveyor and the number of items that the
motor is transporting. Given the power consumption distribution, we know everything we
need to know to model the power consumption in that (sub)system as described before.
Although, we should keep in mind that there might be dependence between the ON and
OFF periods of the motors in one (sub)system. Additionally, the consumed power of multiple
motors might also be dependent.
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Power prediction

For verifying the correctness and accuracy of the currently used factors for overdimensioning,
we can use the data we collected. Ultimately, Vanderlande wishes to have very accurate
simultaneous factors for systems that are still to be designed, because then the cables and
fuses will be less expensive and the installation will be cheaper. We will now discuss a power
prediction method and give 2 possible prediction models for predicting simultaneous power
values for future system designs. The first one will be limited, although very easy to use.
The second model, which will be more difficult, but also more widely applicable, consist of a
5 step algorithm.

7.1 Power consumption prediction

Eventually, we want to get a (upper bound for the) value for the consumed power when
the given subsystem is running loaded with full capacity. To obtain this, we can construct
prediction intervals for the consumed power around the measured values (also see Remark
7). We can even expand these intervals and then predict a value for the consumed power at
maximum capacity.

Remark 7 (Prediction intervals). In our analysis, we use two sided prediction intervals
because we want to predict a maximum value for consumed power. Naturally, when
designing a system, we would choose a maximum consumed power value that is too high
rather than a value that is too low. This is the reason that the lower bound of our interval
might not be as useful as the upper bound. If preferred, one could also generate one-sided
predictions intervals.
We used prediction intervals of 95% certainty because they are very common to use. In
the analysis it is also possible to change this into for example 99%.
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Figure 7.1: The fitted and predicted relation
results for BPI and consumed power in Cabi-
net 27 of Oslo Gardemoen Airport.
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Figure 7.2: The fitted and predicted relation
results for BPI and consumed power in Cabi-
net 21 of Oslo Gardemoen Airport.

In Figure 7.1 and 7.2 we see the rational fitted curves through the measured data, with
the corresponding prediction intervals. For cabinet 27, we can see that (because of the small
number of items that went through the system), there is a reasonably large prediction interval
for the consumed power at maximum capacity. The majority of the cabinets show us that the
used rational model does fit the relation between number of items and power consumption,
although for some of the cabinet results, we were unable to verify the rational relation between
number of items and consumed power. It might be the cases that for some cabinet results a
different model would fit better. All the results can be found in Appendix B.
For cabinet 21, the prediction interval is much tighter. The quality of the relation fit can also
be seen in Table 7.1 and Table 7.2. We see that the mean squared error in cabinet 27 is much
higher than the mean squared error in cabinet 21. The mean squared error in cabinet 21 is
0.15309, where the mean squared error in cabinet 27 is 5.873954.

Table 7.1: Information about the parameter fitting in area 27
Estimate Std. Error t value P[≥ |t|]

a -86.95009 44.767829 -1.942245 6.632361e-02

b 5.43876 2.434574 2.233968 3.706408e-02

c 16.40662 1.902499 8.623721 3.585703e-08

By the information in the tables above, we see that for cabinet 21 all p-values are lower
than the general used threshold of 0.05 (and even lower than 0.001), which indicates that the
parameters in this nonlinear fit are very significant. For cabinet 27, the c is very accurate,

Table 7.2: Information about the parameter fitting in area 21
Estimate Std. Error t value P[≥ |t|]

a -143.594526 36.640329 -3.919029 8.501179e-04

b 22.171986 5.378729 4.122161 5.287006e-04

c 6.458782 0.169127 38.188957 3.639794e-20
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but the other parameters are less significant.

7.2 Power prediction model

Given all the previous methods, we can give a prediction model. We want to use this model
to make calculations for power consumption in future projects. We will distinguish between
two different models;

1. A model based on the measurement results from the previously explained measurement
analysis (we will call this the Basic Model),

2. a model based on new measurements as input in the model (we will call this the Extended
Model).

7.2.1 The Basic Model

We will now specify the input, the output and the method of the Basic Model. The model is
based on the measurements we described in the previous section, which gives us the possibility
to predict simultaneous power in a system that is still to be installed.

Input and output

As input for this model we need

• the area functionality (for example check-in, arrival carousel, etc.),

• the total installed power in that area,

• the total installed power in the system that we are designing.

Functionality restrictions

The functionality choice in this model can only be one of the following, because these are the
only functionalities we measured;

• An area with Check-In counters,

• an area for transportation of standard and oversized baggage to the main baggage hall,

• an area with scanning and security equipment,

• an area for transportation of luggage from the main baggage hall to a pier make-up
zone,

• an area for the arrival of baggage to unloaders and the pier make-up zone,

• an area with an Arrival Carousel.

Given our measurements, we can specify a multiplication factor for each functionality. The
results per functionality are given in Table 7.3. To find the simultaneous power consumption
for a system that is being designed, one can simply look up the corresponding value in
this table. Naturally, the values in this table can be verified during time by doing more
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measurements to keep them up to date.
The output for this model contains 3 different parts. First of all we want to know the expected
active power, because that is the purpose of the model. Second, we can give 95% confidence
bands for this expected maximum consumed power. We can also give the multiplication
factor.

Table 7.3: The calculated multiplication factors, based on the measurements
Functionality Lower bound Mean Upper bound

Arrival carousel 0.1231 0.1907 0.2584

Check-in 0.6102 0.7091 0.8080

MBH to PMZ 0.1651 0.4958 0.8265

PMZ arrival 0.2498 0.2901 0.3305

Security 0.2802 0.4291 0.5779

Standard and oversized 0.3986 0.4650 0.5313

7.2.2 The Extended Model

As we mentioned earlier, we did not measure every possible functionality. This leads to the
fact that for some functionalities, we cannot use the Basic Model to predict maximum power
consumption for this functionality. Nevertheless, the method still works, so with some extra
information we can make this method work in the exact same fashion as before.

Input

Since this model is based on the data analysis from a similar functionality, we will need
measurement analysis inside the model. For a functionality that we did not measure yet,
we will need to use measured consumed power as input in the Extended Model. These
measurements should be accompanied by the number of items (BPI) that passed this certain
(sub)system. Naturally these measurements should be coming from the same time period
as the power measurements. In contrast to the Basic Model, we do not need to know the
functionality of the (sub)system we want to design, as long as we have measurement data
from a (subs)system with a corresponding functionality. So to summarize, the input for the
Extended Model contains;

• Power consumption measurements from a (sub)system with a corresponding function-
ality,

• baggage process information from the earlier mentioned (sub)system in the same time
period as the power consumption measurements,

• the maximum capacity of the measured (sub)system,

• the installed power of the (sub)system that the measurements took place on,

• the installed power of the to be installed (sub)system.
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Algorithm

The method itself is very similar to the analysis we did in the previous chapter.

Step 1: Based on the data, determine the relation between the number of items and the frac-
tion of consumed power with respect to the total installed power of the measured
(sub)system.

Step 2: Fit a rational function through the correlation as described in Section 6.3.3.

Step 3: Extrapolate this rational curve to the maximum number of items in the (sub)system.

Step 4: Create the prediction interval (usually 95% certainty) around the extrapolated value.

Step 5: Multiply all factors (prediction and bounds) by the total installed power of the (sub)system
from which we want to predict the active power and their bounds.

The output values are the same as at the Basic Model. First of all we find the expected active
power. Second, we can give 95% confidence bands for this expected active power and we can
also give the multiplication factor. For this analysis, we developed an Excel-tool.

Differences between the models

The Basic model is very limited, as we can only determine the power values for a few area
types, based on their main functionality. Also, these values are based on a 24 hour time period
with hourly measurements, which means that these predicted values are based on only 24 data
points. The Extended model can be used with as much data points as the user desires. Using
the Extended model with many data points is preferable, but not always available, since it
requires data measurements.
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Chapter 8

Conclusion and Discussion

To complete this research, we will give a conclusion on the results for the stochastic analysis,
the simulation and the data analysis and the answers to the research questions. We will then
discuss some comments about the analysis and advise on doing future research.

8.1 Conclusion

We conclude that we were able to develop a model that describes the machines switching
from ON to OFF and from OFF to ON, and the consumed power over time. Unfortunately,
we were not able to verify the model with given measurement data.
Though, from the possible data we were able to analyze the relation between the number
of items and the consumed power. Using the method in this analysis, we can predict the
maximum consumed power value in a similar area. We even developed an Excel-tool for this
analysis. A preview of this tool can be found in Figure 8.1.

Figure 8.1: A screenshot of the Excel-tool we build for power consumption analysis.

Some of the measurements showed that the currently used overdimensioning factors are close,
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some of them are even far away from the found factors.
We will now answer all the research questions.

1. Which data are available regarding power consumption and can we use this for research
to simultaneous power consumption?
We collected power measurement data at Oslo Gardemoen Airport. Also the number
of items that is transported in the conveyor systems at Oslo Gardemoen Airport was
measured. Fortunately, the measurements were very useful for the power consumption
analysis.

2. Can we develop a mathematical model for the behavior of the power consumption of a
(sub)system?
We were able to develop a model for this, using the ON-OFF principle. With a chosen
distribution for consumed power, we are able to model the ON- and OFF-periods and
the sum of the consumed power in all machines.

(a) Under what assumptions can we use this model?
One necessity is that all the machines and there power consumption are mutually
independent. Additionally, we assume the inter arrival times of switches (ON or
OFF) to be exponentially distributed. Also, we assume that machines that are
switched OFF are not consuming any power.

(b) What is the input we need for this model?
For this model, we need the number of motors that is used in the (sub)system.
Furthermore, from each machine we need to know the fraction of time that it is
operating and we need a distribution of the power consumption when the machine
is switched on.

(c) Can we use measurement data to verify the correctness and accuracy of this model?
Unfortunately, our measurement data did not fit the model, since it was taken on
area-level, and the mathematical model generates values on conveyor-level. The
grouping of these conveyor-level values to the area-level was not enough to verify
the model.

3. How can we use the given data to predict an upper bound for the simultaneous power
consumption in the system?
Using the measured consumed power in the system and the measured number of items
in the system we were able to describe a relation between the number of items and the
consumed power. Using extrapolation of this relation to the maximum capacity of a
(sub)system, we could find a prediction for the amount of simultaneous consumed power
on full capacity.

4. How can we use the data to create a predictive model for simultaneous power consump-
tion to predict power consumption in a system that is still to be designed?
Using the measurement data, we can use the calculated predicted simultaneous factor
to predict a simultaneous factor in a similar system.
Provided that we have measurement data from a similar designed (sub)system, we can
predict an upper bound for the power consumption in a system that is still to be de-
signed. We also created an Excel-tool to predict this power value.
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Last, we will answer the main research question;
How can we model simultaneous power consumption in a large system and predict
the simultaneous power consumption for systems still to be designed?
It seems possible to model the simultaneous power consumption mathematically, although we
could not verify this with our measurement results. Using these measurements we were able
to develop a model based on statistics to predict the power value in a still to be designed
(sub)system. The only condition we should fulfill is that the measured (sub)system is very
similar to the (sub)system that is designed.

8.2 Discussion

The model on the number of running machines seems to by very accurate, if we consider all
the motors to be mutually independent. In real-life this might of course not be the case.
Our measurements were limited, since they were taken each hour during one day. This only
gives us 24 data points to find a relation between the number of items and the consumed
power. In some of the cabinets, this seemed to be enough, although more data points will
give us a better estimate for the predicted power consumption. In other cabinets, these 24
data points are all centered to the left (so at a very small number of items), which makes it
not even clear to verify the rational fit, and it results in a very large prediction interval at
maximum capacity.
More important, the data on the number of items was only available in a time span of 1 hour,
and therefore we needed to smooth our consumed power measurements on this interval. We
cannot say whether the number of items all arrived very early in that our or very late. This
leads to very dangerous smoothing, as it might be that the power consumption in the begin
of the interval is very high (due to the high number of items) and at the end of the interval
very low (due to the small number of items) and that that will be smoothed to an average
value.
Since the measurements were taken in a period that Oslo Gardemoen airport was not really
busy, the number of items almost never came close to the maximum capacity. This leads to
an extrapolation to a value that is very far away from our measurement results, which can
cause a very inaccurate predicted power consumption value.
Last, the measurements on Baggage Process Information (BPI) describe the number of items
on a conveyor and not the weight of these items. Naturally, the weight plays an important role
in the power consumption as this is the load that a conveyor transports. The measurements do
not show whether the items were very heavy or very light. However, previous measurements
showed that there are not a lot of weight fluctuations in standard airport baggage.
The chosen formula to fit the relation is not the only possible function with the properties we
want the relation to have. Also other functions (for example exponential functions) could be
used to fit the data, but these are not contained in the scope of this project.

8.3 Future research

Naturally, this research can be extended on several subjects. As we mentioned in Section 6.4,
ideally we would have the data measurements on conveyor-level, so our first recommendation
would be to measure power consumption on conveyor-level such as we described in Section
6.4. If we perform these measurements on conveyor-level, then we hopefully will be able to
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find a power consumption distribution and an operational factor. Then we can model the
power consumption using the theoretical model.
Also, if these measurements take place on conveyor-level, we can do research on mutual
dependencies between operational factors or between power consumption.
In the relation plots in Chapter 6, we see that our collected BPI measurements show results
with a small number of items compared to the maximum capacity. As we saw, this can lead
to a very wide prediction interval, which is not desirable. Therefore, we recommend to collect
data when there are a lot of items in the system, for example on a peak day (holiday season,
Christmas, etc.).
We also recommend to collect data for both BPI and power consumption at a higher rate, for
example every 5 minutes. Especially the BPI results showed that our maximum capacity is
never met during one out, but it might be the case that this maximum capacity was attained
in a smaller time interval. 300 items per 15 minutes is the same as 1200 items per hour, so
we recommend to collect BPI data at a higher rate.
A final recommendation is to perform power measurements on the power distribution panels
(where areas are grouped in) to study the behavior of the power consumption in a power
distribution panel, to get more insight on the power consumption in other levels in our power
distribution pyramid.
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Appendix A

Complete subsystem results

In this appendix you will see the plot overviews of all the measured cabinets, including the
ones that we omitted in the report. From 2 areas (15/16 and 35) included in the measurement
plan in Table 6.1 we do not have results, because in area 15/16 the measurements were done
wrong and in area 35, it was physically impossible to perform measurements.
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Appendix B

Complete relation results

Below you will find the complete results for all of the relation plots. From 2 subsystems (15/16
and 35) included in the measurement plan in Table 6.1 we do not have results, because in
area 15/16 the measurements were done wrong and in area 35, it was physically impossible
to perform measurements. Note that, because of the compactness of the data, there are
2 relation plots (areas 33 and 94) who show a wrong prediction pattern, probably due to
data points that are too much centered to the left. In many of these plots, the extrapolated
prediction interval may be inaccurate, because most of the data points are at a very low
number of items. Also information about the parameter fitting is included, as well as their
mean squared error.
Mean squared error in cabinet 21 0.15309
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The value for R-squared in this cabinet; 0.97544
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Table B.1: Information about the parameter fitting in area 21
Estimate Std. Error t value P[≥ |t|]

a -143.594526 36.640329 -3.919029 8.501179e-04

b 22.171986 5.378729 4.122161 5.287006e-04

c 6.458782 0.169127 38.188957 3.639794e-20

Table B.2: Information about the parameter fitting in area 27
Estimate Std. Error t value P[≥ |t|]

a -86.95009 44.767829 -1.942245 6.632361e-02

b 5.43876 2.434574 2.233968 3.706408e-02

c 16.40662 1.902499 8.623721 3.585703e-08
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Mean squared error in cabinet 27 5.873954
The value for R-squared in this cabinet; 0.76578

Analysis of the power consumption in large conveyor systems



71

Table B.3: Information about the parameter fitting in area 31
Estimate Std. Error t value P[≥ |t|]

a -40.992668 50.177651 -0.8169507 0.4235817638

b 3.664723 3.753253 0.9764126 0.3405234154

c 15.381114 3.217009 4.7811839 0.0001138574
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Mean squared error in cabinet 31 19.16551
The value for R-squared in this cabinet; 0.41044
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Table B.4: Information about the parameter fitting in area 33
Estimate Std. Error t value P[≥ |t|]

a -21.79044 21.039908 -1.035672 3.116059e-01

b -19.13591 2.057413 -9.300957 4.436918e-09

c 6.05480 1.648459 3.673006 1.334389e-03
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Mean squared error in cabinet 33 23.90625
The value for R-squared in this cabinet; 0.24252
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Table B.5: Information about the parameter fitting in area 16
Estimate Std. Error t value P[≥ |t|]

a -1862.46261 470.835037 -3.955658 8.478658e-04

b 65.39538 14.637920 4.467532 2.639382e-04

c 32.28490 1.443774 22.361472 4.149108e-15
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Mean squared error in cabinet 16 3.475295
The value for R-squared in this cabinet; 0.95495
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Table B.6: Information about the parameter fitting in area 25
Estimate Std. Error t value P[≥ |t|]

a -283.93718 73.7848260 -3.848178 1.003129e-03

b 21.88340 5.0711436 4.315279 3.366321e-04

c 12.88489 0.6088736 21.161843 3.665111e-15
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Mean squared error in cabinet 25 0.6641765
The value for R-squared in this cabinet; 0.96677
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Table B.7: Information about the parameter fitting in area 85
Estimate Std. Error t value P[≥ |t|]

a -3101.42558 1455.299154 -2.131126 4.505770e-02

b 211.39243 66.820022 3.163609 4.682187e-03

c 15.61515 2.429205 6.428089 2.266883e-06
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Mean squared error in cabinet 85 0.4081141
The value for R-squared in this cabinet; 0.94916
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Table B.8: Information about the parameter fitting in area 87
Estimate Std. Error t value P[≥ |t|]

a -1424.550371 734.931467 -1.938345 6.842701e-02

b 186.196152 67.032433 2.777702 1.241545e-02

c 7.625186 1.335678 5.708850 2.056988e-05
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Mean squared error in cabinet 87 0.1494578
The value for R-squared in this cabinet; 0.93638
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Table B.9: Information about the parameter fitting in area 94
Estimate Std. Error t value P[≥ |t|]

a -0.4749503 0.83389513 -0.5695564 5.764280e-01

b -37.8580691 1.52074033 -24.8944994 8.142246e-15

c 0.2189348 0.05674454 3.8582523 1.260894e-03

m
ax

. c
ap

ac
ity

Installed power

Simultaneous power

−5

0

5

10

0 250 500 750 1000 1250
Number of items

P
ow

er
 c

on
su

m
pt

io
n 

(k
W

)

BPI and Power correlation in cabinet 94

Mean squared error in cabinet 94 0.04669822
The value for R-squared in this cabinet; 0.24003
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78 CHAPTER B. Complete relation results

Table B.10: Information about the parameter fitting in area 95
Estimate Std. Error t value P[≥ |t|]

a -32.073214 23.533252 -1.362889 1.873543e-01

b 17.626073 10.318802 1.708151 1.023499e-01

c 2.073625 0.377667 5.490617 1.900217e-05
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Mean squared error in cabinet 95 0.08665594
The value for R-squared in this cabinet; 0.70874
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