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Abstract 
The goal for this work was to create new methods to study the noise production in some 

power system components, namely capacitors and reactors. 
  
In the case of the capacitors the work was started by trying to create a FEM model of the 

individual capacitor element as well as each of the capacitor sides. In the end individual 
element proved to be too complicated to be modeled, but the sides were modeled using the 
assumption that they're individual clamped plates. To find out how the individual element 
behaves one was subjected to direct current of various amplitudes and the compression was 
measured with a dial indicator at various points. The compression was deemed to be linearly 
dependent on the distance from the middle point of the surface of the element. 

 
In order to measure the response of the whole capacitor, a vibration measurement was used. 
Vibration transducer was used on each side to get the overall vibration response of each side 
when the capacitors were fed various inputs. The responses were measured in three different 
temperatures. The direct acoustic response was measured in the anechoic chamber. This 
yielded new information about the directivity of the noise produced by the capacitors at the 
different frequencies. The results of the vibration measurement could be also compared to the 
acoustic measurements. The comparison resulted in partially incoherent results. Final 
measurement related to the capacitors was one where the viscosity of the capacitor oil was 
measured. This allowed to partially explain the variations in the vibration response at the 
different temperatures. 

 
The noise measurement of the reactors is difficult due to the high magnetic field caused by 
them. Since the direct measurement wasn't an option, a plastic tube extender was used to move 
the sound further away from the reactor where it could be then measured with regular 
microphone. The tube extender was used in one field reactor measurement, in one controlled 
reactor measurement, and its response was measured in the anechoic chamber. As a result it 
was found that the tube extender can be used in this kind of measurements, and perhaps could 
be in the future to use in recognizing the faults of the reactors before they become severe. 
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mallintaa, mutta kondensaattorielementti osoittautui liian monimutkaiseksi. Kondensaattorin 
sivut mallinnettiin käyttäen reunoistaan jäykästi kiinnitettyjen levyjen oletusta aikaisemman 
tutkimustiedon perusteella. Kondensaattorielementin käyttäytymisen selvittämiseksi 
mitattiin yksittäisen elementin painaumaa heittokellon avulla. Painauman havaittiin riippuvan 
lineaarisesti etäisyydestä elementin pinnan geometrisesta keskipisteestä. 
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saatiin sekä tietoa siitä, miten kondensaattoreiden tuottama ääni suuntautuu, sekä voitiin 
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lämpötilaeroihin. Tulokset olivat lupaavia. 
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Preface

As the communities gets more compact, the need of having power stations

near the settlements increases. At the same time the need to understand

how the power system components produce sound increases, as citizens

do not want to listen to the noise the power stations produce around the

clock. Until now the only solution has been to isolate the power station

using enough dampening material between it and the inhabitants, but

now thanks to the KOMPPI project it was possible to dive into the noise

production of reactors and capacitors.
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to my supervisor, professor Matti Lehtonen.

For all the information given relating to the reactors and capacitors,

as well as allowing the access to measure both reactors and capacitors I

would like to thank Yrjö Enqvist, Jari Kotiniitty, Pekka Nevalainen, and

Jussi Pöntys of Alstom Grid, and Timo Ojanen of Fingrid.

For the help in the measurements, without which I wouldn’t have any

results I would like to thank the following individuals working within the

Aalto University: Ari Haavisto, Petri Hyvönen, Hannu Kokkola, Jouni

Mäkinen, Tatu Nieminen, Veli-Matti Niiranen and Kari Nurminen of the

Department of Electrical Engineering, Kari Kantola of the Department

of Applied Mechanics, Symeon Delikaris-Manias, Javier Gomez Bolaños,

Ilkka Huhtakallio, Henri Penttinen, and Tapani Pihlajamäki of the De-

partment of Signal Processing and Acoustics, and also Juha-Pekka Pokki

and Petri Uusi-Kyyny of Department of Biotechnology and Chemical Tech-

nology.

Erityiskiitokset Pirjo Heinelle, joka tutustutti minut tutkijan työnku-
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vaan, Esa Pärnäselle, joka lukioajan esimerkillisellä opettamisella sai

minut uskomaan, että fysiikka on kivaa, sekä ystävilleni, joiden tuki on

ollut korvaamaton vuosien mittaan.

Wielkie dzięki dla mojej rodziny, która zawsze stała za mną i pomagała

mi w tym czym się najwięcej interesowałem.

Helsinki, September 30, 2013,

Marcin Hurkala
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Δm Auxiliary variable

Δn Auxiliary variable

ΔV Change in volume
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λf Wavelength

μ0 Vacuum permeability

ρ Density

ρair Density of air
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b Length of the plate edge
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Cfn Cf unit’s nominal voltage

Cfr Cf unit’s real voltage

Cpn Cp unit’s nominal voltage
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d Thickness

Df Largest dimension of the radiator

df Fraunhofer distance

djk Distance between the cables j and k

Dm Maximum displacement
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E Young’s modulus
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F Faraday
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Fx Force in the x-direction

f0 Natural breathing frequency of reactor
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g Standard gravity

Gx Auxiliary variable

Gy Auxiliary variable

h Thickness of the plate

Hx Auxiliary variable

Hy Auxiliary variable

I Electric current

ij Current in the cable j

ik Current in the cable k
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Jy Auxiliary variable

k Stiffness

L Inductance
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p pressure

pn Pressure at nominal voltage level

pr Pressure at real input voltage level

pref Reference pressure

Q Reactive power

r Radius
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U Electric potential

Un Nominal voltage

Ur Real input voltage

v Speed of air

X Compression amount
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1. Introduction

1.1 Background

High voltage capacitors (henceforth capacitors) and dry-type air-core re-

actors (henceforth reactors) are common components with multiple uses

in power systems. They are both used for filtering [97], and compensating

reactive power [102]. Reactors are in addition used for limiting current,

and neutral-earthing.[99]

Even though these components are very common, the noise they pro-

duce hasn’t been an object of much interest until lately. This is most prob-

ably due to the need for power increasing simultaneously with the overall

building density, and thus the power stations have to be built closer to

densely populated areas.

In addition to power stations moving closer to the customers, the capac-

itors and reactors themselves are nowadays often placed close to the cus-

tomers as their efficacy is then heightened. When compensating reactive

or capacitive load, placing the compensating component close to the load

obviates the need of transferring the reactive load through the electric

network, thus leaving more capacity for active load. If the customer has

equipment that introduces harmonic frequencies to the network, they can

be filtered immediately on site without disturbing the other customers.

Also, if the customer has a large motor, its starting current can be limited

by using a reactor on site.

These changes call for new innovations in energy engineering, since the

closer the power stations are to the customers, the less overall noise they

are allowed to produce. In the current situation, the noise problem is

usually solved by using expensive sound proofing, for example by erecting

concrete walls, to be sure that the standards are met. This suboptimal
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situation results from the lack of a method that could be used to properly

estimate the noise produced by the components.

The second gain to be had from knowing more about the reactor noise

production related to the upkeep of the said components. In multiple cases

the reactor using customer has noticed that increased sound production

has pre-dated a mechanical breakdown. Thus the noise produced by re-

actor at a power station can also be an indicator of an upcoming problem,

and it can perhaps be used to estimate when an inspection is warranted

in order to prevent full-on failure.

1.2 State of the Art

The research relating to the sound production of compensation equipment

is relatively new, but transformers have been a subject of this kind of re-

search for a long time. Papers related to the subject have been published

at least since the 1930s. The research’s goal was at first to find the ba-

sic information about the noise production such as what actually caused

the noise at the substations [1], the directivity of the transformer’s noise

[32] and what actually caused the sound inside the transformer [24] [27]

[55]. After a while it was noticed that the contemporary noise standards

weren’t up to par when the urbanization picked up pace after the sec-

ond world war and the substations were moved closer and closer to the

load centers [72] [100] [61]. At the same time new materials and design

practices both increased [12] and decreased [58] the noise production of

transformers. The interest of finding out how the transformer noise could

be lessened started to grow [4] [22] [23] [38] [47] [55] [69] [70] [83].

As the knowledge increased, new methods were developed to measure

the sound more reliably [6] [29], even in a noisy environment [17] [46] [56]

[57]. Gettys [33] invented a method of modeling transformer for the use of

researching methods of sound isolation, such as enclosures. General Elec-

tric on the other hand constructed anechoic chamber for the sole purpose

of transformer noise measurement [14]. The speed at which this field was

developing illustrates the fact that from this era we have several [5] [18]

[50] publications that try to summarize what have been done already in

the field of transformer noise research.

Other research interests include Gordon [37] and Usry [96] presenting

possible methods of estimating transformer sound without direct mea-

surement, Ver [98] noticing that single decibel value doesn’t tell the whole
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truth about the noise of the transformer, and Ryder [82] proposing the use

of fast fourier transform (FFT) to diagnose faults in transformers.

Most recently the transformer sound research has been focused on the

actual design of the transformers. Kitagawa [59] and Shao [85] devel-

oped methods to better model the core of the transformer whereas Girgis

[35] described engineering techniques at developing ultra-low noise trans-

former technology.

The first research found that concentrated on the noise of the capacitors

was done by Cox et al. in 1994 [19]. This paper posits that the sides of the

capacitors can be modeled as clamped plates. Based on Cox’s paper this

work also makes two other simplifying assumptions:

1. The capacitor is a linear system, and thus the result of the forces can

be obtained by superimposing partial forces

2. The forces applied on each capacitor wall at the state of equilibrium

after the capacitor is energized are uniform

In addition to Cox et al. the only papers published that were dealing ex-

plicitly with the sound radiating from the capacitors was by Peng [77] [76]

and Shengchang [86], both working at the same university. Peng’s papers

concentrate on lessening the sound radiated from the capacitors. First of

them states that due to the construction of the capacitor, the biggest vibra-

tions, and therefore sound, comes from the top and bottom of the capaci-

tor. In order to minimize the sound, the paper presents a microperforated

panel (MPP) that is installed inside the capacitor. This panel is installed

only at the bottom of the capacitor due to the concerns related to the elec-

tric field. Since the area of the bottom is relatively small, the thermal

concerns are deemed to be insignificant. The paper assumes and verifies

that the MPP is a band-stop filter, which effectively stops only a limited

frequency range.

Second paper by Peng [76] presents new innovation to insert to the ca-

pacitor: A compressible space component (CSC) absorber. It is a sealed

balloon filled with compressible gas that turns the vibration energy of the

capacitor elements into heat. As the MPP, the CSC is also installed at

the bottom of the capacitor. During the measurements it was found that

this type of dampening not only reduces the vibration of the bottom plate,

but also the larger sides. When compared to the MPP it was found that
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CSC manages to dampen the sound at a wide frequency as long as the

frequency is higher than the CSC’s absorption frequency threshold.

For the information relating to the reactor, this work bases most its

information on the master’s thesis by Verbruggen from 2007 [99]. In

addition to providing us the basis for further analysis on our own, Ver-

bruggen’s thesis shows a method for modeling a reactor using FEM simu-

lation. Unfortunately that work includes no direct method of calculating

noise resulting from the vibrations of the reactor.

Other previous work in this field includes single paper by Hagiwara [41],

which presents the methods of constructing a more silent shunt reactor.

It takes into account the vibration in the magnetic shield as well as in

the reactor tank. Kendig on the other hand noticed [56] that reactors can

be a major source of noise at the substation. There are also two more

recent papers by Gao [31] [30] which go into more basic reactor theory

and state that there’s a significant correlation between the hardness of

the construction of the reactor, and the noise it emits. They also find that

there seem to be an optimal value to the hardness to minimize the noise.

Since capacitors resemble closely cuboids, it was assumed in this work,

that the sides of the capacitors could be separately modeled as clamped

plates. This paved the way to connect this work to extensively researched

field of characteristics of plates. It was found out that a plate with all

edges clamped is mathematically relatively easy to solve for resonance

frequencies[65], so this field yielded plenty of papers.

The papers on this subject tend to concentrate on frequency parame-

ter from which one could calculate the resonance frequency instead of

the resonance frequency itself since frequency parameter is independent

of the material of the plate. The most common approach to solving the

resonance frequencies is using set of beam functions and then using the

Rayleigh-Ritz method. Other methods include among others method of fi-

nite differences[3] and variational method [44]. Some papers [7] [21], [39]

[65] [105] present their results as calculated frequency parameters for

number of first modes for number of different ratios of plate, and some [13]

concentrate on finding the range in which the frequency parameters can

be found. Yet others concentrated on developing the calculation theory[3],

[44] [84] [94] [95]. There was also number of papers illustrating the modes

visually [10] [90]. For a reader who wants to have a good overview of the

basics without going through all the references, there’s an excellent, al-

though bit dated, work by Leissa[64] available. It includes e.g. results
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originally published in German by Janich in 1962.

Since this work was mostly interested in engineering applications of the

resonance formulas, it concentrated on Warburton’s work from 1954 War-

burton, which had presented equations to calculate clamped plate’s reso-

nance frequencies[101]. Another set of even simpler equations were found

in the work of Mitchell et al. from 1987 [71]. These two works mostly agree

with each other, and later this work presents the comparison of results be-

tween these two works, and the values obtained by FEM simulation.

The other necessary constituent in capacitor in addition to the elements

themselves, and the enclosure, is the impregnating oil. The oil’s most

important function is its viscosity as it defines the movement rate and

therefore it was assumed that it would affect the sound of the capacitors

as well. In the literature there are various branches being investigated

over time. Recently there are new methods of measuring the viscosity be-

ing developed [28] [52] [53]. Previously most of the research concentrated

on either measuring and presenting the viscosity of an oil [11] [79], fitting

it with Arrhenius’ equation [2] [8] or comparing the values of viscosities

of two or more oils [40] [42] [54] [63] [62] [104]. Recently the mixtures of

oils have been a focus in the research endeavors [20] [26] [67] [78]. Other

papers compare the viscosity of the oil to other characteristics as a func-

tion of temperature [91], show how the viscosity is affected by aging [60]

or show the correlation between high viscosity and water treeing [9].

In addition to these previous endeavors in research, we are aware of the

basic mechanical and electrical structures of the capacitors and reactors.

We can assume that we know the loading situation of the network, which

can be then simulated by using similar frequencies and amounts of cur-

rent in the laboratory measurements. We also know that the sound is

caused by the vibrations in the structures, which are then caused by the

forces related to the pulsing electromagnetic fields.

1.3 Aim of the research

The goal of this dissertation is twofold:

1. To model the sound production of a capacitor

2. To find a connection between the noise of reactor, and a malfunction

within

31



Introduction

If successful, the results could then be further utilized in the development

of capacitors in order to make them less noisy, and thus more friendly for

the surrounding environment. The successful deployment of analyzing

method for reactors could be used to save non-trivial amounts of money in

avoided interruptions and repairs.

1.4 Challenges of the research

Each capacitor units are composed of multiple rolled capacitor elements,

which are connected together to form the unit. Each rolled capacitor el-

ement is a combination of sheets of aluminum and plastic impregnated

with oil. Reactors consists of non-magnetic support structure, and indi-

vidually insulated aluminum cables, which are impregnated with epoxy

resin.

This multiple level construction means that simulating a whole compo-

nent with a FEM software would require very high amount of calculating

power, or even prove impossible with the current methods. For the ca-

pacitor this called for limiting the complexity of the research problem by

concentrating on simulating single wall of the capacitor and its resonance

frequencies to avoid the intrinsic complexity of the whole unit. In the

case of the reactor this research decided to concentrate on developing a

method that would allow the direct measurement of noise in the magnetic

field caused by the reactor. The traditional method of using a microphone

next to the target to be measured wasn’t valid in this case as traditional

microphones cannot withstand the massive magnetic field, and the ones

which can are prohibitively expensive.

1.5 Contribution

As a contribution of this dissertation we have achieved new knowledge

about vibration and sound response of the compensation capacitor as a

function of frequency. Additionally we have a new methodology to mea-

sure the noise of compensation reactors, and a possible use for noise spec-

trum in fault diagnostics. More details of the contribution can be found

below.

1. Compression in a single element of the capacitor
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Compression in a single element when a voltage is applied to it is not

uniform across the whole area. Instead the compression is linearly de-

pendent on the distance from the middle point of the element.

2. Vibration response of the capacitor

Based on the theoretical research, it was expected that the vibration

response of the capacitors has big spikes in amplitude on resonance fre-

quencies of the capacitor sides. When the measurements were carried

out, there was no sign of any of these calculated and simulated high am-

plitude points. This was deemed to be so due to the internal dampening

of the capacitor caused by the insulation oil.

3. Effect of the oil viscosity on the vibration response of the capacitor

The changes in the oil viscosity caused by the various temperatures

can be tied to the vibration response of the capacitor as long as we’re in

the frequency domain where the response is linear. This linear response

domain seems to end soon after we exceed 700 Hz.

4. Source of noise of the capacitor unit

The noise of the capacitor unit is caused primarily by the vibration of

the bottom side of the unit.

5. Measurement of reactor noise by the use of tube extender

Using a simple tube extender composed of simple disposable parts, it

is possible to measure the differences in reactor noise from safe distance

without use of specialized equipment.

6. Relating reactor noise and faults

When measuring the change in reactor noise in controlled environ-

ment, it was shown that the microphone can “hear“ the changes in the

reactor noise at least as well as human ear can when a fault is intro-

duced to the reactor.
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2. Methods

2.1 Basics of the acoustics

2.1.1 Human perception of sound

What is sound? And how are we able to perceive sound? We know that

humans can generally sense vibrations in the frequency range between

20 Hz and 20 kHz as sound. Different animals, such as dogs, can hear

different frequency ranges. We also know that sound caused by a fluctua-

tion of pressure [25][68]. Thus without medium to propagate the pressure

fluctuation there is no sound. This is why there’s no sound in space – it’s

too sparse to propagate the wave.

The visible part of human ear serves the purpose to both collect the

sound waves, and to help us determine the location of the sound’s source.

The sound is then passed through the auditory canal to our eardrum,

where with the help of the smallest bones in the human body – ossicles –

it’s transferred from the air medium to fluid medium into cochlea. In the

cochlea the vibration is transferred into neural impulses with the help of

hair cells through a chemical reaction and is sent to the cochlear nerve,

which is also called auditory nerve.[15][16][45]

When we hear sound, we differentiate between the different amplitudes

in sound. We call these differences ’loudness’. But we must note here that

loudness is very subjective, and it behaves very differently from the objec-

tively measurable sound qualities such as sound pressure and intensity

[16][45][68]. The perception varies very much as a function of both sound

pressure level, waveform and frequency [74]. The loudness of pure tones

can be measured in phons[15][68]. Figure 2.1 (original by Peter J Skirrow,

in public domain) illustrates the complex connection of loudness of pure
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tones to SPL and frequency. The curves are defined by ISO 226 standard

[51].

Figure 2.1. Equal loudness curves in respect to SPL and frequency.

2.1.2 Sound pressure, power and intensity

As mentioned in the Section 2.1.1, while loudness is subjective, sound

can be measured objectively using sound pressure, power and intensity.

Sound pressure is the pressure the wave of sound causes in a measuring

point, sound power is the total power the source emits in its surroundings,

and the sound intensity is the power divided by the area.

Sound pressure level (SPL) is defined by the Equation 2.1 [15][16][25]

[43][45][68] as a relation of the absolute pressure to reference pressure.

Sound power level (LW ) is defined in Equation 2.2 [16][25][45] as a re-

lation of the absolute power to reference power. As both sound pressure

and sound power tend to have very wide ranges of absolute values, the

decibels are more widely used.

Lp = 10 · log(p
2
rms

p2ref
) = 20 · log prms

pref
(2.1)

where Lp is the sound pressure level in decibels, prms the sound pressure
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value, and pref the reference pressure value. prms is commonly set to be

20 μPa [25][43][68].

LW = 10 · log W

W0
(2.2)

where LW is the sound power level in decibels, W the sound power value,

and W0 the reference power value. W0 is commonly set to be 1 pW [25][45].

Since the definitions of the two decibels are different, it’s very important

to know which value we’re talking about when comparing different sound

sources. When talking about the SPL, 3 dB change in the pressure causes

a
√
2 change in the pressure level, whilst 3 dB change in the power level

doubles the wattage. Similarly 10 dB change causes
√
10 change in the

pressure level, but factor of 10 change in the power level.

2.1.3 Sound weighting methods

The measurements presented in this work are presented not weighted if

possible. This is done to maintain the usability of them as much as possi-

ble. The standard way of weighting the sound is currently A-weight, but

it has numerous problems [80], namely the insensitivity to noise below

100 Hz and above 1000 Hz. A-weighting doesn’t take into account the

wide frequency noise effect nor high volume sounds either as it’s based on

the equal loudness contours which assume pure tones and relatively low

sound amplitude. If weighting is needed to obtain a single comparable

number, in the International Telecommunication Union’s recommenda-

tion ITU-R 468-1[93] there’s an improved method, which is based on the

human hearing response. This method is based on the BBC’s Engineering

Division’s work[92] which researched how human ear reacts to different

sounds. All the weightings are done to the SPL values of the sound. Fig-

ure 2.2 shows how the two weighting systems compare to each other.
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Figure 2.2. The differences between A-weighting and ITU-R 486 weighting.

2.1.4 Near and far field

If we start from the most simple sound emitter – a point – we can assume

that it emits the sound pressure universally across the whole spherical

volume. Thus we can easily calculate the values we want as long as we

know our distance from the point, and we know the area that is affected

by the emitted sound. When we move from the ideal, simple case, to-

wards a real life physical, tangible items, we quickly realize that they are

often complex to model, and we can’t fully understand how they propagate

sound.

We can consider the item to be composed of differentially small points of

which all cause sound on their own. Each of these points’ pressure waves

have their own directivity and amplitude. As they collide, interference

occurs. Whether it’s constructive or destructive depends on the phase and

amplitude of the fields included. The area in which we are close enough to

the source that we have to take these interferences into account is called

near field. When we go far enough from the source so that the item seems

to be a single source instead of multiple smaller ones, we are in the far

field. This principle is shown in the Figure 2.3.[81]
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Figure 2.3. Basic difference between near and far field.

When defining whether we’re in the near or far field, we may first refer

to radio wave propagation where we have to first define whether we have

electromagnetically short or long antenna. For these calculations we as-

sume that the surrounding medium is air. Roughly speaking the break

point between electromagnetically short and long antenna is half of the

wavelength they emit. Since the basic frequency a power system compo-

nent emits is double the input frequency as will be shown in Sections 2.2

and 2.3, our component’s main emitting frequency will be 100 or 120 Hz.

Half of the wavelength of the 100 Hz sound wave in air is roughly 1.72

m. As we rise in the frequency, the wavelength will get gradually shorter,

and at 3rd and 7th harmonic inputs of 150 and 350 Hz, the respective

half wavelengths have shrunk to 0.57 and 0.25 m. Thus we can see that

by the definition it’s not clear whether the capacitor should be considered

an electromagnetically short or long antenna.

The limit where the near field becomes far field is called the Fraunhofer
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distance. For electromagnetically long antennas, this distance df can be

calculated from the first part of the Equation 2.3. Additionally for the

wave to be in the far field, it has to met the two other criteria posited

in this equation. Unfortunately a 1 m tall capacitor emitting a 100 Hz

wave (3.43 m wave length) yielding Fraunhofer distance of 0.58 m doesn’t

satisfy the two other parts of the Equation 2.3, so we’re not in the far

field.[87]

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

df =
2D2

f

λf

df >> Df

df >> λf

(2.3)

where df is Fraunhofer distance, Df the largest dimension of the radiator

and λf the wavelength.

If we assume the antenna to be of the short type, the limit for the near

field to turn into far field is triple of the wavelength emitted. Thus again

at 100 Hz we might be in near field, but when we move to higher fre-

quencies, we’d slip partially into the far field. This is exactly why much

care has to be taken when measuring sound at various frequencies to dis-

tinguish between near and far field characteristics. What these changes

mean in practice will be shown in the Section 3 where the results will be

presented.[48]

When we have a situation where we have multiple sound sources, and

we want their total sound pressure level, we treat them similarly as in

the case when we move from the near field to far field in a single source

case. As we move further away from the system comprised of individual

sources, the system starts behaving as if it was a single source.

At that point, in order to calculate the total sound pressure level, we

can simply add the levels of individual sources together using Equation

2.4 [43]:

SPLΣ = 10 · log10(p
2
1 + p22 . . . p

2
n

p2ref
) (2.4)

where LΣ is the total sound pressure level in decibels, p1, p2, pn are indi-

vidual pressure levels, and pref is the pressure reference often set as 20

μPa.

To make the calculation easier we can use Equation 2.1 to write the

following:
p2i
p2ref

= 10
SPLi
10 (2.5)

40



Methods

where pi is the individual pressure level, pref is the reference pressure,

and Li is the sound pressure level in decibels.

Finally combining Equations 2.4 and 2.5 allows us to calculate the total

pressure level in decibels from the individual pressure levels [16][43]:

SPLΣ = 10 · log(10SPL1
10 + 10

SPL2
10 + . . . 10

SPLi
10 ) (2.6)

2.1.5 Resonant frequencies

When talking about resonance it’s best to start with a simple example:

a string, which is attached to a wall from other end. When this string

is shaken from the free end at specific frequency, it creates a standing

wave with nodes that have zero amplitude, and anti-nodes, where the

amplitude is at its maximum. We can make the case two dimensional

by using a membrane instead of a string. If we want to add the third

dimension, we have to add thickness. Thus from strings we get bars, and

from membranes we get plates.[81]

Since the object is more prone to vibrate at a specific frequency, those

frequencies are called resonant frequencies. Input at frequencies can pro-

duce bigger oscillations and thus movement in the objects than what they

were specified at, thus causing more sound, and possibly even breaking

them in case of for example bridges. Due to these reasons resonant fre-

quencies cannot be ignored in the planning phase, as in an electric sys-

tem even though the fundamental frequency might not excite the system

much, a harmonic frequency might do so.

In Figure 2.4 have been presented the two first resonance modes of a

plate. We can clearly see that in the left image we have one anti-node,

and in the right one we have two of them. As we would increase the

frequencies, we’d get more and more complicated resonance modes. The

calculation of these resonance mode frequencies have been studied, and

they can be also simulated using a computer software.[71][101] The dif-

ferent resonance modes have been an interesting study target for a long

time, as they constitute to an important part of how musical instruments

work[81]. In the Section 2.5.1 the simulation results and the theoretical

formulas have been compared to see how accurate they really are.
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Figure 2.4. Two first modes for a plate sized 1060 mm times 350 mm at 50 Hz and 100
Hz.

2.1.6 Sound in power systems

When we enter the domain of power systems and high voltage engineer-

ing, we usually deal with limits related to the thermal and electrical prop-

erties of the components we use. Those properties can be generally fairly

easily calculated theoretically or tested for empirically. If we are inter-

ested in the sound propagation with the power system component as a

source, the issue is much more complicated. The basic idea of how the

sound is produced in the compensation capacitors and reactors is shown

in the Figure 2.5. In case of the reactor we have multiple current conduc-
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tors, and according to the definition of the ampere[75] we must have force

between two current conductors, these currents must therefore cause in-

ternal forces when the component is energized. In capacitor units on the

other hand the variable voltage causes electrical forces between the elec-

trodes of the capacitor element. As we well know, the force causes ac-

celeration, and therefore motion. Finally motion causes pressure in the

surrounding environment. This pressure is called sound when it occurs in

at the frequency and amplitude range we can hear in the medium next to

our ear.

Figure 2.5. Flowchart showing how electric current causes sound.

2.2 Physics of the capacitor

Let’s start by introducing the basic laws that define the characteristics of

capacitors. Capacitor’s characteristic parameter is its capacitance which

defines how much electric charge Q the capacitor can hold using certain

electric potential U :

C = Q/U (2.7)

Based on on Equation 2.7 we should try to maximize the capacitance in

order to store as big an electric charge as possible with using the lowest

possible electric potential. In this thesis, the capacitors studied can be

presented electrically as a simple capacitor with two parallel plates with

area A and distance d. Between these two plates is material, which rela-

tive permittivity is εr. For this kind of capacitor, the capacitance can be

calculated from Equation 2.8.

C = ε0εrA/d (2.8)

where ε0 = 8.854 x 10−12Fm−1. Since the distance d is divisor in the Equa-

tion 2.8, it would seem that the easiest way to increase capacitance would

be to decrease the distance between the plates. While this is true, this

brings up another problem relating to the physical nature of materials.

Namely, the materials are only able to withstand electric potential U up
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to a certain limit. This limit, called dielectric strength (Edstr) can be cal-

culated from Equation 2.9.

Edstr = U/d (2.9)

As we see, the smaller the distance d is, the faster the limit for dielectric

strength is reached. Thus to increase the capacitance C we need either

materials that have high dielectric strength, high relative permittivity

εr or both. Simultaneously we can use a roll-like structure presented in

Figure 2.6 to maximize the area.

Figure 2.6. Basic concept behind rolled capacitor

The capacitance of rolled capacitor can be easily solved by using the

simplified model. This model assumes that all the layers of the capaci-

tor are identical, and that they can be represented as a series connection

of a number of capacitors equal to the number of layers in the rolled ca-

pacitor. The equivalent model for a single layer is showed in the Figure

2.7. Figure 2.8 further explains why rolled capacitor is an excellent choice
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when maximizing the area of a capacitor. When another layer is added

on top of the existing capacitor, it produces not one, but two equivalent

capacitors. Whole rolled capacitor is made up of usually hundreds of lay-

ers, which translates into hundreds of equivalent capacitors. Even though

the equivalent model can look like a series connection of capacitors due to

layers being on top of each other, the equivalent capacitors are in paral-

lel connection, since the voltage foil and ground foil are the same in the

whole rolled capacitor. The equivalent model for a whole rolled capacitor

can be seen in Figure 2.9.

Figure 2.7. Equivalent model for a layer of a rolled capacitor

To understand the forces between different layers, Figure 2.10 which
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Figure 2.8. The advantage of rolled capacitor

Figure 2.9. Equivalent model for whole rolled capacitor
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shows how the layers of aluminum are entwined in a single element is

used here. From the image we can see that the negative polarity (illus-

trated as gray line), and positive polarity (black line) are one on top of the

other. We can calculate the force between them from Equation 2.10.

Fx =
U2εA

2d2
(2.10)

where U is the voltage between the two plates, ε is the permittivity of the

isolating material, A is the area of between the plates, and d the distance

between the two plates.

Since the layers are on top of each other as seen in the picture 2.10,

we can deduce that there is force between them. We can also deduce that

since the distances between the layers are equal, as are the voltages, area,

and ε, thus the forces are also equal. Consequently, the whole element be-

comes compressed when the voltage is applied to it, and the compressions

within each layer should be even. This evaluation is valid for any given

moment in time, but when we take into account that the voltage U is os-

cillating at the rate of 50 Hz per second, we can see that the force Fx is

oscillating at the rate of 100 Hz per second.

Figure 2.10. Polarities of entwined aluminum layers in a single element

In order to calculate the vibration from the power, we’re interested in

how much the capacitor elements compress when they come under stress.

To calculate this we assume that both the capacitor oil and aluminum

are incompressible, and just the polypropylene film is responsible for all

the compression. This simplification can be made as the Young’s modulus

(E) for polypropylene is 1.5 GPa[66] and aluminum’s value significantly

higher at 70 GPa. To calculate compression we use Hooke’s law, which is
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presented as Equation 2.11:

Fx = kX (2.11)

where Fx is the force applied, k is the stiffness, and X is the compression

amount.

Stiffness is defined as shown in the Equation 2.12:

k =
AE

l
(2.12)

where A is the cross-sectional area, E is Young’s modulus and l is the

length.

If we combine Equations 2.10, 2.11 and 2.12, we’ll get Equation 2.13

which we can use to calculate the total compression X of a single layer of

the capacitor.

X =
U2ε

2Ed
(2.13)

where X is the total compression, U is the voltage between the plates, ε is

the permittivity of the isolating material, E is the Young’s modulus, and

d is the distance between plates.

As we could see in the Figure 2.8, each additional layer of the rolled ca-

pacitor produced two partial capacitors. Thus if we know the total length

and width of the layered materials, we can calculate the total change of

volume of a single element when we combine this information with Equa-

tion 2.13 to yield the following Equation 2.14.

ΔV =
U2Aε

Ed
(2.14)

where ΔV is the change in the volume, U is the voltage between the

plates, A is the total area of the foil of a capacitor element, ε is the per-

mittivity of the isolating material, E is the Young’s modulus, and d is the

distance between plates. We notice that 2 has been removed from the

equation due to the reason discussed previously.

Since the capacitors usually include multiple elements, and we’re mostly

interested in the total compression perpendicular to the bottom of the

capacitor, Equation 2.14 becomes Equation 2.15:

Δx = t× U2Aε

EdAprofile
(2.15)

where Δx is the total compression, t is the total number of elements, U is

the voltage between the plates, A is the total area of the foil of a capacitor

element, ε is the permittivity of the isolating material, E is the Young’s
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modulus, d is the distance between plates and Aprofile is the area of the

bottom of the capacitor.

As an example of how much the volume of a typical capacitor element

changes volume due to these forces we use an example where A = 10 m2,

U = 3500 V , εr = 2.2, E = 1.5 GPa, d = 30 μm and Aprofile = 0.07 m2. Cal-

culating using the Equation 2.15, the total compression would be roughly

0.76 μm in the direction perpendicular to the bottom of the capacitor. We

will compare theoretically calculated value to the measurements in the

section 3.2.

In the above calculations we assumed that the layer of isolating material

is homogenous like in the Figure 2.11 in order to calculate the compres-

sion amount directly. Unfortunately the case isn’t always this simple. If

polypropylene film is used as insulating material, its surface can be made

rough on purpose for the impregnation oil to fill the cavities and make the

structure more homogenous overall. Example of how this could look like

is shown in the Figure 2.12.

Figure 2.11. Polypropylene/oil interaction in an idealized case.

Figure 2.12. Polypropylene/oil interaction in real life.

2.3 Physics of the reactor

Since this work concentrates on modeling sound production for capacitor,

and only tries to find application for sound measurement in reactors, the

reactor physics background will be based on the previous work done by

Verbruggen [99].
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The most defining characteristic of a reactor is its inductance, which cal-

culation is somewhat complicated. From Verbruggen’s work we learn that

there are two common approaches to calculating inductance of a reactor:

One presented by Nagaoka in 1909 [73] and one by Wheeler in 1928 [103].

Nagaoka [73] states that there’s an older Equation 2.16 which allows

calculating inductance of very long reactors. The work of Nagaoka presents

Equation 2.17 to calculate the inductance, which introduces new coeffi-

cient K, which takes into equation the shape of the reactor.

L = 4πN2
l Al (2.16)

where Nl is the number of turns per unit length, A is the area of cross

section and l is the length of the reactor.

L = 4πN2
l AlK (2.17)

where Nl is the number of turns per unit length, A is the area of cross

section, l is the length of the reactor and K is the Nagaoka’s coefficient.

The coefficient is highly dependent on the dimensions of the reactor, and

its values are tabled in the original paper [73].

Since the Nagaoka’s equation requires the usage of a fairly complex co-

efficient, it isn’t the easiest way of calculating inductance. To remedy this

situation, Wheeler presented [103] Equations 2.18 and 2.19, which are

meant for every day use in the laboratory. They can be used to easily

calculate the inductance of a reactor within reasonable accuracy. The

two equations have different fields of application. The first, Equation

2.18 is meant for use where the thickness of the windings, d is roughly

equal to the radius of the reactor r and length of the reactor l. The latter,

Equation 2.19 is meant for reactor with single layer, and when l > 0.8 r.

Both equations are accurate within about 1 % within these limits. Figure

2.13 demonstrates the differences between the applicabilities of these two

equations.
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Figure 2.13. Differences in applicabilities in the Wheeler equations.

L =
0.8r2N2

6r + 9l + 10d
(2.18)

where L is the inductance, r is the radius of the reactor, N is the number

of windings, l is the length of the reactor, and d is the thickness of the

windings. The dimensions in this formula are given in inches, and the

inductance result is in microhenries [μH].

L =
r2N2

9r + 10l
(2.19)

where L is the inductance, r is the radius of the reactor, N is the number

of windings, and l is the length of the reactor. The dimensions in this

formula are given in inches, and the inductance result is in microhenries

[μH].

From Equation 2.20, we can see that force between two conductors caus-

ing a current is relative to the product of the two currents involved. The

currents in reactor are either identical (single phase reactor) or phase

shifted by 2
3π in relation to each other, but have similar amplitude (three

phase reactor). Thus we can see that the force has double the frequency

compared to the currents.

F =
μ0ijikl

2πdjk
(2.20)

where μ0 is vacuum permeability, ij and ik are currents in cables j and k,
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l is length of the cable, and djk is distance between cables j and k.

Due to the layout of the windings of the reactor, the ones which are

immediately next to each other carry the current in the same direction

whilst the ones of the opposite ends carry the current in the opposite di-

rection. Due to these currents the windings which are side by side attract

each other whilst the ones that are on the opposite ends of the reactor re-

pel each other. These forces cause the reactor to move from neutral shape

to barrel shape at the double frequency compared to the one that is fed to

the reactor. This act of shape shifting is demonstrated in the Figure 2.14,

which is based on Verbruggen’s[99] figure.

Figure 2.14. Basic idea behind the breathing mode of the air core reactor

The difference between this idealized case and real life is that a real

reactor has so called ”spider arms” at the top and the bottom. These are

illustrated in the Figure 2.15. The aim of these supports is to bolster the

mechanical strength of the reactor. By doing this, they are also changing

the pulsing mode of the reactor, so the pulses do not cause equal deforma-

tion in all directions, but more like the one shown in that figure. Since the

reactor deforms outwards, it has to also affect its height. This causes the

reactor to move between the cylindrical shape (neutral position) to barrel

like shape (deformed position) cyclically.
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Figure 2.15. The six numbered spider arms and their effect on the breathing mode

The natural breathing frequency is the frequency at which the reactor

has tendency of strengthening the forced mechanical movements caused

by the electrical currents. This frequency can be calculated from the

Equation 2.21. From it we can see that the material of the reactor is a

major factor with diameter of the reactor being second. It’s worth noting

that the height of the reactor has no effect on the natural frequency.[88]

f0 =
1

π · dr

√
E

ρ
(2.21)

where f0 is the natural breathing frequency, dr is the reactor’s diameter,

E is the Young’s modulus and ρ is the density of the reactor material.

Since we’re interested primarily in the sound produced by the reactor,

we should examine the formula for sound intensity I, which is given by

the Equation 2.22 [99].

I =
(2ρairvπDmf)2

2ρairv
(2.22)
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where ρair is density of air, v is speed of air, Dm is the maximum displace-

ment, and f is frequency.

After we simplify the Equation 2.22 for sound intensity into Equation

2.23 we notice that the sound intensity is relative to the frequency squared.

This is a general equation, which can be used for both capacitors and re-

actors. Additionally in the reactors’ case we can see that since according

to the Equation 2.20 force is related to the product of the two currents,

which is directly related to the displacement Dm. Thus either increasing

the frequency or the current should increase the sound intensity.

I = 2ρairvπ
2D2

mf2 (2.23)

2.4 Measurements

2.4.1 DC compression of air filled capacitor element

In order to compare air filled and oil filled elements, and to determine

the maximum expected amplitude of compression in the elements, the el-

ement was tested using DC (direct current) voltage, and the compression

was measured. Draft image of the measurement set-up can be seen in the

image 2.16. To measure how the element compresses when the voltage is

applied, the element was divided into square shaped portions, which are

visible in the image. In this measurement the size of each measurement

square was 20mm x 20mm. The error marginal was ± 1mm. Since the

element is a flattened rolled capacitor (2.6), its longer edges are different

from the middle portion, and thus have been not taken into account in the

measurement, and are marked as “safety area“ in the picture. The short

edges of the element have also been partially marked as “safety area“,

since the homogeneity of the material, and the thus the repeatability of

the measurement was an issue. The width of this safety area was defined

as being more than half, but less than full width of each square measure-

ment section that the element was divided into, in this case it ended up

being 1.2±1 mm.

In this measurement a 20x20x5 mm ± 1 mm piece of PVC plastic was

put on top of a measurement square. Then a voltage was applied, and dis-

placement of the plastic piece was measured using a dial indicator. After

taking the measurement, the element was allowed to decompress until
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Figure 2.16. Air filled element DC compression measurement

the dial indicator’s dial wasn’t visibly moving any more. The measure-

ment was repeated at the measuring square until at least three consecu-

tive samples with spread of under 0.03mm were obtained. The precision

of a single measurement was ±0.01mm. After reaching acceptable result

the measurement was moved to next measurement square. The measure-

ment was repeated later for some squares, as it was observed that even

though the spread for consecutive measurements was small, the results

for a single point could vary even over 30% if the measurement was re-

peated later. This lead to choice that the results were studied using statis-

tical methods. The dial indicator was calibrated each time the measuring

square was changed by making one test run before the actual measure-

ments were started.

To make the measurements easier, a hypothesis was made that the mea-

suring area can be divided into four symmetrical parts. This division was

based on x- and y-axial symmetry. The dividing point, origin, is shown as

the black dot in the Figure 2.17.

Compression measurements at 3.2 ± 0.1 kV were conducted for vari-

ous symmetrical points in the element in order to test the symmetry hy-

pothesis. These results were also used to compare the compression at

this voltage level to compression at lower voltage levels in order to verify

the non-linear relation between the voltage and the compression, which

is caused by the force. Non-linear relation was expected based on the

Equation 2.10. The other voltage levels used to confirm this non-linear

connection were 2.6 and 2.0 ± 0.1 kV.
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Figure 2.17. Division of the air filled element for DC measurement

2.4.2 Vibration response of the capacitor sides

In order to verify the presence of the resonance frequencies mentioned

in Section 1.2, it was decided that vibration measurements of the capac-

itor sides would be the best approach. The measurement was done in

co-operation with Mr. Kari Kantola from the Department of Applied Me-

chanics of the Aalto University. The main measuring position can be seen

in the Figure 2.18. This position was chosen as the main measuring posi-

tion instead of the standard installation position seen in the Figure 2.19

since the capacitor wouldn’t fit in the Department of Applied Mechanics’

“fridge“ used to cool down the capacitor in one part of the measurements.

When using the main measuring position, the capacitor was placed on

the two pieces of wood in order to further isolate it acoustically from

the ground. Other reason for using wood instead of rubber was that we

needed more space underneath the capacitor in order for the bottom ac-

celerometer to fit there. The metal under the capacitor is an engine bed

weighing roughly a tonne. In addition to these preparations, the other

machines in the machine hall weren’t in use during the measurements in

order to avoid disturbances.
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Figure 2.18. Capacitor in the main measuring position

The metal colored item placed approximately in the middle of the of the

capacitor in the Figure 2.18 is a base for accelerometer. This base is glued

to the surface of the capacitor after the paint has been removed. The

accelerometer is then screwed to this base. The attached accelerometer

can be seen in the Figure 2.20. The red objects that can be seen under the

capacitor in the Figures 2.19 and 2.20 are industrial rubber, which is also

used for dampening the outside vibrations.

There were total two capacitors, four different states for both of them,

and two different measurements which will be reported here. The capaci-

tors were mechanically almost identical, as both had the same width (350
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mm) and depth (200 mm). The first capacitor (C1, 12.7 μF ) was 1060

mm tall, and weighed 102 kg, and second one (C2, 38.8 μF ) was 1000

mm tall, and weighed 101 kg. The main difference between the capaci-

tors was that the elements inside were connected differently in series and

parallel resulting in different capacitance and voltage rating. Out of the

four different cases, two were in the room temperature (+20 ◦C) with the

difference being the position: One was in the main measuring position

shown in the Figure 2.18 and other was in the standard installation po-

sition shown in the Figure 2.19. The reasoning between these two cases

was to see whether or not there’s a difference in the vibration when the

position is changed. In order to get reliable results, the capacitor was left

overnight in the new position before making the measurements. The two

other cases were -44 ◦C and +47-48 ◦C. These variation of temperature

were made in order to see how the vibration of the capacitors change with

respect to the temperature.

Figure 2.19. Capacitor in the standard installation position

The two different measurements were “sweep“ and “high frequencies“.

In the sweep measurement, a constant voltage level (173 V) was fed, and

then frequency was increased over time. Waveform was pure sine wave

for all measurements. For the C1, the sweep range was from 50 to 600 Hz,

and for C2 it was from 50 to 350 Hz. The different upper limit was due

to the fact that C2’s capacitance was higher, and thus the power supply’s
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limit was reached faster. The frequency change rate was done manually,

and was roughly 0.3 Hz per second in 0.1 Hz increments. Only differ-

ence between the various measurements had to be introduced in the C2’s

cold measurement, as the temperature caused the capacitor to take more

power out of the power supply, and thus the voltage level had to be de-

creased to 170 V. The measurement was done using peak-hold averaging,

and there were approximately 70 thousand averages in each sweep.

In the second measurement the voltage level was kept at 150 V for C1,

and 80 V for C2. In this measurement singular sine waves were fed in

individually. The measurement frequencies were from 1000 to 1450 Hz

every 50 Hz. The maximum was chosen so that the results could be plot-

ted into the same figure without having issues with the 3rd harmonic of

the first input frequency coinciding with the 2nd harmonic of the last in-

put frequency. Also in this measurement there was one exception that

had to be made, since the 1450 Hz level for C2 in the cold temperature

caused over current protection in the power supply to trigger. Thus for

the C2 cold measurements the frequency range is from 1000 to 1400 Hz.

If one looks at the Figure 2.20, one might wonder why the accelerometer

isn’t in the middle. This isn’t a mistake, but instead all three accelerome-

ters used are similarly bit off to the side. This is since if the accelerometer

would be in the very middle, it would measure only that singular point’s

vibrations. This is an issue since the middle point is one where nodes and

anti-nodes are frequently formed. This would cause a situation where we

would get very detailed data of a single point, but almost no generally

usable data. The point selected is one where we should get good average

results of how the whole plate moves, and whether or not the individual

resonance frequencies affect the whole plate, or are they very local and

insignificant when considering the overall vibration levels.
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Figure 2.20. The bottom of the capacitor with the accelerometer installed

2.4.3 Acoustic response of the capacitor sides

After vibration measurements the next logical step was to try and com-

pare those results with direct acoustic measurements. Also since using

the vibration measurements we couldn’t really say anything about the di-

rectivity of the capacitors, we decided to measure it as well. Since our

power supply limited the power levels far below the nominal specifica-

tions of the capacitors, the problem was that the sound levels were very

low. To compensate for that we co-operated with the Department of Signal

Processing and Acoustics of the Aalto University in order to make mea-
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surement in their anechoic chamber. This chamber is a concrete cube with

10 m sides, which is padded with special soft material inside so that the

sound is absorbed in the walls instead of producing an echo. Overview of

this chamber can be seen in the Figure 2.21. As from this figure can be

also seen, the “ground“ is made of steel wire web, to further decrease the

echo.

Figure 2.21. Overview of the 2 m measurement

This portion of measurements was composed of two disparate portions.

The first portion’s goal was to determine the capacitors’ sound propaga-

tion as a function of frequency and position. This measurement was con-

ducted for two capacitors which both were 200 mm deep and 350 mm wide.

Their other parameters were: 820 mm tall with 23.3 μF capacitance (Cp)

and 1060 mm tall with 12.7 μF capacitance (Cfo). The overall shape of

the two capacitors was same except for the difference in height. As can

be seen in the Figure 2.22, on the thin side of the capacitor there were

marks for the center point of the capacitor as well as for the different an-

gles. Since the manufacturer of the capacitor had previously indicated

that according to their measurements the directivity of the capacitor was

symmetrical, we measured only 180◦ of the capacitor. We started with the

side with the bushings as can be seen in the Figure 2.21, and finished with

the microphone pointing directly to the bottom of the capacitor. With this

measuring set-up we ended up measuring nine (9) points per capacitor for
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each frequency.

Figure 2.22. Close-up of the capacitor during the acoustic measurements

The input signals were decided in such a way that they would resem-

ble the frequencies and voltages that the capacitor could encounter in the

power system during its lifetime. Unfortunately due to the limitations

of the power supply, we couldn’t go as high voltage wise as we would’ve

wanted. Fortunately though we managed to secure a small transformer,

so we could use that to increase the voltage up to over 700 V compared

to the 300 V the power supply could normally provide. Since the trans-

former was meant for 50 Hz use, and our input signals were from 60 to

480 Hz, we measured the output voltage to verify what is actually going

to the capacitor. The list of the measured output voltages as a function of

frequency can be found in the Table 2.1.
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Table 2.1. Inputs for the acoustic directivity measurement

The second portion’s goal was to compare the direct measurements of

sound, and then previously measured vibrations. In order to do this we

measured the sound levels 2 cm away from the bottom at high frequen-

cies from the same spots where the accelerometers had been using the

same inputs as in the vibration measurements. In this measurements

we did not use the transformer. Detail of this measurement can be seen

in the Figure 2.23 where cross has been marked where an accelerometer

was glued in the previous measurement. Since we wanted to compare the

results, we measured the same capacitors as in the directivity measure-

ment, but also the 1040 mm tall one with 38.8 μF capacitance (Cfb) that

was used in the vibration measurements. Furthermore the requirement

to be comparable restricted our voltage ranges, and thus 1060 mm capac-

itor was measured at 150 V voltage level, 1040 mm at 80 V, and 820 V at

140 V except for the 1450 Hz level, at which only 135 V was input due to

power supply restrictions.

In addition to these high frequency measurements at 2 cm, we measured

the 1040 mm tall capacitor’s acoustic response at frequencies from 60 to

330 Hz every 30 Hz at 173 V as we did during the vibration measurement.

Finally we also measured the high frequency response of the 1060 mm tall

capacitor at 1 m to see what effect would the increase of sound have.
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Figure 2.23. Detail of the 2 cm measurement

Finally in order to verify that we really know what we’re inputting to

the capacitors, we measured the THD and three first significant harmon-

ics using a Fluke 43B power quality analyzer. Since this power quality

analyzer was made for low voltage usage, we measured the THD values

from low voltage side when we used the transformer, but the voltage was

measured from the high voltage side. During the high frequency mea-

surements, the two values were naturally measured from the same side

as there was no transformer in use during those measurements. All the

measured values can be seen in the Table 2.2, and can be considered gen-

erally to be very low, and having little to no effect on our measurements.
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Table 2.2. THD values for different input voltages

Since during our measurements in the anechoic chamber of the univer-

sity we could input only a portion of the nominal voltage to the capacitors,

the people from Alstom kindly made their own measurements using a

rack of six Cp type capacitors at nominal voltage of 7.3 kV and 60 Hz. The

principle figure of this rack is shown in the Figure 2.24. These measure-

ments were unfortunately not as exact as the one done at the anechoic

chamber due to suboptimal surroundings, which may have caused some

echoes. Also, since there was significant background noise, the noise made

by the 60 Hz component was measured at 1 m distance instead of the 2 m

distance that was used for other measurements. Further analysis of the

results can be found in the Section 3.3.
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Figure 2.24. Diagram of the measured rack of six Cp type capacitors

Another difference in these measurements was that since the measure-

ment methodology was different, the results were measured using third-

octave bands. The capacitors were assumed to produce mainly three dif-

ferent frequencies when fed with nominal frequency. Those frequencies
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Table 2.3. Output frequencies and third-octave bands used to measure them at Alstom

Output frequency Measuring band

120 112.2− 141.3

360 281.8− 354.8

360 354.8− 446.7

480 446.7− 562.3

along with the output frequencies caused and third-octave bands used to

measure them were presented in the Table 2.3. It should be noted that

since 360 Hz output frequency caused by the 180 Hz third harmonic of

the 60 Hz was almost precisely between the two third-octave bands, it

was measured using both of them.
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2.4.4 Viscosity of the capacitor oil

Figure 2.25. Viscometer used in the viscosity measurements

In Section 2.4.2 we measured the vibration response of the capacitors. It

was assumed that the viscosity of the capacitor oil changes as a function

of temperature, and that this variation explains most of the differences

of the vibration response in the different temperatures. The reasoning

behind this assumption was that the movement of oil inside the capac-

itor unit is similar to the one inside a shock absorber, where the shock

is dampened as the oil flows through the valves. As the temperature

changes, so does the viscosity of the oil, thus changing the stiffness of
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the shock absorber. In a resembling fashion, it was assumed that the in-

ternal dampening of the capacitor changes as the characteristics of the oil

fluctuate.

Since the viscosity data in the respect to the temperature wasn’t read-

ily available, it was decided that it needed to be measured. The viscosity

measurements were carried out using a Brookfield DV-E viscometer be-

longing to the Department of Biotechnology and Chemical Technology of

the Aalto University.

Figure 2.26. Close-up of the spindle used in the measurement

The viscometer can be seen in the Figure 2.25. It’s fully digital device in

which one selects the rounds per minute (RPM), and spindle they’re us-

ing, and then the device gives the result directly in cP (equal to mPa · s).

Since we were interested in the capacitor oil’s viscosity in extreme temper-

atures, we needed to use an insulated thermal unit which included a heat

exchanger. This limited the selection of the spindles to a single one. The

equipment that was used can be seen in the Figure 2.26. In this figure it’s

used in the lower temperatures, and thus is heavily insulated to minimize

the heat gain, which was here assumed to be zero. A better overview of

the insulation, and the whole system can be seen in the Figure 2.27.
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Figure 2.27. Overview of the viscosity measurement at the low temperatures

Prior to starting the measurements, the device was calibrated first. Af-

ter running multiple test runs with various RPMs using 1-butanol, and

1-decanol as calibrating liquids, it was deemed that the results are too

large by roughly 10% and thus 10% will be deducted from the results in

order for them to be of correct magnitude. This isn’t ideal solution, but

we believe it yields acceptable results. While calibrating it was also noted

that whilst according to the instruction manual a 10% torque would still

yield acceptable results, the limit was observed to be closer to 20%, and

below this limit the accuracy started to decrease.
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Figure 2.28. Temperature control unit in the low temperature measurement

The measurements for the capacitor oil were done in two parts: in the

first part water was used as heating and cooling liquid, and the temper-

atures measured were from +15 ◦C to +60 ◦C. In the second part glycerol

liquid was used, and the temperature range was from -42.4 ◦C to +19.3◦C.

The overlap was intentional to compare the accuracy of the two fluids.

One fluid couldn’t be used to measure the whole range since water freezes

at subzero temperatures, and glycerol starts to evaporate at higher tem-

peratures. The error in the temperature measurement was deemed to

be no larger than ± 0.1 ◦C. The temperature controller used in the cold

temperature measurement can be seen in the Figure 2.28.

2.4.5 Response of the tube extender used for measuring the
reactor noise

The second part of this thesis is related to the reactors, and especially

how their sound production could be linked to fault detection. The first

issue we came across in our research is that the measuring of sound it-

self proved to be problematic. Due to the high magnetic fields the reactor

causes around itself, no ordinary microphone can be used for measure-

ments as it would be destroyed. One could buy specially made non-metal

microphones for a significant sum of money, but this would be counter-

intuitive since widely used solutions can’t be prohibitively expensive. In
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order to solve this problem, we decided to try another approach. Since we

couldn’t bring the microphone to the sound source, we decided to bring

the sound to the microphone.

Figure 2.29. Overview of the tube extender response measurement

In order to do these acoustic measurements, we co-operated with De-

partment of Signal Processing and Acoustics of the Aalto University as

we did in Section 2.4.3, and made measurements in their large anechoic

chamber. In order to bring the sound to the microphone, we went for a

very simple idea: A plastic pipe with a funnel on the other end, which has

a plastic membrane covering the open end. The overview of the funnel

end can be seen in the Figure 2.29. The silver tape was used to secure

the membrane to the funnel so that it would have even tension. With the

funnel secured in one spot using a microphone stand, a Genelec 8030A

speaker was then placed 1 m away from the funnel in order to produce

steady pressure level of sound over a frequency range. The frequency

range used in these measurements was 50-5000 Hz, and the signal was

5 second in length total. The reference level was 96 dB SPL, and the

signals we used for measuring were -10, -22, and -34 dB relative to this

level. The -10 dB was selected so that we would have ample difference

from the maximum output of the speaker, and the two other levels were

12 dB away from each other, which means quadrupling pressure level.
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Figure 2.30. Microphone end of the tube extender

The measurement had three goals: To determine how the tube extender

changes the sound as a function of frequency, how do the changes vary

based on the parameters of the tube, and what uncertainties making the

tube extender by hand causes. The variance of frequency was covered by

using vast frequency range in the input signal. The variance caused by

the length was taken into account by using three different lengths: 5 m,

7.5 m and 10 m. Finally the issue of hand-made parts was investigated by

making three copies of each of the tube extender lengths. The raw materi-

als used in each extender were naturally identical. The microphone end of

the tube extender can be seen in the Figure 2.30. As we were making the

measurements, it was noted that it would be a good idea to test how the

response changes if the microphone end of the tube extender is insulated.

This is due to the fact that closing the end causes the pressure at the end

to double.[81] The image of this case is pictured in the Figure 2.31.

73



Methods

Figure 2.31. Insulated microphone end of the tube extender

2.4.6 Reactor noise measurement in the field using the tube
extender

Figure 2.32. Birds eye view of the relative positions of reactors and the measurement
box

In order to verify the usability of the tube extender in the field, we co-

operated with the Finnish national grid operator Fingrid in order to do a
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test installation in the field. The goal for this measurement was to deter-

mine whether or not we could measure the difference between the back-

ground and operational noise of the reactor in a real environment. Our

target for the installation was power station in Keminmaa, a municipality

in Lapland, northern Finland. Fingrid had scheduled an interruption in

the power supply to one set of three reactors on the site, and allowed us

the time to make installation during this period. In the Figure 2.32 we see

the birds eye view of the reactor area. Reactors that were measured are

numbered, as is the measuring box (“Box“) under the bus bars. The black

enclosing around the reactors is the safety fence outside which everyone

must be when the reactors are turned on. On the right edge of the figure

we can see the start of the next enclosure, which contains a second set of

reactors, which were on during the time we installed the extenders, and

made the measurements.

Figure 2.33. Overview of the reactors from the side with the tube extender installed

In the Figure 2.35 we see an overview of the reactors under which the

tube extenders were installed. As can be seen, we used planks to create a

T-shaped construction in order to place the funnel end of the tube extender

at the very middle of each reactor. Details of this construction can be seen

in the Figure 2.34, where we see that there’s ample amount of space below

the reactor in order for us to install the tube extenders. Also, it can be seen

that we used the plank to further support the soft tube so that we could
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shorten its total length.

Figure 2.34. Tube extender installed below a reactor
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Figure 2.35. Soft tube attached to the concrete below the reactor

One can see more details of the installation in the Figures 2.35 and 2.36

where it’s shown how the soft tube is lead to the drainpipes for further pro-

tection. In order to preserve the sound we needed to avoid sharp corners,

and thus we had to support the tube using copper conduit clips. When we

got to the ground level, we used plastic drain pipes to further protect the

soft tubes from weather and trampling.
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Figure 2.36. Drainpipes protecting the tube extender up to the safety fence

The end of the drainpipes can be seen in the Figure 2.37 where soft tubes

emerge again before they are connected to the weather resistant plastic

box. When the box is opened, normal microphones can be connected to

a laptop computer, and used to record the sound of the reactors from a

safe distance. The tube extenders used in this measurement were almost

identical to the ones measured in Section 2.4.5, but due to the experimen-

tal nature of the measurement the lengths of the tubes were different.

The reactors’ 1 and 2 from Figure 2.32 had identical tube extenders, but

since reactor 3 was further away, its extender was different. Also, in this

measurement the ends of the tubes weren’t insulated. Overall these lim-

itations were of little concern, as this measurement’s goal was to verify

whether or not we could use the tube extenders in field measurements to

differentiate between the background and operational noise.
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Figure 2.37. Sealed weather resistant box to which the tube extenders are terminated

2.4.7 Reactor noise measurement in a controlled environment
using the tube extender

Figure 2.38. Overview of the controlled environment measurements
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After we verified the usability of the tube extender in a field environment,

and measured the tube extender’s response, we decided to do a controlled

measurement. The goal for this measurement was to see whether we

could add a controlled fault to the reactor, which would produce an audible

noise that could be detected by noise measurement and analysis. If such

a fault could be produced, it would signify that there’s a high chance of

being able to use sound as a method of fault detection in the future. The

overview of this measurement can be seen from the Figure 2.38. We used

10 m long tube extenders in order to measure the reactor’s sound from

a safe distance while the measurer was sitting inside a forklift’s cabin.

Since reactor of this size causes a big variance to the local reactive power

balance, it had to be compensated using capacitors seen in the Figure

2.39.

Figure 2.39. Capacitor battery that was used to compensate the reactor being measured

80



Methods

Figure 2.40. Cable ties were used to minimize the vibrations of the input cables

Since the measurements were carried in the yard of the manufacturer,

there were multiple challenges in measuring. First of all the location was

in the middle of an industrial area, and thus the traffic from the nearby

road was one cause of concern. Secondly, the capacitors used for the com-

pensation also produced sound. Finally, the other work being done in the

factory also produced some sound. In order to minimize the effects of

these factors, the measurements of the sound were done when no traffic

was passing by, and as an average over a period of roughly ten seconds.

Also when analyzing the results, the measured background noise was de-

ducted from the measured operating noise to minimize its effect. To fur-
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ther reduce the effect of outside noise, we used cable ties as can be seen

in Figure 2.40 to reduce possible vibrations of the input cables.

Figure 2.41. Tube extenders’ position was experimented with by putting them upside
down

Since this time we could do any number of interruptions in the reactor

operation, we decided to experiment a bit with the position of the tube ex-

tenders. In the Figure 2.41 it’s shown that we used three tube extenders

at once with the help of custom made aluminum tube extender holder.

This allowed us to measure from three separate spots at the same time,

and thus to study how much small differences in location matter when

measuring reactor noise. Also, since in this reactor the ground was con-

crete instead of gravel as it was in Section 2.4.6, we decided to see how

much the tube extenders would “hear“ when turned upside down. This

was mostly interesting since then the funnels would probably last more

due to membranes not being directly exposed to weather.

When the tube extenders were in this position, we did three measure-

ments. First we measured the background noise, then the normal oper-

ating noise of the reactor, and finally we loosened few bolts at the top of

one insulator according to the Figure 2.42. After these measurements we

moved away from this experimental position, and continued the same was

as we had started in Section 2.4.6.
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Figure 2.42. Insulator’s bolts were loosened to create a minor fault

Since in the previous measurements we measured the sound with the

tube extenders pointing upwards, we decided to measure most of the cases

using this position as well. The position can be seen from the Figure 2.43.

The position is considered here more usable as the base of the reactor

has little effect on the noise measured unlike in the downward position.

To start off with this position, the fault presented in the Figure 2.42 was

fixed in order to measure the background and normal operating noises.

After measuring these two we did two series of tests in which we started

adding new faults little by little.
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Figure 2.43. Most of the measurements were done when the tube extenders were in up-
wards position

Figure 2.44. The supporting bar’s bolts loosened for the experiment

At first we loosened some bolts of the supporting bar according to the

Figure 2.44. After measuring these, we went on to loose the bolts of the

middle pipe as can be seen in the Figure 2.45. Following these two cases,

we went on to loosen up the bolts of the lifting lug as presented in the
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Figure 2.46. After these three cases it was time to refasten the loose bolts,

and start testing from the start again.

Figure 2.45. Middle pipe’s bolts were loosened in order to create sound

Figure 2.46. Lifting lug’s bolts were loosened to create audible noise
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Figure 2.47. Input cable’s bolts were loosened to see whether it would create noise

While in the first set of measurements we concentrated on the struc-

ture of the reactor itself, we moved on to search for the possible sources

of sound in the input cables for the second set. First of all we loosened

the bolts of one of the three bolts that was responsible for holding two

of the six input cables securely in place as can be seen in Figure 2.47.

Secondly we added two loose bolts made of regular steel, which should be

more susceptible to the magnetic field, and thus not usually used in the

installation. These bolts can be seen in the Figure 2.48. The results from

these measurements can be found in Section 3.6.
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Figure 2.48. Finally loose bolts were added near the input to see if they create noise

2.5 Simulating resonance frequencies of capacitors

2.5.1 Comparing simulation results with the literature

As we discussed in the Section 1.2, there are two publications that present

the equations needed to calculate the resonance frequencies of a clamped

plate with any dimensions. Since these equations are based on the ba-

sic physical equations, we will see in this section how good results they

give in simple cases, such as the left hand side of the Figure 2.49. In this

figure red color represents the maximum displacement, and blue the min-

imum displacement. If we want to move to more complicated cases, such

the right hand side of Figure 2.49, we have to move towards simulation

techniques, as the theoretical equations do not handle these cases well.
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Figure 2.49. Two different resonance images obtained via simulation at 200 Hz and 400
Hz inputs.

This section presents the two theoretical equations in detail, and com-

pares the results they give with the first ten resonance frequencies ob-

tained from the simulation software. The software used was COMSOL

4.2a, and the plate used to represent the capacitor bottom was 200 mm x

350 mm x 1.9 mm plate made out of UNS S40900 steel. During the simu-

lation all the edges were fixed to obtain results equivalent to the “all sides

clamped“ situation. The mesh used was set to “finer“, and temperature to

20◦C. The material properties used were taken from the material library

included in the software.

The first set of equations, presented by Warburton in his work in 1954
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[101], is the more complicated of the two. The full equation to obtain

frequency parameter λ is shown in the Equation 2.24.

λ2 = G4
x +G4

y

a4

b4
+

2a2

b2
[σHxHy + (1− σ)JxJy] (2.24)

Luckily for this particular case, in case of a plate clamped from all sides,

Jx = Hx and Jy = Hy. Thus we can simplify the equation into the form

shown in the Equation 2.25. In this equation a and b are the lengths of the

sides of the plate in meters, where a is the smaller dimension. Other pa-

rameters are more complicated, and will be explained below in the Equa-

tion group 2.26.

λ2 = G4
x +G4

y

a4

b4
+

2a2

b2
HxHy (2.25)

In order for Warburton’s equation to give a result, we need to know the

amount of nodes that the resonance frequency creates in the plate in both

x- and y-directions. For example in the left side image of the Figure 2.49

we have two nodes in the x-direction (the sides of the plate), and four

in the y-direction (the sides, and the two nodes between the anti-nodes).

In Warburton’s equation the nodes in the x-direction are represented by

m, and the nodes in the y-direction by n. Now we can calculate other

parameters needed for the Equation 2.25.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Gx = 1.506, if m = 2, else Gx = m− 0.5

Gy = 1.506, if n = 2, else Gy = n− 0.5

Hx = 1.248, if m = 2, else

Hx = (m− 1
2)

2[1− 2
(m− 1

2
)π
]

Hy = 1.248, if n = 2, else

Hy = (n− 1
2)

2[1− 2
(n− 1

2
)π
]

(2.26)

With all the parameters calculated, we’ve obtained λ, which allows us

to move to the last equation needed in order to obtain the resonance fre-

quencies. It should be noted that in order to calculate λ we do not need to

know what the plate is made of. We only need its physical dimensions. In

the last Equation by Warburton’s (2.27), h is the thickness of the plate, a is

the length of the longer side, E is the Young’s modulus, g is the standard

gravity, ρ is the density of the plate, and σ is the Poisson’s ratio.

f =
λhπ

a2

√
Eg

48ρ(1− σ2)
(2.27)
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As can be deducted from the name of the publication (“A simple fre-

quency formula for clamped rectangular plates“), the equation presented

by Mitchell and Hazell is much simpler than the one presented above. In

the Equation for λ (2.28) we have have very similar looking symbols, but

this time they have a bit different meaning. λ is once again frequency

parameter. a and b are the lengths of the shorter and longer edges re-

spectively. m and n are the numbers of anti-nodes in x- and y-direction

respectively. Using the left side of Figure 2.49 as an example again, this

means m would be 1 and n would be 3 in this case.

λ = a2π2[{(m+Δm)/a}2 + {(n+Δn/b}2] (2.28)

The meanings of parameters Δm and Δn can be found in the Equations

2.29 and 2.30 below. As can be seen, they are much simpler than the

corresponding parameters in the Warburton’s equation.

Δm = ((na/mb)2 + 2)−1 + (0.017/m) (2.29)

Δn = ((mb/na)2 + 2)−1 + (0.017/n) (2.30)

After the Equation 2.28 yields the λ we can use Equation 2.31 in order to

calculate the resonance frequencies. The D in the equation is the flexural

rigidity, which can be calculated using Equation 2.32. Please do note that

similarly as in the Equation 2.25, the value of λ is not dependent on the

material of the plate, only on the physical dimensions of it.

λ = ωa2
√
ρh/D (2.31)

D =
Eh3

12(1− σ2)
(2.32)

If we substitute D by its equation in the Equation 2.30, substitute ω

by 2πf , and then solve the f , we obtain final Equation 2.33. It’s almost

the same as Warburton’s final Equation 2.27, with just the π being in the

denominator instead of the numerator. All the other values and symbols

are the same, but there’s a catch: the a in this equation is the length of

the shorter edge as it was in the Equation 2.28 instead of being the longer

edge as it was in the Equation 2.27.

f =
λh

πa2

√
Eg

48ρ(1− σ2)
(2.33)
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The results given by the theoretical equations are dependent on the ma-

terial values of real life materials. Since those values have a variance[89],

it was decided to give the frequency value not only for the average values,

but also for the values that would yield the minimum and maximum fre-

quency. In the Table 2.4 it can be seen that the difference between using

the values at the extreme ends of the spectrum can affect the end results

up to about 6%. As can be deducted from Equations 2.27 and 2.33 the

maximum values occur when Young’s modulus is at it’s maximum value,

and the density and Poisson’s ratio are at their minimum values. Natu-

rally minimum values occur in the exact opposite situation.

Table 2.4. Variation in the yielded resonance frequencies due to variance in the input
data

After doing the research on the general values of the steel used in the

capacitors, the values used by COMSOL were determined, and used to

calculate the resonance frequencies using both Warburton’s and Mitchell-

Hazell equations. The differences between the resonance frequencies ob-

tained from the simulations and the theoretical equations are shown in
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the Table 2.5. It can be seen that the older Warburton’s equation yields

fairly even 2.5% difference compared to the simulation whereas Mitchell-

Hazell equation results in frequencies that are mostly within a single

percent from the simulation results. It should be also noted that whilst

Warburton’s equation yields larger values than the simulation, Mitchell-

Hazell equation yields smaller values than the simulation.

Table 2.5. Differences between resonance frequencies obtained from the theoretical equa-
tions and the simulations

2.5.2 The idiosyncrasies of clamped plates’ resonance
frequencies

As could be seen from the Section 2.5.1, we can calculate as many reso-

nance frequencies as we want to. What is even more interesting than at

which frequencies those resonances are, is what effect they have on the

plate. The theoretical equations do not give us any information on how

much the amplitude changes if we apply the same force on different fre-

quencies. While simulations won’t give us the absolute values of the dis-

placement amplitudes, we can still obtain the relative values of displace-

ment at each frequency. This section concentrates on the idiosyncrasies

of clamped plates’ resonance frequencies, as they are more complicated as

one might think when first encountering them.

The first demonstration concentrates on the relative amplitudes around

the three first resonance frequencies. This raw amplitude response can

be seen in the Figure 2.50. We can see one peak at around 300 Hz, and

another one at around 650 Hz. It was mentioned that this figure shows

the data around the first three resonance frequencies though. So what is

the issue here?
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Figure 2.50. Raw amplitude response of the plate around three first resonance frequen-
cies

As we can see from the Figure 2.50, the amplitudes of the displacement

are seemingly zero elsewhere except at the two peaks mentioned. This

isn’t the whole truth though, as it just means that the variance in the dis-

placement is extremely large. We can demonstrate this by post-processing

the relative amplitude data a bit. In the Figure 2.51 it is shown how the

above figure changes when it’s multiplied by a large enough number to

scale all the measuring points above 1, and then a logarithm is applied to

it. Now we can clearly see the second resonance peak as well. For the fur-

ther discussion, please do note that the relative level of amplitude outside

peaks is roughly between one and three.

Figure 2.51. Post-processed amplitude response of the plate around three first resonance
frequencies
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When looking at a larger number of resonance frequencies, we can see

from Figure 2.52 that their amplitudes vary somewhat, but are generally

above the “background noise“ of one to three. But how does this relate to

capacitors?

Figure 2.52. Post-processed amplitude response of the plate at the resonance frequencies

Since the nominal frequency of the power systems is usually 50 Hz or

60 Hz, the existing frequencies in the power system are the multiples

of these two fundamental frequencies. In order to see whether or not

these frequencies should excite the capacitor bottom, the response of the

multiples of these fundamental frequencies up to 1560 Hz were simulated,

and then plotted into the Figure 2.53. If we compare these levels to the

Figure 2.51 shown before, we can conclude that all but one are on the

equal level to the “background noise“. Even the one at 650 Hz, which is

just 0.3 Hz away from the calculated resonance at the 649.7 Hz isn’t even

close in the amplitude to the nearest peak. This train of thought will be

continued later on in the Section 4.2 where vibration response of a real

capacitor will be studied.
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Figure 2.53. Post-processed amplitude response of the plate at the harmonic frequencies
of 50 and 60 Hz

For the data used in drawing the graphs in this section, please consult

appendix B.
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3. Results

3.1 DC compression of air filled capacitor element

The first measurements aimed to provide insight to the symmetry hypoth-

esis by measuring whether the distance from the origin, and the compres-

sion measured correlates. The results, along with a linear curve fitted to

these results, are presented in the Figure 3.1. The correlation between the

Pythagorean distance, and the compression value was -0.77. The square

unit used to present the distance from origin is 20 mm long as mentioned

in the Section 2.4.1.

Figure 3.1. Measuring points and fitted linear curve for air filled element at 3.2 kV DC
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The results for the two other measurements, done at 2.6 and 2.0 ±
0.1 kV are shown in the Figures 3.2 and 3.3. The correlation between

Pythagorean distance and the compression was -0.78 and -0.83 respec-

tively.

Figure 3.2. Measuring points and fitted linear curve for air filled element at 2.6 kV DC
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Figure 3.3. Measuring points and fitted linear curve for air filled element at 2.0 kV DC

To better see the differences in the compressions between these three

voltage levels, the linear estimations for the measurements are all plotted

in the same Figure 3.4.
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Figure 3.4. Fitted linear curves for air filled element at different DC voltage levels

3.2 Vibration response of the capacitor sides

In this measurement there were two capacitors (C1, 12.7 μF and C2, 38.8

μF ). Each capacitor has a measurement on each of the three sides, so

there are six figures per each measurement. We’ll start with sweep mea-

surements, in which the input was 173 V for both capacitors, and the

frequency varied between 50 to 600 Hz for C1 and between 50 to 350 Hz

for C2.

To compare the theory with the measurements we first present Figure

3.5 in which we see the displacement of the 38.8 μF C2’s bottom plate as

a function of frequency. In this figure we have also drawn additional line

which corresponds to the calculated value of the vibration based on the

Equation 2.15. The values used are below:

t = 56, U = 173
4 V = 43.25 V , A = 10.032 m2, εr = 2.2, E = 1.5 GPa,

d = 30.4 μm, Aprofile = 0.07 m2

where t is the total number of elements, U is the voltage between the

plates, A is the total area of the foil of a capacitor element, ε is the permit-

tivity of the isolating material, E is the Young’s modulus, d is the distance

between plates and Aprofile is the area of the bottom of the capacitor.
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Voltage is quarter of the 173 V used in the measurement since there are

four series connections within the capacitor unit.

This gives us the total compression Δx of:

Δx = t× U2Aε

EdAprofile
= 56× (43.25V )2 × 10.032m2 × 2.2× 8.85× 10−12

1.5GPa× 30.4μm× 0.07m2

= 6.41× 10−9m

The Figures 3.6, 3.7, and 3.8 show the acceleration responses of the C1

capacitor for big, thin and bottom sides respectively. Likewise the Figures

3.9, 3.10, and 3.11 show the acceleration responses of the C2 capacitor for

its big, thin and bottom sides respectively. From these figures we notice

that the vibration respose of the bottom side is roughly ten times higher

than the other sides in both cases.

Figure 3.5. Displacement response of the bottom side of the 38.8 μF capacitor for sweep
at 173 V from 50 to 350 Hz
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Figure 3.6. Vibration response of the big side of the 12.7 μF capacitor for sweep at 173 V
from 50 to 600 Hz

Figure 3.7. Vibration response of the thin side of the 12.7 μF capacitor for sweep at 173
V from 50 to 600 Hz
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Figure 3.8. Vibration response of the bottom of the 12.7 μF capacitor for sweep at 173 V
from 50 to 600 Hz

Figure 3.9. Vibration response of the big side of the 38.8 μF capacitor for sweep at 173 V
from 50 to 350 Hz
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Figure 3.10. Vibration response of the thin side of the 38.8 μF capacitor for sweep at 173
V from 50 to 350 Hz

Figure 3.11. Vibration response of the bottom of the 38.8 μF capacitor for sweep at 173
V from 50 to 350 Hz

The second set of measurements was conducted using the high frequen-

cies from 1000 to 1450 Hz every 50 Hz. These frequencies were input one

at a time instead of continuous sweep as was the case in the previous re-

sults. The input voltage was 150 V for C1 and 80 V for C2. The vibration

response for the high frequency inputs of the C1 capacitor’s big, thin and

bottom sides can be seen in the Figures 3.12, 3.13 and 3.14 respectively.

Likewise, the vibration response of the C2 for the high frequency inputs

of the big, thin and bottom sides can be seen in the Figures 3.15, 3.16 and

3.17.
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Figure 3.12. Vibration response of the big side of the 12.7 μF capacitor for high frequen-
cies at 150 V from 1000 to 1450 Hz

Figure 3.13. Vibration response of the thin side of the 12.7 μF capacitor for high frequen-
cies at 150 V from 1000 to 1450 Hz
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Figure 3.14. Vibration response of the bottom of the 12.7 μF capacitor for high frequen-
cies at 150 V from 1000 to 1450 Hz

Figure 3.15. Vibration response of the big side of the 38.8 μF capacitor for high frequen-
cies at 80 V from 1000 to 1450 Hz
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Figure 3.16. Vibration response of the thin side of the 38.8 μF capacitor for high frequen-
cies at 80 V from 1000 to 1450 Hz

Figure 3.17. Vibration response of the bottom of the 38.8 μF capacitor for high frequen-
cies at 80 V from 1000 to 1450 Hz

Even though the previous figures incorporate all the measurement data

available, it might not be always the most easily readable format to an-

alyze it. In order to make it easier to compare the responses at different

temperatures, the Figures 3.18, 3.19, 3.20, 3.21, 3.22 and 3.23 show the

same results but filter out the values not directly caused by the input

voltage.
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Figure 3.18. Filtered vibration response of the big side of the 12.7 μF capacitor for high
frequencies at 150 V from 1000 to 1450 Hz

Figure 3.19. Filtered vibration response of the thin side of the 12.7 μF capacitor for high
frequencies at 150 V from 1000 to 1450 Hz
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Figure 3.20. Filtered vibration response of the bottom of the 12.7 μF capacitor for high
frequencies at 150 V from 1000 to 1450 Hz

Figure 3.21. Filtered vibration response of the big side of the 38.8 μF capacitor for high
frequencies at 80 V from 1000 to 1450 Hz
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Figure 3.22. Filtered vibration response of the thin side of the 38.8 μF capacitor for high
frequencies at 80 V from 1000 to 1450 Hz

Figure 3.23. Filtered vibration response of the bottom of the 38.8 μF capacitor for high
frequencies at 80 V from 1000 to 1450 Hz

3.3 Acoustic response of the capacitor sides

In the acoustic measurements there were two sets of measurements. First

of them was related to the directivity of the sound at different frequencies

for the two capacitor units. First was 1060 mm tall, 12.7 μF Cfo, and

second was 820 mm tall 23.3 μF . In order to visualize which frequen-

cies cause most sound and in which direction, only the frequencies which

caused an average sound of at least 3 dB above the background noise were

taken into account. This was done to be sure that we don’t accidentally

claim that there’s sound in a direction where there’s almost none.
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There was one caveat in this approach: We wanted to get the sound

pressure’s directivity at different frequencies, but we couldn’t quite reach

the original specifications due to restrictions of the power supply, and thus

had to feed less voltage in as mentioned previously in the Section 2.4.3.

The input voltages that caused more than 3 dB sound compared to the

background noise, as well as the original target voltages are presented in

the Table 3.1. The subscript "n" refers to the nominal target voltages, and

subscript "r" refers to the real input voltage.

Table 3.1. Nominal and input voltages for Cf and Cp units

Frequency [Hz] Cfn [V] Cpn [V] Cfr [V] Cpr [V] Cfr % Cpr %

270 690 729 469.9 401.5 68.1 55.1

300 490 519 474.4 381.8 96.8 73.6

330 290 328 289.8 327.7 99.9 99.9

360 299 356 299.0 343.4 100.0 96.5

Luckily there’s a standard for measuring the noise of transformers [49],

which gives us tools to handle this situation. In the standard, an Equation

(3.1) can be found that can be used to calculate the reduced power level

caused by the reduced current. This equation was then transformed to

use voltage instead, as can be seen in the Equation 3.2 and confirmed

to be working by a test measurement. The standard limits the use to

cases in which the reduced load is minimum 70% of the original load, so

since the 270 Hz loads are under this, the results have to be considered

experimental on this part.

LWA,IN = LWA,IT + 40lg
IN
IT

(3.1)

where LWA,IN is loudness (A-weighted sound power) at nominal current,

LWA,IT is loudness at current IT , IN is the nominal current, and IT is the

current used in the measurement.

pn = pr + 40lg
Un

Ur
(3.2)

where pn is the pressure at nominal voltage, pr pressure at the reduced

voltage, Un is the nominal voltage, and Ur is the reduced voltage.

Now that we had the sound data, and the equations to make them ap-

proximately equal to the real life situations, we could easily calculate the

results. The results for the capacitors are presented in the Figure 3.24 for
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Cfo unit, and in the Figure 3.25 for the Cp unit. Please note that the figure

is symmetrical due to the choices we made when preparing the measure-

ment as mentioned in the Section 2.4.3. In these Figures, 0◦ corresponds

to the side of the insulators and 180◦ to the bottom side of the capacitor.

We notice that based on these Figures the main source of noise seems to

be the bottom. Similar observations were made previously in the Section

3.2.
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Figure 3.24. Directivity of sound at different frequencies for Cfo unit at 2 m in dB scale
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Figure 3.25. Directivity of sound at different frequencies for Cp unit at 2 m in dB scale

Since as mentioned in the Section 2.4.3 the background noise was an

issue in the measurements conducted at the Alstom factory, it was nec-

essary to verify that we can distinguish the sound of the capacitor rack

from the background noise. In the case of the 125 dB band the back-

ground sound pressure was roughly 46 dB, and in the case of the other

bands roughly 48 dB. As can be seen from the Figure 3.26, the 125 dB re-

sponse is roughly 50 dB at the lowest point, and other responses are over

55 dB level. Thus we have 6 dB difference in almost all measuring points,

which equals to double the sound pressure. This difference was deemed

sufficient, as the standard used for previous measurements [49] required

only 3 dB difference in order for the measurements to be counted as valid.

The rack is presented here in such a position that at 0◦ and 180◦ we face

the capacitors’ sides, and at 90◦ and 270◦ the insulators.
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Figure 3.26. Directivity of sound at different frequency bands for rack of six Cp units in
dB scale

What was more important than the amplitudes in the previously pre-

sented Figures 3.24 and 3.25 was the shape of their contours. Since the

values in the Figure 3.26 are much larger, the contour cannot be eas-

ily seen. In order to counteract this issue, a second figure was produced

where the amplitudes have been damped in order to get the contours to

show much more clearly. In the Figure 3.27 the 125 Hz band amplitude

is reduced by 50 dB, 315 Hz and 400 Hz bands by 60 dB and finally 500

Hz band is reduced by 55 dB. Now we can easily compare the directivity

of different frequency responses.
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Figure 3.27. Damped directivity of sound at different frequency bands for rack of six Cp
units in dB scale

Since the amplitude of both vibration and sound levels is completely

related to the level of the inputs, it wasn’t easy to compare the two directly.

Eventually, since the goal was to compare the shapes of the responses, we

decided to scale the values so that the highest point of each group of values

would equal to 1.0. This allowed us to see

1. Whether the general shape of the response was the same

2. Whether the highest peak would be at the same point on the figure

3. Whether there would be surprises we didn’t account for beforehand

First we get back to the 1040 mm tall, 38.8 μF capacitor, Cfb. In the

Figure 3.28 we can see vibration sweep response of the bottom plate in

room temperature compared to the sound data measured from 2 cm away

from the same point. Both graphs were scaled so that the highest points at

700 Hz are equal to 1.0. We observe that the two graphs match each other

almost perfectly, as was excpected due to posited connection of vibration

and sound.
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Figure 3.28. Comparison of the relative amplitudes in vibration and sound for Cfb unit
at low frequencies

Next we have two comparisons of vibration and sound production re-

sponses at high frequency inputs. The inputs were between 1000 to 1450

Hz for both capacitors. The comparison for Cfb can be seen in the Figure

3.29, and for Cfo in the Figure 3.30.

Figure 3.29. Comparison of the relative amplitudes of vibration and sound for Cfb unit
at high frequencies
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Figure 3.30. Comparison of the relative amplitudes of vibration and sound for Cfo unit
at high frequencies

Lastly we wanted to compare whether there’s a difference in the rela-

tive sound production at 2 cm and 1 m away from the capacitor’s bottom

measured from the same spot. This comparison was to see whether the

distance makes any difference on the sound spectrum of the capacitor. To

achieve this all the values were scaled so that the highest peak in each

of the curves is scaled to be one. In Figure 3.31 we can see results of this

comparison.

Figure 3.31. Comparison of the relative amplitudes of sound near and far for Cfo unit at
high frequencies

As the Figure 3.31 doesn’t show the real relations of the amplitudes be-

tween the two measurements taken from closer and further away, Figure

3.32 shows just that. In this figure the sound amplitudes obtained from

the near are divided by those that are obtained from further away. This
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was done so since it was assumed that all the nearer sounds would have

higher amplitude than the sounds from the further away.

Figure 3.32. The Cfo unit acoustic amplitudes measured from the close divided by the
ones measured from far

3.4 Viscosity of the capacitor oil

To explain the variations in the vibration response of the capacitor we

decided to measure the viscosity of the capacitor oil in the various tem-

peratures. We hoped that this would help us link the temperature with

the reduced movement of the capacitor sides in lower temperatures. The

viscosity curve with the respect to the absolute temperature can be seen

in the Figure 3.33. The non-continuous point corresponding to roughly

290 K is due to the usage of two different liquids (water and glycerol) to

measure the viscosity at different temperature ranges.

118



Results

Figure 3.33. Viscosity of the capacitor oil as a function of temperature with a fitted curve

Based on the results showing that the oil’s viscosity was not affected by

the rate of shear (the RPM of the spindle), we posited that the oil is a

Newtonian fluid, and its viscosity is dependent solely on the temperature.

This includes an assumption that any other variables we didn’t take into

consideration have a negligent effect on the viscosity.

To obtain a suitable fit to our experimental data, we made the common[34]

assumption that liquid’s viscosity follows the Arrhenius equation (Equa-

tion 3.3):

η(T ) = η0e
E/RT (3.3)

where η(T ) is the dynamic viscosity at temperature T, η0 is a coefficient

based on the liquid, E is the activation energy, R is the universal gas

constant and T is the temperature in Kelvins. This formula can be then

rewritten as Equation 3.4:

lnη(T ) = A+B/T (3.4)

where μ(T ) is the dynamic viscosity at temperature T, A and B are coef-

ficients based on the liquid, and T is the temperature in Kelvins.

To get the constants for the oil in question, we plotted inversion of tem-

perature (1/T ) against the natural logarithm of viscosity (lnη), and then

used spreadsheet software to find a curve that would best fit the whole

range of our measuring data. In the appendix C there’s full data of this

measurement. The Visc_c means the corrected (by reducing the value by

10%) value of the viscosity.
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After getting the constants, we could calculate the viscosity of the ca-

pacitor oil at the various temperatures we conducted our vibration mea-

surements at. After getting these values, we tried linking the vibration

results with the viscosity data. Since the results for the bottom sides were

the most even, we started to work to see if we could explain the differences

of specific case of 12.7 μF capacitor bottom case, which can be seen in the

Figure 3.8.

We noticed empirically that the vibration seems to follow the square

root of viscosity. When we used the square roots of the viscosity as a

weighting coefficient for each curve, it yielded very satisfying results as

can be seen in the Figures 3.34, 3.35, 3.36, 3.37, 3.38 and 3.39. Even

though this finding is mostly empirical and based on this work, there are

other empirical findings [36] to be found that posit that the thickness of

the oil film is relative to the square root of viscosity.

Figure 3.34. Modified vibration response of the bottom of the 12.7 μF capacitor for sweep
at 173 V from 50 to 600 Hz
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Figure 3.35. Modified vibration response of the bottom of the 38.8 μF capacitor for sweep
at 173 V from 50 to 350 Hz

Figure 3.36. Modified vibration response of the thin side of the 12.7 μF capacitor for
sweep at 173 V from 50 to 600 Hz
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Figure 3.37. Modified vibration response of the thin side of the 38.8 μF capacitor for
sweep at 173 V from 50 to 350 Hz

Figure 3.38. Modified vibration response of the big side of the 12.7 μF capacitor for sweep
at 173 V from 50 to 600 Hz
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Figure 3.39. Modified vibration response of the big side of the 38.8 μF capacitor for sweep
at 173 V from 50 to 350 Hz

3.5 Response of the tube extender used for measuring the reactor
noise

First of all let us see what kind of spectrum our input device – a Genelec

loudspeaker gives us at the different input levels. This data can be seen

from the Figure 3.40.

Figure 3.40. The frequency spectrum of the Genelec loudspeaker on different output lev-
els

Then let’s move on to compare how the input level changes the output

spectrum of the individual tube extenders. Here one sample out of three

has been taken, and only the input level has been changed. You can see

how the spectra change from the Figures 3.41, 3.42, 3.43 and 3.44.
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Figure 3.41. The response of one 5 m tube extender at different input levels

Figure 3.42. The response of one 7.5 m tube extender at different input levels

Figure 3.43. The response of one 10 m tube extender at different input levels
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Figure 3.44. The response of 10 m insulated tube extender at different input levels

After seeing how the changes in the input level affect the response, let’s

compare the tube extenders which have equal length. This way we can see

how much the hand-making process affects the outcome. The resulting

comparison Figures are 3.45, 3.46, and 3.47.

Figure 3.45. The responses of three 5 m tube extenders at -34 dB input level
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Figure 3.46. The responses of three 7.5 m tube extenders at -34 dB input level

Figure 3.47. The responses of three 10 m tube extenders at -34 dB input level

Finally, let’s compare the Genelec input, the 10 m long tube extender’s

response, and the same 10 m long tube extender’s response when it’s in-

sulated in Figure 3.48.
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Figure 3.48. Comparison of responses of Genelec, 10 m tube extender, and insulated 10
m tube extender at -34 dB input level

3.6 Reactor noise measurement in the field using the tube extender

The measured background and operating noise spectra can be seen in the

Figures 3.49, 3.50, and 3.51. In each of the figures the lighter color is the

background noise, and the darker is the operating noise.

Figure 3.49. Background and operating noise under reactor #1
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Figure 3.50. Background and operating noise under reactor #2

Figure 3.51. Background and operating noise under reactor #3

To easier see what changes when the reactors are turned on, in the Fig-

ure 3.52 the difference spectra between the operating and background

noise are presented.
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Figure 3.52. Calculated difference spectra between operating and background noise for
each reactor

3.7 Reactor noise measurement in controlled environment using
the tube extender

Let’s first see how the results differ when we compare the background

noise to the operating noise. For the case with the tube extenders down-

wards, please see Figure 3.53, and for the tube extenders upwards Figure

3.54. In both cases we have three measuring points underneath the re-

actor. The extra lines are added at 6 dB for amplitude, and 100 Hz for

frequency. 6 dB raise in acoustic power means quadrupling the power,

and it seemed to be a good indication of human perceivable noise level

based on these measurements. The 100 Hz is the natural noise frequency

for a reactor that operates in 50 Hz network.

129



Results

Figure 3.53. The difference in the sound spectra between the normal operating and the
background noise with tube extenders downwards

Figure 3.54. The difference in the sound spectra between the normal operating and the
background noise with tube extenders upwards

Then we have the case of tube extenders installed downwards, and we

have a loose isolator. In the Figure 3.55 we see the differences between the

fault case noise, and normal operating noise as seen from two measuring

points underneath the reactor.
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Figure 3.55. The difference in the sound spectra between the loose isolator case and nor-
mal operating noise with tube extenders downwards

In the Figure 3.56 we see how the sound spectrum changes after each

change we make to the reactor. The red spectrum represents the change

that was caused in the spectrum when we went from the normal operating

noise to the case with loose bar. The green spectrum shows us how the

spectrum changes when we go from the loose bar case to loose bar and

loose middle pipe. Finally the blue spectrum represents the change in the

spectrum when moving from the loose bar and middle pipe to the case

where we have the previously mentioned faults, and then loose the lifting

lug. Since the loose lifting lug made sound that could be heard, Figure

3.57 shows the change of spectrum between the loose lifting lug case, and

normal operating noise for each of the three measuring points. In these

measurements the tube extenders were in upwards position.
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Figure 3.56. The change in the sound spectra with incremental faults up to loose lifting
lug case with tube extenders upwards

Figure 3.57. The difference in the sound spectra between the loose lifting lug case, and
the normal operating noise with tube extenders upwards

Similarly as in the previous case, in the Figure 3.58 we can see how

the spectrum changes when we go from the normal operating sound to

first fault (green spectrum) and then from first fault to second fault (blue

spectrum). Here the first fault is loosening a bolt of the input cable, and

the second one is removing the cable ties and adding extra bolts near the

input cables. Since in this case also the resulting noise from the extra bolt

case could be heard by nearby humans, we decided to further study this

case. Thus the difference in the spectra between the extra bolt case and

normal operating noise in all three measuring points can be seen in the

Figure 3.58. In this measurement the tube extenders were upwards as

well.
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Figure 3.58. The change in the sound spectra with incremental faults up to loose extra
bolts case with tube extenders upwards

Figure 3.59. The difference in the sound spectra between the loose extra bolts case, and
the normal operating noise with tube extenders upwards
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4. Conclusions

4.1 DC compression of air filled capacitor element

To test the first hypothesis that the element can be divided into four

symmetrical parts, the first set of measurements explained in the Sec-

tion 2.4.1, and reported in Section 3.1 were carried out. From the Figure

3.1 we can see that there’s a connection between the amount of compres-

sion, and the Pythagorean distance from the origin. This connection can

be also seen from the high correlation (-0.77) between the two variables,

and it’s strong enough to eliminate the doubt cast by the relatively high

spread between the singular measured points in the figures. From this we

can deduce that the compression depends on the distance from the origin.

This leads us to the our hypothesis in which we claimed that we can de-

termine the compression for the whole object based on the measurements

done in just one quarter of the element.

In the Figures 3.2, and 3.3 we can see similar spread as in the previous

Figure 3.1. We can also see that we can as easily plot a linear estimate

through the points due to high correlation as previously. When we com-

bine these linear estimates together in Figure 3.4, we can see that the

slope of the linear estimate is the steeper the higher the voltage applied

is. This can be explained by assuming different Young’s modulus for dif-

ferent parts of the element, which causes the softer parts of the element

to bend more in proportion to the harder ones. In the Figure 3.4 it can

also be seen that the amplitude change when moving from 2.6 kV level to

3.2 kV level is larger than when moving from 2.0 kV level to 2.6 kV level.

This can be explained by Equation 2.10 which states that the force caused

by the voltage is relative to the square of the voltage. Thus we see that

the measurements prove this non-linearity.
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In order to explain why the capacitor element’s compression is smaller

on the edges than in the middle we present here Figure 4.1. As we can

see, the forces from the sides make the edges go up slightly, which changes

the shape of the element. Then when the forces from the top and below

(not picture to preserve the clarity of the figure) push the whole element

equally, the middle part is being compressed comparatively more than the

edges. The ends of the long sides can be explained by the fact that those

ends have been soldered together, and thus are more stiff than the other

parts of the capacitor element.

Figure 4.1. Shape of the capacitor element when subjected to voltage with forces shown.

4.2 Vibration response of the capacitor sides

When we want to compare the displacement response in the Figure 3.5

with theory, we first have to calculate the theoretical displacement using

the Equation 2.14 shown in the Section 2.2. As mentioned in the Section

3.2, the capacitor unit has four elements in series, and thus we need to

change the voltage to quarter of the 173 V used in our measurement. The

equation tells us that the compression of a single element is roughly 1.14

× 10−10m or 0.114 nm. When we take into account that the capacitor has

total of 56 elements inside, the total compression equals roughly 6.41 nm

Our Figure 3.5 shows displacement of 4-12 nm, so it’s right were we’d sup-

posed it would be. The differences can be mostly explained to be caused

due to variation caused by temperature of the capacitor, frequency of the

input, and the film/oil interaction shown in the Section 2.2.

Based on the simulation results that were discussed in the Section 2.5.2

it was expected that the vibration response of the capacitor sides would

be rather flat with few spikes where the resonances were. If we compare

this hypothesis to the results in Figures 3.6, 3.7, 3.8, 3.9, 3.10, and 3.11,

we see that the only trend in them is that acceleration generally seems to

increase as a function of frequency. There are no tall spikes in the middle
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of flat plains as could be hypothesizes based on the Figures 2.50 and 2.51.

Since our other hypothesis was that the capacitor oil’s viscosity changes

the amplitude of vibration of the capacitor, it should be noted that in all

six sweep figures the warmest capacitor has overall largest amplitude of

vibrations and the coldest one has the lowest. At least until the around

700 Hz frequency, after which everything changes into more chaotic, and

less predictable. The current hypotheses of why this happens are the

changes in the viscosity of the oil due to change in the temperature, and

the effect of the capacitor’s physical size on the vibrations.

It should be also noted that the increase in temperature and hence in vi-

brations is not caused by the load current warming up the capacitor. The

load current was very small compared to the rated current, and even at

the rated current the capacitor doesn’t warm up more than 10◦C. In addi-

tion, this hypothesis was tested false with one of the sweeps by running

the sweep downwards frequency wise after the primary measurement.

The sweep responses of the bottom plates (Figures 3.8 and 3.11) are both

very similar up to the 700 Hz level. In the two bottom plate responses, we

can see that there is little to no difference in the response between the

two different capacitor positions at +20◦C. The increasing amplitude level

with steady voltage might have something in common with the increasing

current due to the increasing frequency. This result might require some

changes in the Equation 2.10 in the future.

When comparing the bottom sweep results with the thin side sweep re-

sults (Figures 3.7 and 3.10) we can see that the responses aren’t as easily

comprehensible. In the 12.7 μF case we see that there are two peaks near

the 400 Hz level at +20◦C level, but only in the laying position. We also

see dip at around 800 Hz and 1150 Hz levels in all but the coldest temper-

ature. These might be antiresonances, but they aren’t very low compared

to the overall amplitude levels. For the 38.8 μF capacitor, we have small

dip at the 400 Hz for all temperatures, and another one at 600 Hz for

+20◦C only in the laying position. The cold temperature response has an

expected drop at the 350 Hz, after which it seems to continue upwards as

linearly as it did at 200-350 Hz before the drop.

The big side sweep results differ wildly between the two capacitors as

can be seen from the Figures 3.6 and 3.9. Whereas 12.7 μF capacitor’s

+20◦C responses are almost identical, the 38.8 μF capacitor’s responses

vary. In addition to this, the 12.7 μF capacitor doesn’t seem to have dips

outside of the 600 Hz one in the cold temperature, but the 38.8 μF one has
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one at 400 Hz (standing room temperature), 500 Hz (laying room temper-

ature) and 600 Hz (cold temperature).

Summarizing the sweep results it seems that the hypothesized spikes

in the amplitudes are nowhere to be found, temperature seems to have

direct effect on the amplitudes, but so does the position in the case of the

thin and big sides. Since the position does matter, and the spikes are

absent, the assumption that the capacitors’ sides can be approximated by

clamped plates cannot be fully correct.

The other major obervation was that the bottom plate vibrates roughly

ten times as much as the other sides. Thus we can safely assume that it is

the most important constituent in the noise produced by the capacitor. Ac-

cordingly, we can assume that changing the construction of the capacitor

bottom will have the biggest effect on the noise produced by the capacitor.

Moving on to the high frequency results, we see that the same axioms

we saw hold in the sweep results do not apply any more. No longer can

we see that the temperature has direct result on the amplitudes. Also, the

response isn’t just the double of the input frequency. Now the capacitors

also respond with the same frequency we excite them with. This said

there’s no clear logic between the bottom, thin, and big side results of

one capacitor. There is a sliver of hope though, as if we juxtapose the

capacitors’ individual sides, we see that Figures 3.12 and 3.15, 3.13 and

3.16, and finally 3.14 and 3.17 are very similar. This is a good sign, as

we can assume that whilst the high frequency response is much more

complicated than the low frequency one, it’s not completely random.

4.3 Acoustic response of the capacitor sides

With the directivity acoustic response measurement we aimed to study

whether we could get any link between the capacitor’s directivity and the

input frequency. If we start our analysis with Figure 3.24, we clearly see,

that even by comparing the two lowest frequencies (270 and 300 Hz), the

directivity figure is completely different. Whereas at 0◦ (the bushing’s

side) and 180◦ (the bottom) the amplitude is almost identical, at 67.5◦,

135◦ and especially at 45◦ the amplitudes are completely different. The

situation gets even more complicated if we compare the Figures 3.24 and

3.25. At 270 Hz, even though the capacitors’ bushings and bottoms are

identical, and the input frequency is the same, the directivity pattern is

completely different. Whereas for Cfo unit the directivity figure is roughly
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round, it’s roughly square for Cp. The situation is similar for other fre-

quencies, and few similarities can be seen between the two capacitors’

figures.

In the rack’s case we can see that it doesn’t produce the same sound

from its both sides. The most probable reason for this would probably be

that as per Figure 2.24, the capacitors weren’t bolted symmetrically to

the rack. As we compare the different contours with each other, we see

that 315 Hz and 400 Hz contours match very closely shape wise. Since

they’re both measuring the same sound, this is expected and welcome re-

sult. As previously in the case of single capacitors, we also notice that the

other bands have little in common with each other. This further suggests

that the directivity of the noise produced by the capacitors is a subject in

need of further research. It is worth noting that these measurements are

similar to the ones conducted by Smede et al.[88], but are more detailed.

When comparing the relative amplitudes of sound and vibration in the

Figure 3.28, we see that the sweep matches the individual spikes from the

sound almost perfectly. As this close (2 cm) to the bottom of the capacitor,

the sound wave shouldn’t be a plane wave yet at this low frequencies, thus

this result is expected. When we move to higher frequencies as can be

seen in the Figures 3.29 and 3.30, we see that response of the frequencies

that are double of the input frequencies still match with acceleration, but

the ones that are equal to the input frequencies do not match. As we move

further away from the bottom (from 2 cm to 1 m) in the Figure 3.31, we

see that the two figures now little in common. This is because as we move

further from the target, the pressure waves caused by the vibrations in

individual spots mix up, and thus are much different than if we’d listen to

just one spot as we did when the microphone was in the close position.

4.4 Viscosity of the capacitor oil

To link the temperature to the vibration we had to find out how the vis-

cosity of the capacitor oil changes in the respect to the temperature. After

few days of measuring, we ended up with the curve seen in the Figure

3.33. As can be seen, the lowest temperatures do not fit the measuring

points ideally, but overall it’s a good fit with 98.7% correlation. There’s a

non-continuous point at around 290K due to the fact we had to use both

water and glycerol in order to measure the full range of temperatures.

After some experimentation with how to possibly use the viscosity to
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explain the changes in vibrations, we came up with the use of multiply-

ing the amplitudes by the square root of the viscosity (
√
viscosity). This

method is in use in the field of tribology, where it is known that the thick-

ness of the oil film is relative to the square root of viscosity. The multiplied

results for the bottom side can be seen in the Figures 3.34 and 3.35. As

one can see, up to the 700 Hz the modified vibration responses are almost

identical for each temperature. Moving on to the thin sides in the Fig-

ures 3.36 and 3.37, we can see that while there’s some relative increase

in the 350 Hz area in the coldest response, otherwise the responses are

again very similar in the under 700 Hz range. Unfortunately since this

technique is very simple, it cannot explain the complicated curve shapes

of the big sides. Nevertheless, as can be seen in the Figures 3.38 and 3.39,

the results aren’t worse than the original unmodified responses, although

not as good as the bottom and thin side ones.

4.5 Response of the tube extender used for measuring the reactor
noise

At the start of the measurement we had to define a baseline for compari-

son of the responses of the tube extenders. This was acquired by measur-

ing the response of the Genelec loudspeaker directly as it was the source

of sound in our measurements. As we can see in the Figure 3.40, the

response of the loudspeaker is very flat over the whole frequency range

at each input level. This makes the later comparisons very easy, as any

swings in the amplitude are caused by the response of the tube extender

itself.

Next we wanted to examine whether the response spectra of the tube

extenders would change only amplitude wise when the input amplitude

would change, or would the input amplitude affect also the spectrum. As

can be seen in the Figures 3.41, 3.42, 3.43 and 3.44, each tube extender

is completely linear over the whole measuring frequency range. Thus the

changes in the input amplitude do not change the output spectrum. This

is a very good result, as this means we do not have to be concerned about

what levels of input we measure using this tube extender.

Since the tube extenders were hand-made, we wanted to also measure

how big of a difference the hand-making process causes on the responses

of the tube extenders. We have three pieces of each tube extender length,

and we measured their response at -34 dB and then compared them against
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each other. As can be seen in the Figures 3.45, 3.46 and 3.47, the response

curves are very similar. There are some small differences in amplitudes,

especially in 7.5 m tube extenders, but the general shape is still intact,

and thus each of the tube extenders should be acceptable to use in normal

measurements. That said, the hand-made nature of the tube extenders

did not have excessive negative effect on their response.

Finally in the Figure 3.48 we see how the 10 m tube extender compares

to its insulated variation and the Genelec loudspeaker. The biggest dif-

ference is in the low frequency band under 500 Hz, where the insulated

tube extender almost matches the Genelec loudspeaker’s response. Un-

fortunately here the uninsulated tube extender’s response drops sharply.

When we move to higher frequencies, both tube extenders have very simi-

lar response, and match the Genelec’s response fairly closely up to around

2300 Hz. After this the tube extender’s response drops almost linearly as

a function of frequency. It should be also noted, that near the 1000 Hz

level the tube extender amplifies the input instead of dampening it. The

response of the tube extenders is very good for the measurement of the re-

actors, since the effective bandwidth is at its best where the human ears

are also the most sensitive.

4.6 Reactor noise measurement in the field using the tube extender

The Figures 3.49, 3.50 and 3.51 we can see the spectra of sound under-

neath the three reactors when they’re turned off (background noise) and

on (normal operating noise). The most interesting points in each spectrum

are 50 Hz, 100 Hz, and the multiples of these frequencies. 100 Hz should

be the natural sound frequency of a reactor that is fed with 50 Hz, and

it’s the most prominent peak in each of the three figures. What should

be noted though that the peak is almost identical in both background and

operating noise spectra. This is due to the fact that these measurements

were conducted at a power plant, where the surroundings were full of

active power system components. All these components produce sound,

and since mechanical noise is generally produced at double of the input

frequency, the general noise frequency is 100 Hz. The 50 Hz component

seem to rise in each figure when the reactors are turned on. This brings

upon again, as we saw in Section 4.2, a need to study more the situations

in which the components of the power system respond with the same fre-

quency they’re excited with instead of double the frequency. In addition to
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these frequencies we can observe a plethora of resonance frequencies over

the whole measuring range. As the frequency increases, the overall level

of response decreases, which agrees with the response measurements in

Section 4.5 according to which the response of the tube extender drops as

the frequency increases.

For easier comparison of the background and actual operating noise

please see Figure 3.52. Here we can see clearly that the 50 Hz compo-

nent rises when the reactors are turned on. We can also see that the 100

Hz component’s change is pretty close to zero due to reasons explained

previously. What we can see here the best is that the various resonance

frequencies are quite different in different reactors. Also, we see very

clearly that as the frequency increases, the difference spectra converge

towards zero further proving the nature of the tube extenders’ response.

4.7 Reactor noise measurement in controlled environment using
the tube extender

When we did the controlled measurements, we wanted to see what kind

of difference would it make if we’d have the tube extenders downwards

instead of the previously used upwards. In the Figure 3.53 we see the

spectra of how the operating noise spectra differ from the background

noise spectra, and in Figure 3.54 we see the same figure based on the

data when the tube extenders were upwards. In both figures we see that

the 100 Hz component clearly stands out as expected, since the measuring

location didn’t have any other power systems components powered nearby.

We also see, that when the tube extenders were upwards, there’s a slight

increase in the 50 Hz component that is not seen in the case of downwards

tube extenders. In addition to these two we once again see a wide range of

resonance frequencies. It should be noted that some of these frequencies

seem to have a higher amplitude than the 100 Hz component. It might

be true or it might be related to the fact that background noise is usually

consisted of low frequency band, which would dampen the relative height

of the 100 Hz peak. Nevertheless, this means that we should consider the

normal operating noise as the baseline to compare other cases to instead

of the background noise, to get good results when trying to locate faults

in the reactors. The extra lines drawn in all the figures are located at

100 Hz, and at 6 dB. The 6 dB level means quadrupling the sound power,

which will be shown to be surpassed in the cases where an audible sound
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was heard later in this chapter.

We did one test case which is picture in the Figure 3.55 in which one

isolator was loosened, and then two tube extenders were listened to to

see if there’s any change in the sound produced. As we can see from the

figure, unsurprisingly, the 100 Hz is exactly the same as in the normal

operating conditions. Other than that we see little change in channel

two (the blue curve), and some small changes in channel three (the green

curve) especially at very high frequencies. We see only singular frequency

rising over 6 dB level in channel three, which might indicate some faint

change in the noise produced by the reactor, but it can’t be further verified

by this singular measurement.

Next we caused incrementally worse faults to see when the reactor would

produce audible noise. In this measurement the tube extenders were up-

wards. First we loosened supporting bar, then loosened middle pipe and

finally we loosened the lifting lug. The differences in spectra when going

from normal operating noise to more and more severe fault condition one

by one can be seen in the Figure 3.56. Here we can see that the loosening

of the bar (the red curve) caused some small changes in the sound, espe-

cially there was a small hill at around 2 kHz. Change from this situation

to having an additional loose middle bar (the green curve) has even lower

overall amplitude, but has also two hills at around 1 kHz and 3 kHz. Fi-

nally the blue curve shows the situation when moved from the situation

shown at the green curve to loose lifting lug case. This one’s around 10

dB higher than the previous case at almost the whole frequency band.

This one was clearly heard by the measurers, and the pure amplitude dif-

ference seen from the figure explains the sensory reception well. We can

also note that in all three cases the difference at the 100 Hz is close to

zero again. When comparing the loose lifting lug case to normal operat-

ing noise in the Figure 3.57 in all three channels, we see that each and

every channel is over the 6 dB amplitude difference. Still, there’s quite big

variation in the amplitude differences, as channel three (red) has mostly

barely over 6 dB amplitude difference, whereas channel two’s (green) dif-

ference reaches over 24 dB. This noise would’ve been noticed with all three

channels, but in order to measure this kind of faults precisely it’s impor-

tant to remember that the absolute amplitudes do not matter, but the

differences, and that 6 dB difference means already that the sound power

has quadrupled, so it’s a very meaningful difference.

Our final measurement was also an incremental fault case with the tube
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extenders in the upwards position. We compared the normal operating

noise to the case where an input bolt was loose, and then we compared

that case to the case where in addition we added extra loose bolts to the

input. The differences can be seen in the Figure 3.58. Here the first

case (green curve) wasn’t audible, but the second (blue curve) was. When

looking at the Figure 3.58 this might be bit counter-intuitive as the overall

amplitude level of the first difference spectrum (green) is higher than the

second one (blue). According to my understanding this is mostly due to

the fact that ears are quite good at hearing singular loud high frequencies

better than wide bandwidth low frequency din. Luckily microphones can

be perhaps used to hear these sounds which human ear can’t. The Figure

3.59 shows the difference between the loose bolts case, and the normal

background sound as heard in all three channels. In this figure we see

that all three tube extenders hear the high frequency sound increase, but

in addition to that channel two (green) hears additional peaks, which look

like resonance frequencies. Overall, as in the previous case, any of the

three channels would be enough to figure out that there’s some fault going

on in this case.
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5. Recommendations for future
research

Since the measurement for the compression was done using a DC volt-

age due to the difficulties in measuring quickly changing compression

when using AC voltage, it would be recommended to try and measure

the compression using AC voltage. This could be perhaps achieved by us-

ing a laser measuring technology. Of course since the real life element

is impregnated with oil, it would be best to measure it directly, but this

researcher has no good method to offer in order to perform such a mea-

surement.

A replacement or complement to the measurement would be a model

of the singular element that could be used in simulations. Since the el-

ement’s layers are extremely thin compared to its other dimensions, a

direct simulation was deemed impossible as this work was being written.

Some insight in what kind of simplifications could be done to facilitate the

simulations would be a good next step to start with.

Since the sides of the capacitors do not seem to follow exactly the rules

and formulas for the clamped plates, a new way of modeling them would

be also needed. After there’s a new theory for both individual elements,

and capacitor sides, the simulation results could be tested by comparing

them to the direct vibration measurements. For more thorough testing,

and getting a better overview of the situation it could be a good idea to

conduct a more thorough vibration testing as was done by Cox and Guan

[19]. If a simulation model can be created that gives us a realistic vi-

bration response, it could be then most probably used to calculate sound

response as well.

The changes that occur in the capacitor’s vibration response when the

temperature changes were quite adequately explained through the use of

viscosity in this work. Further work in this section could entail a more

complex formula. This could yield a more agreeable result when we move
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to higher frequency range. A completely new type of formula would be

also needed to explain the differences in the vibration response at high

frequencies.

Since the tube extenders were recognized as a good solution for trans-

ferring the sound away from the reactor, it would be recommended to re-

search what kind of difference it makes to the response when other vari-

ables than length changes. These kind of variables would be for example

the diameter of the tube, the thickness of the wall of the tube or change

of material of the tube. For further field use it would be also highly rec-

ommended to research ways of installation that would best withstand the

wear and tear of the weather.

To best use these tube extenders to save money through fault identifica-

tion there’s plenty of work to be done in order to combine the sound of the

individual faults to the spectra that can be measured. This is dependent

on the response of the tube extenders, and thus it might be best to move

to this part only after further researching the various options in the tube

extenders.

Finally, the future research should take into consideration the option

of placing the capacitors or reactors in sound-proof rooms of buildings or

dampening the connection between the components and their supporting

structures to lessen the vibrations as a means of sound reduction. This

path of research may provide an alternative method to lessening the noise

of these components without making changes to the components them-

selves.
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In order to place power stations closer to the living quarters, we need to

know how much sound they produce so we can estimate the noise pollu-

tion caused. Secondly, the users of the compensation equipment, namely

capacitors and reactors, have noticed that reactors often produce extra

sound before they break down.

Figure 6.1. Flowchart showing how electromagnetism causes sound.

In order to understand how the compensation equipment produces noise

we present here Figure 6.1. As we can see, the electromagnetism causes

mechanical force to the equipment, which then causes compression. Com-

pression causes fluctuation in pressure which is the very definition of

sound.

The research started by trying to model a single capacitor element using

finite element method (FEM). The same method was also applied in order

to model the capacitor’s sides as individual clamped plates. After model-

ing it was noticed that the capacitor element is too complicated to model

directly with FEM, but the capacitor’s sides were successfully modeled.

When the work moved to the domain of measurements, vibration mea-

surements for each side were done to obtain the response of each side in

respect to frequency and voltage pairs in three different temperatures.

The measurements were done in cold, room, and warm temperature. In

addition in the room temperature the measurements were done in two po-

sitions: the normal operating position where the capacitor is on its side,

and standing up in order to fit the capacitor in the freezer that was used
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to do the cold measurements. The results of these measurements were

that the vibration response was increasing linearly as the function of fre-

quency even though the voltage stayed the same. The power increase was

deemed insignificant compared to the rating of the capacitor, and thus the

current value itself might have an effect on the vibration. The tempera-

ture seemed to affect the vibration and this was seen best at the bottom

plate responses at 50-700 Hz response range. With these parameters the

cold plate vibrated the least, the warm the most, and the room temper-

ature one was in between the two. The responses of the other two sides

were more complicated, but the effect of temperature and frequency could

be seen there as well. The variations in the vibration response due to the

temperature were partially explained by the variation in the capacitor oil

viscosity that was measured as a part of this work.

After the vibration measurements the work moved to measure the sound

of the capacitor directly. This was done in the anechoic chamber, and

yielded data, that could be compared to the vibration results. The com-

parison of the two was inconclusive at the first sight, but in the end it was

seen that the lower the frequency, the more the vibration is comparable to

the sound measured from close range. When we move to further distance

or raise the frequency, the comparison is no longer valid. In these mea-

surements a contour of the sound directivity was obtained. This allowed

us to see that the two capacitors measured had completely different con-

tours even though they were operated with the same frequency, and had

partially the same physical dimensions.

With the respect to the capacitor noise we also observed that the capaci-

tor noise is primarily caused by the bottom side. The bottom side vibrates

roughly ten times as much as the larger sides of the capacitor, and thus

changing the construction of that part would most probably significantly

alter the spectrum of sound produced by the capacitor. The theoretical

amplitude of the displacement of the capacitor’s bottom side was also cal-

culated based on the theoretical compression of the capacitor element, and

matched with the empirical measurements.

Further work recommended to be done on capacitor includes examining

the possibilities of making a simplified FEM model of a single element,

and more complicated one of capacitor side or sides, as the clamped plate

method was found not agreeing with the reality. Further, more thorough,

vibration measurements could help in bringing more data to verify the

simulation models against.
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With the reactors the major issue was the method of measuring the

sound. Since the high magnetic field precludes the use of normal mi-

crophones directly, a plastic tube extender was devised. This simple tool

allowed for the noise to be moved farther from the reactor, and this in turn

allowed for the use of a regular microphone to measure the noise.

The tube extender was installed in field conditions, and it was verified

that the resulting noise measurements were reasonable. Further mea-

surements in controlled environment allowed to posit that using the tube

extender it was possible to “hear“ the difference in the noise produced by

the reactor when a fault is introduced to the system. The tube extenders’

response was measured in anechoic chamber. There the effect of tube

extender’s length, isolation at its end, and variation due to hand-made

nature was examined.

For the next step it would be recommended to further examine the var-

ious possibilities of materials that can be used in making of the tube ex-

tender. The changes in the tube extender probably change its frequency

response, and thus might make it even better for the reactor measure-

ments. Also, it could be possible to combine the different faults with the

different spectra changes in the noise they cause. If these changes could

be observed before the breakdown occurs, money could be saved with re-

placing the forced interruption with a controlled one.

Short summary of the scientific findings in this work:

• Compression of a single capacitor element depends linearly on the dis-

tance from its centre.

• Capacitor sides’ natural frequencies have little effect on the vibration

produced by the capacitor.

• Viscosity of the capacitor oil has a very clear effect on the vibration of

the capacitor.

• Noise of a reactor can be measured using an inexpensive tube extender.

• Faults of a reactor can be “heard“ using a microphone and spectrum

analysis.
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A. Air filled capacitor element DC
measurement data
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B. Simulated amplitudes at different
frequencies
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C. Viscosity measurement data
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