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Abstract:  Tropical countries like India with predominantly warm climates, face
problems of excessive rutting in flexible pavements with bituminous wearing
courses. In order to provide rut resistant wearing courses, Stone Matrix
Asphalt (SMA) mixes, which are basicathpp graded mix, characterized by
high coarse aggregates, high asphalt contents and polymer or fiber additives
as stabilizers, have been suggeskigh concentration of coarse aggregate
maximizes stone—-to—contact and interlocking in the mix which provides
strength, and the rich mortar binder provides durability. The stabilizing
additives composed of cellulose fibensineral fibers, or polymers are added
to SMA mixtures to prevent draindown from the mix. In comparison to dense
graded mixtures SMA has higher proportion of coarse aggregate, lower
proportion of middle size aggregate and higher proportion of mineral filler.
The present study presents the details of a laboratory study of stone mastic
asphalt mixes, with emphasis on engineering characteristics under repeated
load conditions. In this study, contemal binders namely locally used
penetration grade bitumen 80/100 and 60/70, with locally available
aggregates and cement as filler haeen used. A non-conventional natural
fiber, namely coconut fiber to the extait0.3% by weight, have been added
to the mix to act as a stabiliser. It is observed that the natural fibres improve
the engineering properties of the SMA mixes considerably.

Keywords Stone matrix asphalt, Coconut fibre, Resilient Modulus, Fatigue Life

1. Introduction

Bituminous wearing courses are conventionally used all over the world in construction
and rehabilitation of flexible pavements. Thiasically consists of hot mix bituminous
materials laid and compacted at suitablageratures. These function well as long as
the atmospheric temperature is moderafi@opical countries like India have
predominantly warm atmospheric temperatudesing most part of the year. Even
beyond the tropical regions also, many E@an and other nations face global warming
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and thus, the resulting higher temperature, mainly in summer causes concern to paving
engineers, in that they result in premature distresses in bituminous pavements in form of
excessive rutting. To addresss situation, one type dfituminous paving mix called
Stone Matrix Asphalt (SMA) which basicallyonsists of gap graded aggregates, has
been suggested. SMA is a gap graded mixture containing about 70-80% coarse
aggregate, 6-7% of binder,12% of filler, and hout 0.3-0.5% of fibre or modifier. The

high amount of coarse aggregate in the mixture forms a skeleton-type structure
providing a better stone-on-stone contact between the coarse aggregate particles, which
offers high resistance to rutting. While the higher binder content makes the mix durable,
the fibres or modifier hold the binder the mixture at high temperature and prevent
drainage during production, transportation and laying, as SMA being a gap graded mix
has more air void content and thus laagreater tendency of draindown.

Brown and Mallick [4], Mogawer and Stud#i], and Neubaur and Partl [9] have used
unmodified binders for study of SMA mixes. Ibrahim Asi [2] reported the advantages of
SMA mixes over dense graded mixes in terms of durability, resilience and rutting
resistance. Xue et al. [12] used municipal solid waste incineration ash as partial
replacement of fine aggregate and mineral filler in SMA mixes. Kumar et al. [7] reported
the benefits of use of jute fibres and crumb rubber modified binders as stabilizers in SMA
mixes. Chiu and Lu [5] found that the rut resistance and draindown effects of SMA mixes
improved with asphalt modification by 20% grautire rubber. Cellulose fibres have been
successfully used by many investigators in SMA mixes to encompass the draindown
problem. These fibres are costly and not readily available in India and many developing
countries. Putman and Amirkhanifi0] have successfully tried to use waste fibres such
as waste tire and carpet fibre in SMA mixes.régorted by Khalil et al. [1] coconut fibre
contains certain amount of cellulose in it. Considering this, Suchismita [11] used
commonly used binders such as 80/100 and 60/70 penetration grade bitumen and locally
available coarse aggregatehwD.3% coconut fibres by weight to prepare and study the
SMA mixes. An attempt has been made in this study to utilize a naturally and abundantly
available low cost material such as locally available coconut fibre, in preparation of SMA
mixes and study the fatigue properties of the SMA mixes.

2. Experimental programs
2.1.Materials used

2.1.1.Aggregates

For preparation of SMA mixes, aggregates as per National Council for Highway Research
Program (NCHRP) given in Table 1 were used. Coarse aggregates up to 4.75 mm IS sieve
size, consisted of stone chips collected ftocal source. The basic physical properties

of the aggregates as per relevant Indgtandards are summarizéd Table 2. Fine
aggregates, consisting of stone crusher dwst® collected from a local crusher with
fractions passing 4.75 mm and retained on 0.075 mm IS sieve. Its specific gravity was
found to be 2.65. The filler consisted of Portland slag cement (Grade 43) collected from
local market passing through 0.075 mm IS sieve. Its specific gravity was found to be 3.15.
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Table 1. Adopted aggregate gradation

Property Grading
Nominal Size of Aggregate
(NSA) 19 mm
Sieve size, mm Percent Passing
25 100
19 99
12.5 61
9.5 40
4.75 22
2.36 19
1.18 18
0.6 16
0.3 14
0.075 9
Table 2. Physical properties of coarse aggregates
Property TesResult
Aggregate Impact Value (%) 14
Aggregate Crushing Value (%) 12
Los Angels Abrasion Value (%) 18
Flakiness Index (%) 17.24
Elongation Index (%) 12.38
Water Absorption (%) 0.09
Specific Gravity 2.64

2.1.2.Binders

Conventional penetration grade bitumen 80/100 and 60/70, procured locally was used in
preparation of mix samples. The results of tests performed as per Indian/ASTM
standards for important physical propertieshefse binders are summarized in Table 3.

Table 3. Physical properties of binders

Binder Property TedResult
Penetration at 2&, 100g,
92
5sec, 0.1 mm
80/100 Bit. Softening Point (R&B),& 44.5
Viscosity (Brookfield) at 145
160, cP
Penetration at 2&, 100g,
68
5 sec, 0.1 mm
60/70 Bit. Softening Point (R&B),& 48.5
Viscosity (Brookfield) at 200
1606, cP

321



Vol. 4. No. 3. 2011 Acta Technica Jaurinensis

2.1.3.Fibres

The peelings of ripe coconut were collected locally, dried and neat fibers taken out
manually. The lengths of such fibers were normally in the range of 75 to 200 mm and
diameter varied from 0.2 to 0.6 mm. The tensile strength of these fibers was tested in a
materials testing machine, Tinious Olsen, UK, Model HIOKS. The test was done in
tensile mode with 10 KN load cell and the cross head speed was maintained at
0.2 mm/min. The average tensile strength of the fiber thus obtained was found to be
70.58 N/mm2. The coconut fibers wereahed and cut in to small pieces of 2.5-

7.5 mm in length to ensure proper mixing with the aggregates and binder during the
process of mixing.

2.2.Preparation of mixes

As reported by Ibrahim Asi [2], Marshall samples were prepared for study of fatigue
characteristics. In the similar line, tHatigue characteristics were studied on the
Marshall samples. The required quantity afarse aggregates, fine aggregates and
cement according to the adopted gradatiorewiaken on a pan on a hot plate. Coconut
fibres after being cut to small pieces appmately 3-5 mm long, (0.3%) by weight
were added directly to the aggregate sample and thoroughly mixed before adding
required quantity of binder (4.2% by weight).

2.3.Tests on mixes

2.3.1.Static indirect tensile test

In this test, a compressive load is applied on a cylindrical specimen (Marshall Sample)
along a vertical diametrical plane througio curved loading strips13 mm (132vide,

13 mm deep and 75 mm long having inside diameter same as that of a Marshall sample
(102 mm). The static indirect tensile strength of a given specimen was determined using
the procedure outlined in ASTM D 6931 [3] at temperatures 25 °C, 30 °C and 35 °C that
has been considered for repeated load test. A loading rate of 51 mm/minute was
adopted. The load was applied and the faiload was noted from the dial gauge of the
proving ring. This test helps to decide the amount of repeated load to be applied during
the fatigue testing.

Figure 1 shows a static indirect tensile test in progress. The tensile strength of the
specimen was calculated by using the following formula.

2000uP
3 Swu Du @
where
S = Indirect Tensile Strength, kPa
P = Maximum Load, N
t = Specimen height before testing, mm
D = Specimen Diameter, mm
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Figure 1. Static indirect tensile test in progress

2.3.2.Repeated load indirect tensile test

This test is similar to the static indirect tensile test except that instead of static load a
repeated load is applied with a suitable frequency, having appropriate loading time and
rest period. Both horizontadnd vertical deformations are accurately measured. The
resilient modulus of elasticity, resilient Poissonétio, tensile stress, tensile strain etc. is
computed by using the following equations as reported by Kennedy [6]. The repeated load
indirect tensile test was conducted in & g@ designed and fabricated in the Highway
Engineering Laboratory of N.I.T., Rourkela. The close view of the sample under test is
shown in Figure 2. This test has been conducted on samples at three predominant
temperatures in India, i.e. 25 °C, 30 °C and 35 °C, though other extremes are also possible.

. . . 3.59 uH
* Resilient Poisson’s ratio, ;P S99 0.27 (2)

R

. - P 027 R
* Resilient Modulus of Elasticity, MPaM, ——— 3)

H, uh
I:)fail

* Tensile Stress, MPa,,V D, y4) Stress Difference, MPa; V 4 , V(5)

where,Hg = Horizontal deformation, mm
Vg = Vertical Deformation, mm
P = Repeated Load, N
h = Height of specimen, mm
D, =0.0061 (a constant)
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Figure 2. Repeated load indirect tensile test setup

Fatigue life is the number of load applicatidasause failure at a particular stress level

for a mix at a particular temperature. The failure to define fatigue life is defined as that
which causes a permanent horizontal deformation of 5mm which can be noted directly
from the output of the computer software.

3. Analysis and discussions
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3.1. Static indirect tensile test

Figure 3 shows the variations of indirect tensile strength with temperature for mixes
with 80/100 and 60/70 bitumen, with and withdibre. It is seen that the fibre addition
results higher tensile strength. It is also observed that for a particular binder, the tensile
strength decreases with increase in tempezatAt all temperatures, the mixes with
60/70 bitumen result higher indirect tensile strength than 80/100 bitumen.
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Figure 4. Variation of resilient modulus with tensile stress
for different mixes at 2%, 30& and 35¢

3.2.Repeated load indirect tensile test

The parameters studied in this test are the resilient Poisson’s mi@liorésilient
modulus of elasticityNlg) and fatigue life i) at varying stress levels and at three most
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prevailing temperatures, namely 25 °C, 30 °C and 35 °C. Figure 4 shows the variations
of resilient modulus of elasticity with tensitress for different mixes at three different
testing temperatures. It is observimat, fibres result in increase My value at a
particular temperature, and a particular stress level mixes with 60/70 bitumen have more
Mg value than that with 80/100 bitumen.
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Figure 5. Variation of fatigue life with stress difference
for different mixes at 25 °C, 30 °C and 35 °C

3.3.Relationship between fatigue life ;) and stress difference ( 1}

The variation of fatigue life with stress difference for SMA mixes with the two types of
binder at three different temperatures are shown in Figure 5. It is observed that addition
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of fibre to the mix improves its fatigue life. At a particular test temperature and for a
particular stress difference value, the mixgth 60/70 binder have the longest fatigue
life value as compared mixes with 80/100 binder.

4. Conclusions

Stone Matrix Asphalt (SMA) mixes, whicheabasically gap graded mix, characterized

by high coarse aggregates, high asphalt contents and polymer or fiber additives as
stabilizers, have been suggested. Cocoriwredi have been used in this study as a
stabilizing additive in place of conventione¢llulose fibres in SMA mixes and the
paving mixes have been evaluated in terms of the static and resilient properties.
Marshall samples were used in this investigation.

Addition of fibres results in higher tensile strength for a given bitumen sample at a
given temperature. The resilient modulus value does not change significantly with
applied tensile stress. It has been observed that a mere 0.3% incorporation of binder
results in considerable increasf the resilient moduli and fatigue life of the mixes at all
tested temperatures, which is an added advantage to the paving industry, particularly in
the context of prevailing warm temperatures in tropical countries and even beyond to
produce durable paving mixes, particularly when dense graded aggregates are not easily
available.
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Abstract:  Gas engines about the size of 1MW power and bigger are usually mounted
carefully on vibration isolating parts in order to reduce the environmental
vibration level of the engine. It can happen though that for some reason
damaging resonance appear on tmachine. In certain cases these
resonance can be eliminated by chagghe elastic support of the engine.
This publication shows through a eastudy how changing the elastic
support of the engine effects it'sndronmental vibration. The evaluation
of the environmental vibration is possible through a LabVIEW application
developed by the author of this article.

Keywords: environmental vibration, resonance, elastic support, breaking bolts,
LabVIEW, array, cluster, signal

1. Introduction

Producing heat and electricatergy by running gas engines and generators is more and
more common. This is the case at a Hungarian hospital where a gas engine Type of
Deutz TCG V12 is used with a power of about 1 MW.

The 12 cylinder gas engine and the elecgignerator are put onto a common steel
frame and the whole unit is mounted on eight steel springs distributed equally under the
frame. The engine-generator unit also includes some auxiliary parts like the oil pump
and the turbo charger mounted by bolts on the engine block.

2. Evaluating environmental vibration

According to the interpretation of the Hungarian Standard MSZ 18163-2 vibrations
arising in the environment should be measured in buildings where human beings can be
exposed to the vibration pollution. Vibration pollution should be investigated only in a
low frequency range (practically between 0.315-40 Hz) and the third octave spectra
should be weighted after equation (2). The time function of this weighted, wide band
(0.315-40 Hz) vibration acceldian value should be evaluated by using an integrating
time constant of 125msec, and the series of the maximum values of the 30 sec time
intervals (g,) of this time function should be taken.

The time function of the weighted vibratiacceleration (“moving effective value”):
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tot ] R
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[0
where 140.125 sec andis the integrating variable.
The transmission function of the weighting filter:
. . 672S
W 1| (5.2 pt~—g2 2> 2
(j ¢ i I > 5625 ] Z @
where &2 $, wheref is the frequency.

The resulting vibration pollution (for the given situation):

N
a,r /% : aﬁw [mim/s’] where N is the number of half minute’s maximums  (3)
i1l
The transmission function of the weighting filter can be written in the following form:
i arcg
A- A ! =L IR , (4)
D Zy D % Z

where A 5.6 2 and D 5.6 27, &2 §, wheref is the frequency.

W(j ¥

The amplitude can be weighted with the absolute value of the transmission function,
which is:

. 562 S 5.6
(i) (5)
W IZ\/S.GZ"ZSZfZ 8136 f°

3. Using LabVIEW Graphical Development Platform

Using the appropriate speed of today’s paters it is possible to solve the real time
measurement of even such a speciall aomplicated tasks like measuring the
environmental vibration in X, Y and Z directions at the same time. As far as the
hardware is concerned it is enough to use for this purpose a four-channel dynamic signal
acquisition module like the NI USB-9233. It delivers 102 dB of dynamic range and the
input channels simultaneously acquire at rates from 2 to 50 kHz. The input range of the
analogue channels is £5 V. The input aga®signals can come from IEPE sensors, or
from the output of other instruments or data recorders. The signal acquisition module is
connected to the computer throughigh speed USB connection.

As far as the software is concerned tlabVIEW Full DevelopmenSystem is used
extended with the Sound and Vibration Toolkit. The logical function of the virtual
instrument is designed in the Block Diagram and it's appearance on the Front Panel.
The following main programming tools can be mentioned used in the Block Diagram:

< Data acquisition, sampling, signal scaling
< Building and handling arrays, clusters
» Third-octave analysis, maximum levels of a scaled signal
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e Timing, measuring time, while loop

* Mathematical functions

» Logical decisions, case structures

< Formatting the results into string format, saving them into text file

After creating the virtual input channels, setting the sampling rate and scaling the
signals calculations can be made on an array including the data of all the tree channels
(Figure 1). With the help of an externaference signal and setting the appropriate
values of the channel info (engineering unit fip/sensor sensitivity [mV/Unit], level
reference [1,0E-6 nfs pregain [dB]) each channel can be calibrated (Figure 2a).

Continuous Samples |

D Global Channel
= Volkage 0 =

Dy Global Channel
= yolkage 1 =

Sample Clock =

DAy Global Channel
= Voltage 2 =

Figure 1. Building an array of the physical input channels, creating virtual input
channels, setting the sampling rate

umber of samples per channel|

Dl

B
Analog 10 Wfm
Hihan MSamp

hannel info 1

[=

,,,,,,,,,,,,,

Figure 2. Setting the channel info (a) and choosing the parameters for the
Fractional-octave Analysis VI (b)

Choosing the fitting parameters of the a&onal-octave Analysis VI (virtual
instrument, LabVIEW expression) as shown on Figure 2b some of the conditions of the
Hungarian Standard MSZ 18163-2 can be fulfilled (third octave spectra, frequency
range, integrating time constant of 125 msec).

The result from the Fractional-octave Analysis VI comes in a form of 1-D array of
third octave spectra of cluster of two eletseThe two elements in the cluster are the
nominal frequency [Hz] and the band power [dB]. This form can be changed into a
cluster of 3 elements, where the 3 elemergdfae third octave spectra for each channel.
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Each of these cluster elements includeduster of two elements, which are the 1-D
array of nominal frequencies and the 1-D array of power band. After unbundling the
cluster of 3 elements of the third octave spectra separated arrays can be built from the
nominal frequencies (1-D array) and the band power (2-D array). Considering that the
values of the band powerray represent levels, the result of the Formula Express VI
can be written as follows:

§ .
5.6 E
Result X, 20 log [——. (6) s
i 3136 X7 ,1

[, [rominal frequencies [He]]

ockave spectralll ======j

===t~ [bard power [d5 EL]}

Formula
v %1
Result e [

error auk H

—

e | Db ave spechrs)
ockave spectrd

)

verror in (no error)

Figure 3. Realising the weighting filter using the Formula Express VI

The output of the Formula Express VI delivers the weighted third octave spectra. For
the given frequency range it means 22 values. To get the wide band weighted level the
logarithmic sum of the bands’ values is needed, which can be calculated with the help of
the Expression Nodes and the simple arithmetic addition shown on Figure 4. Using the
Max-Min Level VI the maximum value of the wide band, weighted level can be
calculated, and also with anéil Expression Node the maximum value of the wide band,
weighted acceleration in mr/&igure 4, right).

3

Plow(10,0. 1%

ij max-2 mmIs’\Z
E.UUI*QEDWQIU (Af200) I b

s
B> TR B
5

Figure 4. Calculating the wide band ighted levels and acceleration and its
maximum values

The processes shown on Figures 2-4 areingnwithin a while loop. According to the
mentioned standard the Fractional-octave VI and the Max-Min Level VI restart
averaging in every 30 seconds. The resfdtseach time period of 30 seconds are
written into a text file (the maximums of the weighted wide band values and the
equivalent, weighted levels of the third-octave spectra). It is possible to choose on front
panel to overwrite the previous results, or to append the new ones. Figure 5 shows the
case structure within the while loop organising the file operations.

332



Acta Technica Jaurinensis Vol. 4. No. 3. 2011

le path (use dislog

esu\twnT string
Er

Figure 5. Writing the resulting accelerationluas and spectra levels into a text file

The program includes altogether three Eomal-octave Analysis VI-s. One is for
calibration and it measures and displays the third octave spectra in 1-100 Hz frequency
range. It is useful, because vibration caltbrs are usually working at 80 Hz, so it
makes possible to calibrate the system. The other two are measuring the maximum and
effective values of the third octave spectra in 0.315-40 Hz frequency range. Besides the
three channels diagram sets of the third-octave spectra the Front Panel (user interface)
of the program shows the following discrete digital values, information and includes
three buttons:

« Unweighted wideband (16D Hz) current levels and accelerations in’rfus the
three channels with 0,125sec integration time

* Weighted wideband (0.315-40 Hz) current levels for the three channels with
0.125 sec integration time

*  Weighted wideband (0.315-40 Hz) maximum levels for the three channels with
0.125 sec integration time

« Weighted wideband (0.315-40 Hmaximum accelerations in mr/for the
three channels with 0.125 sec integration time

< Elapsed time in seconds

< Indicators to show that the filters ¢ifie Fractional-octave Analysis VI-s are
settled

» Button to restart averaging

» Button to choose between overwriteappend at writing the result text files

e Stop button

LallNTotakl mjs"2  LalIMTokal2 M/s™2  LallMTatab3 mfs~2 2011.03.05, 12:42:30
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79.7 80,6 J10.66 fes |
2011.03.05, 12:43:00
Lz ds H . 14.800 20.272 34.231
o) Lowna 208w maczmmjsz  restatversgng 64.8 &0.6  70.2 7Ll F0.8  70.1
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Law-3 dB
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7l.4 75.9 74.0 e 67.9 67,5
7E.1 Fr.T FT.T FE.3 7.0 69,1

) Calibration ) Max () Effective

Figure 6. Front Panel with wideband results and part of the data written
into a text file
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4. Vibration problems with a gas engine

Because of the intensive viiion of the engine the boltsf the oil pump and turbo
charger started to break. After replacingrththey broke again in a couple of hours.
Vibration measurements were done all over on the engine-generator unit in order to find
out the possible reason of the breaking of the bolts.

Vibration measurements include the faliag measuring locations on the engine-
generator unit:

« On the engine block at each bear of the main axe on both (A and B) sides

< On the generator unit at the bears vertically on the top and horizontally on both
(A and B) sides

< Onthe engine block at cylinder head’s plane

* On the gas tube flange mounted on the top of the gas mixer

e On the turbo charger’s support

¢ On the main frame of thengine-generator unit

* On the cement fundamentthie engine-generator unit

Figure 7 and Figure 8 show the main measuring locations on the engine-generator unit
where vibration accelerations were measateto0%, 50% and 0% electric load.

Figure 7. The generator-engine unit with vibration measuring locations on the engine,
generator, frame and fundament

The turbo charger has a flexible connettim the gas receiver and it's support is
mounted onto the engine block by bolts.

For the vibration measurements precision vibration meters Type Briel&Kjaer 2511
and for recording TEAC MR-30 FM tape recorder were used. For the evaluation of the
recorded signals Briiel&Kja&032 two channel signal analyser was applied.

In order to produce the 50 Hz alternating current the four pole generator must be
driven by exactly 1500 rpm which represents 25 Hz frequency. At four strokes
combustion engines the typical spectra shbat the distance of the peaks from each
other is the half of the rotational frequency, in this case it is 12.5 Hz. However without
electric load these distances change a little bit and the peaks slide a couple of Hz to the
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right. With electric load the exact 12.5 lgeak distances can be seen. Figure 9 shows
an example for the mentioned situation where the vibration of the engine block was
measured at the opposite side of the flgelh Because of torsion swinging vibration
levels at this location are somewhat higher than at the flywheel's side, but still do not
cause bolt's breaking at the auxiliary parts just by themselves.

\ ‘ : g
h N %,

Figure 8. Vibration measuring locatioms the gas receivinflange and turbo
charger’s support of the engine

225Hz]

Figure 9. Vibration acceleration level dhe engine block at location A7
Upper diagram: 0% electric load. Scales: 0-400 Hz, 60-140 dB Tere
Lower diagram: 100% electric load. Scales: 0-400 Hz, 60-140 dB femif§
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4.1.Resonance

Normally about the same kind of spectra should be measured all over on the engine-
generator unit what the Figure 9 shows, Hue to resonance at some places quite
different spectra can be seen. At 0%d&b0% electric load 50 Hz resonance was
detected on the generator top (locationslGFT2). Interestingly at 100% electric load
there is no resonance there.

On the turbo charger's support in vertical direction (location TSV) also serious
resonance arises with 50 Hz frequencyl180% electric load. No resonance was
detected on the turbo charger’s supportanizontal direction (location TSH). Figures
4-8 show the measured spectra on the generator top and the turbo charger’s support.

D0Hz

Figure 10. Vibration acceleration level dhe generator top in vertical direction
Upper diagram: location GT2 0% electric load.
Scales: 0-400 Hz, 80-160 dB re 1/
Lower diagram: location GT1 0% electric load.
Scales: 0-400 Hz, 80-160 dB re 16/

The frame of the whole engine-generatoit has its resonance on the same way as the
top of the generator and the support of the turbo charger does: in vertical direction and
at 50 Hz frequency (Figure 15 upper diagram).

The value of the acceleration level with resw®is in each cases much higher than
without resonance. The difference at theoreance frequency is about 25-30 dB. The
resonance could be one of the reasons why the bolts of the turbo charger’s support were
breaking.
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Figure 11. Vibration acceleration level dhe generator top in vertical direction
Upper diagram: GT2, 50% electric load. Scales: 0-400 Hz, 80-160 dB Perl§
Lower diagram: GT1, 50% electric load. Scales: 0-400 Hz, 80-160 dB fent§

Figure 12. Vibration acceleration level dhe generator top in vertical direction
Upper diagram: GT2, 100% electric load. Scales: 0-400 Hz, 60-140 dB ten1$
Lower diagram: GT1, 100% electric load. Scales: 0-400 Hz, 60-140 dB tent$
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Figure 13. Vibration acceleration level dhe turbo charger’s support in vertical
direction
Upper diagram: TSV, 50% electric load. Scales: 0-800 Hz, 60-140 dBtenid
Lower diagram: TSV, 100% electric load. Scales: 0-800 Hz, 100-180 dB%e

Figure 14. Vibration acceleration level oretturbo charger’s support in vertical and
horizontal direction

Upper diagram: TSV, 100% electric load. Scales: 0-400 Hz, 100-180 dBYm&)

Lower diagram: TSH, 100% electric load. Scales: 0-400 Hz, 80-160 dB tenid
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Figure 15. Vibration acceleratn level on the frame and fundament in vertical direction
Upper diagram: FRAME, 100% electric loaficales: 0-400 Hz, 80-160 dB re do/<
Lower diagram: FUNDAMENT, 100% el. load.
Scales: 0-400 Hz, 60-140 dB re" i/

4.2.Vibration levels without resonance

Under the given industrial conditions the simplest way to eliminate the resonance is
using damping elastic materials at the support, which can dissipate the Kkinetic
energy. [1]

Figure 16 illustrates the basic principlesatved in vibration isolation and mounting
of the machine producing the vibration.

d?x
Pl
dt?
Machine m Accelerometer
frame
Frame —— = .i Additional
i damping
Steel pring |—/Telastic
kx c material
Accelerometer

Fundament W /////////7v//rundament

Figure 16. lllustration of the basic principles involved in vibration isolation
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One of the simplest model of a vibrating system shown in Figure 16 consists of a mass,
a spring and a damper. If the system behaves linearly (and time-invariant) the equation
of the free motion of the mass is (no external force applied) [2]:

d2xdx.

= Cg KO @)

wherex is the displacementjs time,c is the damping coefficient arkds the stiffness.

Most elastomeric engineering materidts vibration isolation use a mechanism
known as hysteretic damping to dissipateergy. When these materials are deformed,
internal friction causes higlnergy losses to occur. The loss factor is used to quantify
the level of hysteretic dampingf a material. The loss factoi(is the ratio of energy
dissipated from the system to the energy stored in the system for every oscillation. It is
useful to relate the loss factor to the damping ratio so viscous damping models can be
used for analysis. At resonance, loss factor is

27¢ c -

C_C vk 'm 2 [

wherec, +k m is the critical damping coefficient anfls the damping ratio.

K

(8)

A loss factor of 0.1 is generally considered a minimum value for significant damping.
Compared to this value, most commonly useaterials, such as steel, aluminum and
most rubbers, do not have a high level of damping. Other specialized materials can have
very high damping. Here are some materials and their approximate loss factor.

Table 1.
Material Approximatd ossFactor
Aluminum 0.007 — 0.005
Steel 0.05-0.10
Neoprene 0.1
Butyl Rubber 0.4
ISODAMP® C-1002 thermoplastiq 1.0

At the time of the vibration measurements 2x25=50 mm dick MAFUND STANDARD
plates were applied to eliminate the resm®a The size of the gles are 250125 mm
and twelve supports were applied. The total surface of the elastomers is 6.8@8 m
the total load becaussf the engine-genemt unit is 110.000 N. It means a load of
0.29 N/mnf and 7.5 mm deflection belongs to it at this elastomer. The calculated
stiffness of the elastomer is 38.7 N/m/fam

The performance of an isolation system is determined by the transmissibility of the
system — the ratio of the energy going into the system to the energy coming from the
system. This can be expressed in termaamfeleration, force or vibration amplitude.
Transmissibility (T) is equal to
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Where: T = Transmissibility

Aot = Energy out of systeiftransmitted force)
Ain = Energy into system (Disturbing force)
/= Damping ratio

fq = Driving frequency

f, = Natural frequency
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Figure 17. Two typical transmissibility curves: one for a highly damped material
([/0.5), another for a material with much lower dampirig/(.05)

By lifting the engine-generator unit by a céaipf millimetres additional elastic support
can be put under the frame (Figure 7). After these clsathgebolts did not break.

Figures 18-20 represent the measured results with the additional elastic support. The
extremely high vibration levels of resomanpractically disappead at the critical
locations. During the checking process one time the generator and the engine were
separated (the generator was pulled back) and it gave an opportunity to check the
eccentricity between the axes of the engiré generator. The eccentricity was found as
high as 0.7 mm and in it was reduced to 0.2 mm in order to fix this possible vibration
problem too. Besides the additional elastic support it also helped to reduce the vibration
of the generator. After vibration reductidine spectra looks normal as it is expected
(Figure 18).
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Figure 18. Vibration acceleration level oretigenerator top in vertical direction after
vibration reduction
Upper diagram: GT2, 50% electric load. Scales: 0-400 Hz, 80-160 dB Perl§
Lower diagram: GT1, 50% electric load. Scales: 0-400 Hz, 80-160 dB fertt§

Figure 19. Vibration acceleration level oretturbo charger’'s support in vertical and
horizontal direction after vibration reduction
Upper diagram: TSV, 100% electric load. Scales: 0-400Hz, 80-160dB e/
Lower diagram: TSH, 100% electric load. Scales: 0-400Hz, 80-160dB ten1$
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Figure 20. Vibration acceleration level oretframe and fundament in vertical direction
after vibration reduction
Upper diagram: FRAME, 100% electric loafcales: 0-400 Hz, 80-160 dB re 1m/s
Lower diagram: FUNDAMENT, 100% el. load.
Scales: 0-400 Hz, 60-140 dB re"im/<

5. Environmental vibration of the gas engine

The vibration acceleration levels measuredtloe fundament of the engine-generator

unit can be considered as the environmentakation “output” of the machine. It can be

also interesting to see as an information how the environmental vibration values change
5OH

Figure 21. Vibration acceleration level oretframe in vertical direction before and
after vibration reduction with 100% electric load
Upper diagram: FRAME before vib. reScales: 0-400 Hz, 80-160 dB re ifn/s
Lower diagram: FRAME after vib. reGcales: 0-400 Hz, 80-160 dB re imm/¢
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on the main frame of the engine-generator unit however environmental vibration
pollution can not be interpreted at this point. Figure 21 and Figure 22 show that how the
measured non weighted vibration change on the frame and on the fundament before and
after the vibration reduction of the engine-generator unit.

Figure 22. Vibration acceleration level oretfundament in vertical direction before
and after vibration reduction with 100% electric load
Upper diagram: FUNDAMENT before vib. red
Scales: 0-400 Hz, 60-140 dB re"im/<
Lower diagram: FUNDAMENT after vib. red. Scales: 0-400 Hz, 60-140 dBferi§

Evaluating the resulting envinmental vibration according t€hapters 2-3 it can be
seen that in the frequencynge of 0.315-8 Hz the vibratiovalues of the fundament are
higher before the machine vibration reduction than after (Figure 23). The wideband
value of the environmental vibration before the machine vibration reduction is
43.4 mm/$ and after the machine vibration reduction is 69.4 rrillsese values can

be measured at the source, the value of the caused environmental vibration pollution
depends of the vibration propagation conditions in the environment. [5]

Since the limiting values of the environmental vibration are referring to human
vibrations in buildings, there are three pbagies of reducing this vibration: at the
source (rebuilding the fundanteof the machine), at the gagation section (changing
the impedance of the soil by digging proper ditches or building cement walls in the soil)
and in the buildings using local viltien isolation (like isolating plates).

The evaluation of the environmental vibration pollution can also happen according to
the standards DIN4150 and I1ISO2631 whiah ased practically worldwide. [3],[4]
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Figure 23. Weighted environmental vibratiacceleration level on the fundament in
vertical direction before and after vibration reduction with 100% electric load

6. Conclusion

Solving the vibration problems of a gas engine due to the damping elastomers can give
good results with the machine vibration and resonance, but at the same time attention
should be paid on the environmental vibration especially in the case when the given
environment is sensitive to it. As the example above shows it is possible that reducing
machine vibration can cause the increasthefenvironmental vibration. For checking

out the environmental vibration the developed method is useful, gives quick results
about the situation. Using a virtual instrument developed under LabVIEW for this
purpose is new and practical. Usually the vibration meters or analysers do not include
the possibility of measuring the environmental vibration directly. The advantage of this
virtual instrument also that it can be developed in the future and combining simulated
and measured results is possible. For fhispose the Scilab (it is similar to the
MATLAB) and the LabVIEW-Scilab-Gateway software can be used.

References

[1] Sztankd, K.Active Vibration Control in Rotating Shafts with Diagnostics
FeedbackPh.D. Thesis, Budapest University of Technology and Economics,
2007, page 9

[2] Broch, J, T.Mechanical Vibration and Shock MeasuremeBtgiel&Kjaer 1980,
pp. 40-41

[3] Johansson, PVibration of Hollow Core Concrete Elements Induced by Wajking
Rapport TVBK-5170/TVBA 5039, (2009), pp.25-27, 59-61,139-158

[4] Amick, H., Gendreau, MConstruction Vibrations and Their Impact on Vibration-
Sensitive FacilitiesASCE Construction Congress 6 Orlando, Florida, 2000,
pp. 4-5.

[5] Beke, P.A kozlekedés altal kettekdrnyezeti rezgések és a fenntarthaté déis
(Environmental Vibration Caused by Road Traffié)ll. Kérnyezettudomanyi
Tanacskozas, Széchenyi Istvan Egyeter@&adki Tudomanyi Kar Baross Gabor
Epitési- és Kozlekedésmérnoki Intékeétrnyezetmérnoki anszék, 2008,
pp. 161-176.

345



Acta Technica Jaurinensis Vol. 4. No. 3. 2011

Monitoring of the Nitrogen Level in the Hungarian
upper Section of the Danub&1848-1766 river km)

A. Szab6 Nagy, G. Simort, I. Vas<, J. Erd &, |. Vadasz Reményf

'Department of Physics and Chemisy, Széchenyi University, H-9026 Gyr,

Egyetem tér 1. Hungary, nszaboa@sze.hu, simong@sze.hu

’Laboratory of the Inspectorate for Environment, Naure and Water of the North
Transdanubian Region, H-9028 Gyr, Torok Ignac at 68. Hungary,
vass@edktvf.kvwm.hu, erdos@edktvf.lvm.hu, Remenyine@edktvf.kvwm.hu

Abstract:

Monitoring of the nitrogen level is one of the most important issues in
assessment of water quality. In the present work the hydrochemical
investigation of the nitrogen speci@issolved Inorganic Nitrogen (DIN)
including NH, -N, NO, -N and NO, -N, Dissolved Organic Nitrogen
(DON) and Total Dissolved Nitrogen (TDN)) of the Danube River was
studied based on the measured chemical data originated from the sampling
sections located at Rajka, Medve and Komarom (1848, 1806 and 1766
river km) under the authority of the Inspectorate for Environment, Nature
and Water of the North Transdanubian Region (Hungary). The quantitative
changes of the nitrogen species were examined as a function of time and
longitudinal section in the period of 1989-2008. The results have revealed
that the DIN has been slowly decreased in the Hungarian upper section of
the Danube in the long rum the last two decadélse concentration of the
ammonium has decreased significantly while the amount of nitrate and
nitrite has decreased only by a smaller extent. The concentration of the
DON and TDN decreased in the second half of the examined period.

Keywords: Danube, monitoring, nitrogen, determination, surface water

1. Introduction

Monitoring the quality parameate of the natural waters currently a sulgct of growing
concern through the world. Regular exaations necessary for qualifying Hungarian
surface waters have been performed at determined sampling sites since 1968. Until
1990 water qualification of surface watersswhe task of the Water Directorates and
then later the task of thespectorates for Environmereresently, the water quality
examination of the Hungarian upper section of the Datelengs to theuthority of

the Inspectorate for Environment, Naturel &dater of the North Transdanubian Region
where measurement data have been available since the first year mentioned above.

The aim of this work is to provide a brief overview on thgdrochemical
investigation of the nitrogespecies (Dissolved InorganiNitrogen (DIN) including
NH, -N, NO, -N and NO, -N, Dissolved Organic Nitrogen (DON) and Total

Dissolved Nitrogen (TDN)) ithe Hungarian upper section thie Danube in the period
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of 1989-2008. The measured chemical data originated from the sampling sections
located at Rajka, Medve and Koméarom (1848, 1806 and 1766 river km). In this work
mainly the quantitative changef the nitrogen specieseafollowed as a function of
time and longitudinal section.

It should be noted that analysittge nitrogen level is an iportant role in assessment
of water quality. The dominant DIN form ike nitrate; its maimnthropogenic sources
in the environment are municipand industrial wastes andiéicial fertilizers. Nitrogen
oxides being present in the air and originating from natural and anthropogenic sources
(combustion, transportation) come backilte earth surface in the form of acid rains
after the reactions with water. Nitrites &@p as intermediates in the nitrogen cycle.
They are unstable and mEndent on environmental roditions whether they are
transformed into nitras or ammonia. They get to surface waters from the same sources
as nitrates, e.g. in municipal wastes, indaktvastes, mining and with water flowing
from artificially fertilized fields. The sources of ammonium ions in surface waters are
reactions of biochemical decomposition afjanic nitrogen compounds, reduction of
nitrites and nitrates by hydrogen sulfide, iron(ll), humus substances (or other reducing
compounds) and first of all municipal wasteglustrial wastes and animal farm wastes.
Nitrogen compounds enhance eptisation of surface waters [7, 8].

Organic nitrogen compounds undergo biochemical decomposition into nitrites later
oxidized to nitrates. DON originates fromutochthonous microbial processes like
cellular lyses or phytoplankton exudations alsb from human actity like agriculture,
intensive farming and wastewater effluefthis nitrogen fraion includes a large
spectrum of natural compounds like free and hydrolysable amino acids, chlorophyll and
amino-sugars but also synthetic compoutile pesticides [1]. The typical DON
concentrations in surface waters vary raggfrom less than 0.1 to larger than 10

mgN 1* with a median value of approximately QN 1* [11].

There are a lot of analytical methods thah be utilized for determining of nitrogen
content in water: volumetrianalysis, spectrétometry (UV/VIS, IR, fluorimetric),
potentiometry, electrophoresis, liquid chromatography, polarography etc. Preferably the
standardized procedures are applied bectneseare fully validateénd internationally
accepted [7, 10].

Gils at al. [3] studied the long-term changes of the nutrient load along the Danube
estimated by measurementeom different countries and Btitutions. The Trans
National Monitoring NetworK TNMN) data of the International Commission for the
Protection of the Danube River (ICPDR) presented in this paper indicate that after
correction of the hydrologicafariability the Danube loadf DIN was slowly decreasing
over the period of 1988-2001. However the DON is not systematically monitored. The
relatively few available data of organic oilen represent thateHraction ofDON is
certainly not neligible: it amounts to 15-70% of TDBnd there are indications that the
contribution of DON is smaller in the upper part of the Danube and higher in the lower
part [2]. The concentratiorsf the three inorganic nitrogespecies (nitrate, nitrite and
ammonium) show mainly unsystematic vanas along the river suggesting that point
sources (presumably of anthropogenic odighmd tributaries play an important role
[4,5, 9]. In addition, theDanube River has a seasonal variability that affects the
formation of nitrogerspecies as well as the nitrogen cycle.
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The long-term trend analysis of the TNMNtalan the period of 1997-2007 show that
the annual concentrations of tiNH, -N varied within the range of 0.02-1mg 1+, the

NO, -N annual concentrations were in the range of 1#g1"' at the different

monitoring locations along the Danube Rij@. A decreasing concentration 6fH, -N

was recorded in the upper Danube. Durihg entire period of TNMN operation, the
concentration of ammonium was decreasinthéupper Danube tributaries (Inn, Salzach,

Morava, Dyje) as well as in the\@aand Siret rivers. The level ®fO, -N concentrations
was rather stable. However, a decrease wasngdsd at several stations in the upper and
middle DanubeAmong tributariesNO, -N has a decreasing tendency in the tributaries
Dyje, Vah, Tisza, Saj&io, Sava and Arges.

2. Experimental

2.1.Sampling stations and monitoring frequency

The length of the Hungarian section of the Danube is 417 km (1433-1850 river km)
from which the length of the Hungarian and Slovakian border is 142 km. The Danube
has been diversion by the Gabcikovo powanphnd the Slovakian side provides water
into the old riverbed from th Csuny reservoir anits water quality is characterised at
the Rajka sampling section (1848 river km). Above the Medve sampling section
(1806 river km) the divided water of the nvaill be reunited again. The water quality

at the Komarom section (1766 river km) sgynificantly influenced by the Moson-
Danube flowing into the Danube. Besid¢he Hungarian monitoring system the
sampling stations of Medve and Komarone also the part of the TNMN Stations.
Location of Rajka, Medve and Komarom within Danube River can be seen in Figure 1.
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Figure 1. Location of Rajka, Medve and Koméarom within Danube River

In the period of 1989-2008 approx. 11000 chemical data of the nitrogen parameters
were measured by the regular water quadiibns at the three monitoring stations
above. The sampling location jmofile was in the middle dhe river. At the beginning
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the monitoring frequency was 26-52 times per yaaall the three ations while in the
last years its number decreased to 12 samplings a year.

2.2. Analytical methods

The dissolved inorganic nitrogen formslii, , NO, , NO, ) were analysed by UV-

VIS spectrophotontéc methods according to the lhHungarian standards and the
nitrogen contents were calated with the stoichiometricatio. Determination of the

NH, is based on its reaction with sodiunigdate and hypochldte (MSZ 1ISO 7150-
1:1992). This reaction produces blue coloured compound of indophenolic type of which
absorbance is measured at 655 fite limit of detection is 0.02ng 1*.

The examination of theNO, relies on the reaction ofitrite with sulphanilic amid
giving diazo compound (4-(1-naphtyl)-ethylene-diamine). The reaction gives an azo dye
of intense red colour and its absorbance is measured at 540 nm (MSZ 448-12:1982). Its
detection limit is 0.005mg 1*. Monitoring of the NO, is based on the reaction of
nitrate with sodium salicylate in an di (sulfuric acid) environment, giving
nitrosalicylate acid transformed on alkalipatiinto the coloured (yellow) ionized form
of which absorbance is measured at 410 nm (MSZ 12750-18:1974). The method is

applicable for determining nitrate cent in surface waters higher than Gng 1°*.

The dissolved organic nitrogen (DON) was determined by the Kjeldahl method (MSZ
12750-20:1972) before the year of 2001 and the total dissolved nitrogen) (v&sN
calculated.

TDN = DON + DIN = DON + (NH, -N + NO, -N + NO, -N) 1)

Thereafter the TDN was measured by FEDIGLAS TN 3000 type analyser. The
nitrogen compounds are cattally ignited in the oxygen atmosphere at 1000
forming NO that reacts with ozone as follows:

NO+Os : NOz* +0, (2)
NO, : NO,+h (3)

Chemiluminescent lighting in the range @0 to 900 nm of the excited molecule
NO, is detected (MSZ EN 12260:2003). TBON is calculated as the difference of
TDN and DIN.

DON = TDN - DIN = TDN — (\NH, -N + NO, -N + NO, -N) )

3. Results and discussion

Temporal changes of the annual average eatnation values ofhe nitrogen species
(NH, -N, NO, -N, NO, -N, DON and TDN) of the Danube River at the monitoring
stations of Rajka, Medve and Komérom in the period of 1989-2008 can be seen in
Figures 2-3. The Figures 2-3 clearly present the change of the amount of the inorganic
nitrogen forms showing pitive tendencies. The anomium-nitrogen content shows
continuously decreasing temporal tendencyhat three sampling sections (Figure 2).

Compared tahe 0.20-0.25mg 1" average concentration valsi of the year of 1989,
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significantly smaller values (0.02-0.0%g 1") were measured in 2008. The extremely

high measurement data in theay of 1992 are remarkable; tiNH, -N concentration
had increased by approx. 20% comparedh® previous years. In 2006 the higher
average concentration was measured aKtmarom section compared to the other two
stations which is likely to be the reason of industrial wastes.

A decreasing tendency can also be obseimethe change irthe nitrite-nitrogen
concentrations in the period of 1989-2008. However, M@, -N annual average
concentration just@proaches the 0.061g 1* value (Figure 2). Its amount decreases to
a large extent in 1991 an®92 compared to the two piieus years. In 2002 the
NO, -N average concentration values atlgghdly higher which can be closely
connected to the measured high valueduly. The sampling of July shows extremely
high levels @.42 mg1%). It is remarkable that unually high average concentration

level was measured in 2006 as well compared to the three previous years. In this year
the higher values were measured from the middle of January to the middle of March.
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Figure 2. Annual average concentrations of the ammonium-nitrogen and nitrite-
nitrogen of the Danube River at the monitoring stations of Rajka, Medve and Komarom
in the period of 1989-2008
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The level of nitrate-nitrogen concentrations was rather stable, however extremely high
values were determined in the yeaf 1996 which can be due to the higher
concentration values from the middle of Apolthe middle of JunéFigure 3). In the

last few years of the examined period — cmtinting the Komaromesults — the annual

averageNO, -N concentration values were undem®y 1*; e.g. in 208 the average
concentration of the component was 1.65-18§ 1. It can be observed that at the

Komarom monitoring station usually higher values wareasured. It is likely to be
caused by the more polluted Moson-Danube flowing into the Danube before Koméarom.
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Figure 3. Annual average concentrations of the nitrate-nitrogen, organic nitrogen
and total dissolved nitrogen of the Danube River at the monitoring stations of Rajka,
Medve and Komarom in the period of 1989-2008

It can be clearly observed in the Figures. 2-3 that the temporal changes of the organic
nitrogen cannot be compardd the inorganic forms. While in 1989 the average
concentration was0.5 mg 1+, significant increase can Is@en in the following five
years; in 19944.8 mg 1* was detected (Figure 3). Thereafter a decreasing tendency
can be seen followed by ancrease in 1998; invhich year the concentration of the
DON was 2.5mg 1" at all the three stations. ihay be caused by water pollution
which affected the Danube in the first threenths of the year. ldanuary the level was
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2 mg 1* which continuously ioreased until March to the level of 6.833 1*. Lower
amount of DON was detected at the Hungatipper section in the following years; in
2005 the annual averagoncentration was 0g 1* similarly to the year of 1989.

It is worth to monitor the long-term changafsthe total dissolved nitrogen (Figure 3)
and to what extent the déffent nitrogen forms contribaitto the TDN. The annual

average concentration of the TOWs in the range of 2.35-4.58g 1 ' in the period of

1989-2008. It was rather varied in the ffigart of the period. In 1998 it was highly
increased, which can be closely connected to the amount of the DON. In the second half
of the examined period a decreasing tenderarybe seen but more stable. In Figure 4

the contribution of various nitrogen species to the amount of the TDN of the Danube
River at the monitoring stations of RajkMedve and Komérom in selected three
examined years can be seen.

4,50 vOrganicN  * NOg-N  vNO;-N NH4*-N

mgN-I'1

1990

(2]
[*)]
2]

1990

(2]
(o)}
9]

1
1

Rajka Medve Komérom

Figure 4. Contribution of various nitrogen species to the amount of the TDN of the
Danube River at the monitoring stations of Rajka, Medve and Koméarom in three
selected examined years (1990, 1999 and 2008)

The Figure 4 clearly presents that how tiferent nitrogen forms contribute to the
TDN at the beginning, in the middle andla end of the examinddenty-year-period.
The selected three years9@D, 1999 and 2008) well represent the concentration
changes of the longitudinal gEms. In 1990 the annual erage concentrations of the
TDN and the percentage of each nitrogen fara nearly the samat all the three

monitoring stations. The amount of teO, -N provides the highest percentage of the
TDN, its amount is twice as much as the DON. In 1999, however, the DON is 50% of
the TDN. In 2008 the amount the DON decreases and th®), -N become again the
dominant form. The amount of th&lH, -N and NO, -N is not significant — as

mentioned above. It also has to be notedlhaed on the data of Figures. 2-4 the water
quality of the Danube at thexamined sections is gealy homogeneous considering
the nitrogen species.
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In addition, we also examed the changes of theomthly averageconcentration
values of the each nitrogen foimthe three selected yealtscan be indicated at all the
three monitoring stations that the observed concentration changes are highly dependent
on the change in temperature. The Figure 5 shows the hydrochemical results of the

Rajka section measured in 1990. The amount ofNkg -N and NO, -N is lower in

the summer months compared to the winter months. The concentration dOtheN

decreases slightly from Jurte August. The monthly average concentration level of
DON is higher between May and August correlating with the growing vegetal biomass
in the summer period.
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Figure 5. Monthly average concentrationstioé nitrogen speciesf the Danube River
at the monitoring station of Rajka in 1990

4. Conclusions

In the present work the temporal changethefnitrogen species the Hungarian upper
section of the Danube River were studiedhie period of 1989-2008. By analysing the
hydrochemical data-lines of the nitrogen spsoriginated from the monitoring stations
located at Rajka, Medve and Komarom (1848, 1806 and 1766 river km) some general
conclusions can be drawn. dhresults have revealedaththe water quality of the
Danube is generally homogeneous considering the amount of nitrogen forms at the three
sampling stations. In the last two decadles concentration of the ammonium has
decreased significantly while the amount of nitrate and nitrite has decreased only by a
smaller extent. The concentration of the digsd organic nitrogen has decreased in the
second half of the examined period. The ltssindicate that the concentration of the
total dissolved nitrogn of the Danube has been decegasdowly in the long run.
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Abstract: The paper deals with the pgeb of the so called, electromagnetic
medicine, namely the healing by use of electromagnetic field some of
orthopaedic diseases. The main thexspare briefly signalized and the
most popular magnetotherapy is shown in more detailed way. The paper
presents the results of clinical investigations as well as some attempts of
numerical simulation of the process.
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1. Introduction

Nowadays one of the main diseases is the one of movement organs especially that
connected with legs and knee joints, likehdtis or pseudo-arthritis. According to
American statistics about 15% of Americangfer from orthopedic diseases and every
year more than 7 million need to be hospitalized because of orthopedic dysfunctions [1].
There are many conventional methods of treatment in such cases, but for the last 20-25
years the methods which used electromagnetic field are being developed [2,3]. We call
them generally as the methods of electromagnetic therapy (EMT). The orthopeadic
diseases which are mostly treditoy EMT are as follows:

e Arthrities

e Pseudo-arthrities (bone non-union)
* Osteoarthrities

e Osteoporosis

2. Methods of electromagnetic therapy

There are three main directions in usingclomagnetic field in orthopaedic therapy:

1. magnetotherapy,
2. electrotherapy,
3. current therapy.
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Figurel. Magnetotherapy systems

f = (2-50) Hz
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Figure 2. Time courses of excitations

Ad.1 Magnetotherapy is carried out with the electromagnetic field with magnetic
component dominated and simply uses the magnetic induction phenomenon, i.e.
Faraday’s phenomenon. Eddy currents are generated in muscle and bone tissues due to
varying in time magnetic component of applied EM field. The value of current density
depends on electric conductivity and frequency of the field and its time-course.
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Magnetotherapyn orthopaedics can be realizednmany ways — two of them are shown

in Figure 1. The technical parameters oftileatment are suited to the patient need. It is
supposed that the therapeutical effect sched for current density in a bone tissue
from 2 till 20 mA/nf. Frequency of the applied field a&ll as the shape of the course
also diverge. Practically one uses the frequency between 10-100 Hz with various time
courses (Figure 2). Time of application is from several minutes till a couple of hours.

Ad.2 Electrotherapyuses the effect of displacement current which flows through the
dielectric material due to variation of electric component of EM field. This is electric
induction phenomenon. In this case the induced current value depends on electric
permeability and frequency of the field and its time course. Electrotherapy consists in
using electrodes which supply the limb under tre through conducting gel. The value of
supplying voltage is from 1 to 10 V with the frequency 20-200 kHz. Such parameters
and the values of electromagnetic parametéignb cause the current in the tissue in
the range 5-500 mA/fj2].

The method is much lesser used nowadays than the method of magnetotherapy but
one can meet it in the United States aathe places in Europe, e.g in Italy.

Ad.3 Current therapyconsists in “injecting” a current directly to the bone. The
method has weak connotation with EMT but it is evoked here just to complete the
possible treatments. The main reason which makes the method different from the rest
two is that the current therapy is invasireatment as it requires surgical action on
patient — the main feature of EMT, i.e. invasiveness, is lost.

Current therapy depends on the value of current apiplieifu. The published results
of investigation showed, that this value should not be lower than 20 m@&m
reaction), but it shouldot exceed 200 mA/fr(possible necrosis of tissue). Taking into
account the upper value and regarding theampaters of a tissue one can find the
applied voltage which is 2.3 V [3]. This@jeation is made with DC current 24-hour,
with negative electrode in the healing avéle positive electrode can be placed little
far from the limb.

The clinical tests made with the above t@ghes showed that the magnetotherapy is
the most useful technique, since it is tmest effective, non-invasive and easy in
operation [2-4].

3. Clinical aspects of magnetotherapy

The method is widely used in medicaractice which enforce the commercial
production of special devices (applicators) shown in Fig. 3.

There are various research projects realineshedical research centres which show
how magnetotherapy works in medical praetiBelow some of them are quoted.

Italian project in 1982 gave the very positive results as the percentage of healing cases
amounted 73%. British researchers, in tugached 80%- success in the healing process
of pseudo-arthrisis with the parametershadrapy: frequency — 1-11 Hz, magnetic flux
density 2-50 mT (see [9]). Other lItalian investigation showed that the number of
patients up to 84% patients were healer. This is rather believable result as the number of
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patients was 348. Spanish researchers tddtéd patients and the coefficient of success
reached at most 74%.

-

Fig.3. The commercialavice for magnetotherapy

There were investigations which reported tia successes in healing pseudo-arthrosis
but the time that was needed to attain the positive effects. Again Italian researchers
showed that the re-union of the broken tibial bones treated by magnetic field was
reached in 85 days while control gro@ached the same effect after 109 days.

Research on big group of patients has been made in one of Italian clinics.
Magnetotherapy was used on the cohort df43@atients with limb inflammation of
acute and chronic nature. Good results were reached for almost 79% of patients.
Interesting finding is that the better results were attained for therapy that was dedicated
to one joint (see [4]).

The high effectiveness of magnetotherapy was also proved for healing of sciatica.
Polish researchers show that magnetotherapy (2.5-10 mT) removed the pain in 16.7%
of patients totally and weakens pain in the group of 65.1% [7]. The other group of
doctors report that magnetotherapy gives some promising results in the case of
osteoporosis [4].

Many medical research centres announo@lai results. Someesearchers underline
that the magnetotherapy can used as teda(supplementary) treatment and then the
effectiveness could be even better.

4. Computer simulation

As it is very difficult, if not impossible, to get the knowledge about eddy currents inside
the stimulated tissues the only possibility is to make the numerical simulation. Two
stimulation cases will be considered ire teimulation process. The cases differ from
each other with the way of magnetic stimwatitoward the bonand perpendicular to

the bone (Figure 4).
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Figure 4. The geometrical models of two ways of magnetotherapy

It is assumed that the magnetic component of EM is homogenous in the area of
treatment. The second assumption concémastime-dependency and the sine wave
excitation 50 Hz was taken into account. &ctf the magnetic fielth a stimulator can

be generated in many ways, as shown in Figure 2. Both assumptions made the case a
little bit artificial but, as we look for some tendency, not for the exact values, they may
be accepted. As the problemliisear the value of magnetic field strength can be taken
arbitrarily, thus for the sake of simplicity the value of 1 A/m was used for the
computing

The electric data of the human body usedthis work (in this case the leg is
stimulated) is obtained from US Air Force Research Laboratory, which represents a
large male (1.8 m tall and 105 kg weight). In order to model the leg tissue response by
relaxation theory, the electrical properties of human tissue were modelled using the
4-Cole-Cole approximation with parameters given in [6] (Table ).

Table 1. Parameters of biological materials

. Conductivit Densit
Material [S/m y gl m3]y
Body fluid 1.50000e+000 1.01

Fat 2.00131e-002 0.916
Lymph 5.21683e-001 1.04
Nerve (spine) 2.76552e-002 1.038

Muscle 2.41783e-001 1.047
Blood vessel 2.64757e-001 1.04
Bone (cortical) 2.00557e-002 1.99

Skin 2.00000e-004 1.125

Bone 8.08320e-002 1.92
(cancellous)

The finite-difference time-domain techniqEDTD) is a well established numerical
method for modelling very complicated, inhomogeneous electromagnetic problems at
high frequencies. However, bioelectromagnetic simulations at low frequencies using
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FDTD method require special consideration. Frequency scaling algorithm is often used
at quasi-static problems where tBefield and H-field are assumed to be uncoupled.
Using this algorithm the actual simulation is performed at a higher freq@@&hgwith

the quasi-static approximation being still valid) and the induced fields are scaled to the
frequency of interes(f) after the higher frequenciFDTD-simulation is finished.
Assuming that the electric field in the ak,f) is normal to the body surface one can
write:

j ZOﬁEair 4- ( " J Z)ﬁEtissue( 4-) (1)
From (1) it can be concluded that:
ZV j R VA
sse T —5————Epe I # Etissue T (2)
Enssue 7 v J ZHEtlssue IRV {

Assuming that 4+ j ZH# V for bothf andf* and Vand V are close enough, the
equation (2) can be simplified to:

E[issue f ff* Etzssue f* (3)

In our case the actual FDTD calculationsre performed at the frequenfy= 10
MHz and afterwards thimduced electric fieldE™ at the frequency was scaled to the
frequency in question, i.é.= 50 Hz, using equation (3). As it is obvious from (2), the
permittivity of tissues does not affect the results significantly, therefore the value of
=1 was set for the whole environment to hasten the speed of wave propagation and to
reduce the simulation time. On the surfamke the simulation, volume absorbing
boundary conditions were defined. In this study six perfectly matched layers (PML)
boundary condition was used because it is sop® most standardbsorbing boundary
conditions (ABC) with regard to electromagnetic interferences with human tissues.

Since eddy currents are the main factortludrapeutic effect the results of eddy
current density is presented in the form of absolute value in the cross-section of
stimulated knee.

287.800 ud/m?
128.600 wd/m?
57.400 ud/m*
25,640 nd/m?
11,460 ud/m®

5,116 nd/m?

2,286 ub/m?

1.020 nd/m?
456.000 ni/m?
203.600 ni/m?
90,980 ni/m?

Figure 5. Eddy current distribution for toward-leg stimulation
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1.396 mb/m®
623,400 uksm*®
278,400 nd/m®
124,400 wdsm*®

55,560 uk/m*
24,820 uh/m®
11.080 ubs/m*

4,952 ubism*

2.212 ub/im?®
985,000 ndsm*
441, 400 ndfm?®

Figure 6. Eddy current distribution for under-leg stimulation

The two exemplary results show that significpatt of eddy currents is evoked in the
muscle surrounding a bone. It is becausehef almost ten-fold discrepancy between
conductivities of bone and muscle tissues. Thus, the values of magnetic field strength
used in clinical practice is entirely propetlie value of eddy cuent density needed for
therapy should be reached. The higher values of eddy currents occur in the under-leg
stimulation.

5. Conclusions

All the above considerations allow to providte medical staff witlsome hints that are
listed below:

« the electromagnetic therapy is widelylread by various techniques but medical
practice shows that magnetotherapy is tgasted — clinical research prove the
satisfactory effectiveness nfagnetotherapeutic technique,

* magnetic component of EM field applied to a patient can be too big as far as
muscle tissues are taken into account — this problem require further research,

« therapeutic effect (if we take into aesd eddy current density) is much better
when one uses the under-leg coil — faist is for doctors’ considerations.
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Abstract: The paper discusses the application of decentralized ltering to state estima-
tion of distributed nonlinear systems. The proposed lIter is operated in a
novel federated architecture in an attempt to adaptively balance estimation
accuracy and sensor fault tolerance in the presence of both state and mea-
surement uncertainty when the observations of the system are subject to a
variety of sensor faults. The fault management logic built into the federated
structure is accountable for the control of the distributed Iter architecture to
achieve sensor fault accommodation in a seamless way. The performance of
the traditional centralized ltering is contrasted with the proposed federated
idea, and its ability to trade-off between fault tolerance and estimation accu-
racy are examined. Bene ts from the application of the method to a chemical
distillation process are demonstrated by computer simulations.

Keywords: Chemical process control, Dependable control systems, Distributed Itering,
Extended federated Kalman Itering, Multi-component distillation, Sensor
fault tolerance.

1. Introduction

Due to the high requirements of product quality, increased safety, the minimization of im-
pact on the environment and reduction of manufacturing costs the importance of utilizing
advanced control that make use of dependable technology have became evident in various
elds of the industry in recent years. In order to achieve the system's technical goals the
principles, such as the continuity in operation, the assurance of the continual availabil-
ity of the primary system's functions for long-term operational safety are becoming the
prevailing design factors. This is true not only in the classical elds of dependable tech-
nologies such as aviation, chemistry and nuclear industry, which are often referred to as
safety-critical, traditionally, but in a widening array of commercial applications as well.
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More and more frequently, one of the main objectives of the design is, therefore, to
create engineering structures in which equipment faults can be detected and removed from
the system, quickly and reliably, in such a way that system functionality be continuously
maintained over time: fault reconciliation is the central feature in dependable control
systems.

A fundamental problem of control in dependable systems is to sid¢ectionand
estimationproblems reliably, to supply trustworthy data for controllers. In many tech-
nologies, process variables that determine overall performance of the system (product
guality) cannot be measured directly, but can be estimated/inferred in real time relying
on the available measurements. In various structures of model predictive control (MPC),
for example, which are used in the chemical industry in an increasing variety (see e.g.,
[10, 1]), controller operation is mainly based on the estimated values of process variables.

As a standard solution alternative to the state estimation problem, centralized Iters
have traditionally been used in the industry for many decades. In this approach a single
Iter is used for estimating the complete set of the state variables of the system. Cen-
tralized solutions, however, especially in large-scale industrial applications, as typically
represented by chemical process systems, suffer from the size (dimension) of the prob-
lem and are prone to both sensor and implementation failures. Reduced order lters are
not always reliable, they tend to have poor estimation accuracy, and even instability un-
der certain circumstances. Centralized approaches, moreover, cannot answer the call of
the safety and dependability requirements as they lack fault tolerance when faults in the
operation of the system or sensors occur.

It was recognized early that the partitioning of the global estimation problem into
smaller local problems and distribution of the overall computation burden among a set
of local Iters have obvious advantages in large-scale systems. An alternative solution is,
therefore, to decompose the global estimation problem into several smaller problems by
accommodating the solution to the physical structure of the system and assign a separate,
autonomous lter to each of the subsystems. These lters treat the process information
locally at the component or subsystems level using local information of the system dy-
namics. Then, a master or fusion lIter is used for composing the local results in a global
estimation.

Previous efforts on distributed ltering have concentrated on either decentralized lters
on centralized or hierarchical topologies or essentially centralized Iters on decentralized
topologies based on the work of [9, 18, 21]. Several decentralized solutions have been
developed to decentralize the lter algorithm, topology, and services through tradeoffs of
computation and memory that minimize communication. These implementations assume
a truly decentralized architecture requiring no central facilities. Since Kalman Iter has
been an excellent means for exploring decentralized system trade-offs because of its op-
timality and linearity, the majority of solutions tend to rely on derivations of the linear
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Kalman lter, see e.g., [20].

In this paper, a particular dependable Itering solution for the enhancement of lter
performance and sensor fault tolerance by means of distributed lItering is proposed and
investigated. Namely, in addressing the problems of both fault tolerance and estimation
accuracy in nonlinear systems the application of the idea of federated lItering is investi-
gated.

The structure of the paper is the following. Section 2 gives a short summary of tradi-
tional ltering solutions, generally used in distributed systems. The underlying theory for
centralized and decentralized designs is reviewed. Section 3 gives special attention to a
particular form of decentralized lters, i.e., federated lters, which is then followed by the
extension of the classical federated idea. The basic features and theory of the federated
solution are brie y reviewed. The necessary theory of the design of the federated lter
is mainly focused on the presentation of the fault reconciliation and fusion algorithm.
The federated structure relies on Extended Kalman Filter (EKF) as state estimator where
the core ltering algorithm is considered the nonlinear extension of the standard linear
Iter. As both Kalman Iters and EKFs are considered to be standard techniques of con-
trol theory by now, technical details only necessary for understanding the recent problem
formulation are mentioned here. For more information, the interested reader is referred
to the literature, see e.g., [4], [13], and also the references therein. The novel solution
bene ts from the adaptive Iter management technique, which is based on the continuous
health monitoring of the input channels. This is done to balance estimation accuracy and
sensor fault tolerance in the presence of both state and measurement uncertainty when the
observations from the system are subject to a variety of sensor faults.

The presentation of the main results of this paper is embedded in the discussion of an
application example associated to the state estimation of a multi-component distillation
process. The simulation example, demonstrating and comparing the features and perfor-
mance characteristics of various Itering alternatives is presented in Section 4.

2. Central vs distributed ltering

2.1. Centralized ltering

As a standard solution alternative to the state estimation problem, centralized Iters have
traditionally been used in the industry for many decades. In this approach a single lter
with universal access to all sensors is used for estimating the complete set of the state
variables of the system (Figure 1).

Centralized solutions, however, especially in large-scale industrial applications, suffer
from the size (dimension) of the problem and are prone to both sensor and implementation
failures. Reduced order Iters are not always reliable, they tend to have poor estimation
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accuracy, and even instability under certain circumstances. Centralized approaches, more-
over, cannot answer the call of the safety and dependability requirements as they lack fault
tolerance when faults in the operation of the system or sensors occur. The development
of decentralized ltering, therefore, has received increasing attention during the past few
years.
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Figure 1:Traditional centralized lIter architecture.

2.2. Decentralized ltering

It was recognized early that the division of the global estimation problem into smaller,
partial problems and the distribution of the overall computation burden among a set of
(local) Iters have obvious advantages in large-scale applications. A solution, which is an
alternative to the centralized one, decomposes the global estimation problem into several
smaller problems. This is done by accommodating the lIter architecture to the physical
structure of the system by assigning one ore more separate, autonomous Iter to each
subsystems. These lters treat the process information locally at the component or sub-
systems level using local information of the system dynamics. Then, the estimation of
sensor dedicated local Iters are fused in a master or fusion Iter for composing the local
results in a global estimation, see Figure 2. Another distinguishing feature of decentral-
ized ltering is the inclusion of reference sensors in the structure. The following two
features distinguish the reference sensor from the local sensors:

The reference sensor acts as a fundamental sensor in the system, and its data is
directly observable for both the master Iter and any of the local Iters. The data
from the local sensors is dedicated to the corresponding local lters only.

The reference sensors are assorted equipments, which are usually more dependable
and have higher data rate than others; thus their data is often used for the initialization
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of some of the local lters. These are accountable to compensate erroneous sensor
readings relying on the bene ts of the decentralized architecture. The number of
reference sensors included in the distributed architecture is a design issue dependent
of the particular application.

Previous efforts on distributed Itering have concentrated on either decentralized lters
on centralized or hierarchical topologies or essentially centralized Iters on decentralized
topologies based on the work of [9, 18, 21]. Several decentralized solutions have been
developed to decentralize the lter algorithm, topology, and services through tradeoffs of
computation and memory that minimize communication. These implementations assume
a truly decentralized architecture requiring no central facilities. Since Kalman Iter has
been an excellent means for exploring decentralized system trade-offs because of its op-
timality and linearity, the majority of solutions tend to rely on derivations of the linear
Kalman lter, see e.g., [20].

As a result of this decentralization technique, the computational load regarding single
Iter's implementation, can be signi cantly reduced. This property makes the solution
viable in resource constrained embedded implementations.

2.3. Federated ltering
As a special case of decentralized Itering the so called federated ltering, that was orig-

inally proposed in [5, 6, 7], was developed.

Federated lters are distributed Iters which consist of several local lters (LFs) and a
master (or fusion) Iter (MF). There is a particular LF assigned to a particular subsystem.
LFs work in parallel and their solutions are periodically fused by the MF. As the local
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Figure 2:Decentralized lIter architecture.
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estimates are usually suboptimal, information feedback from the master Iter to each local
Iter is necessitated. The distinctive property of the federated lIter is that this feedback
relies on the information sharing principle that was originally proposed in [5, 6, 7].

Although, decentralized Itering schemes, including those the lters are aligned in the
federated architecture, have been recognized effective in the practice, their potential to
enhance estimation performance and fault tolerance have not been widely investigated
and fully realized. In this paper a novel idea to avoid Iter degradation in various failure
modes of the system is proposed. To maintain Iter functionality and performance, an
adaptive technique to in uence the information sharing property as well as changing the
Iters’ operating mode of the federated architecture is suggested. This is done by means
of a sensor redundancy management applied to the fusion rule of the MF. This concept
can be considered an extension of the classical federated idea.

The federated lItering scheme is categorized as a decentralized one, but the use of
the information feedback via the sharing factors which determine the distribution of
the information provided by master lIter around local Iters, distinguishes it from the
classical decentralized idea. Tﬁ;e principle of information sharing is based on the axiom
of information conservation, i.e., | i =1, wheren is the number of the sharing lters.
This property is discussed further in the following part.

The existence of the feedback, however, has non-desirable side effects on lters' oper-
ation. If, for example, an undetected fault, in any sensor loop of the system occurs, due
to the closed-loop nature of the federated Itering process, the other Iters in the network
may be polluted by the fault propagated through the information network of the federated
topology. This feature, however, can be used in a variety of useful ways to improve lters
performance through the extension of the classical federated idea.
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Figure 3:Federated lter architecture.
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In the next sections of the paper the idea of this extension, and the operational bene-
ts are shown in the framework of the solution of a nonlinear state estimation problem,
which is considered part of a process control application frequently used in the chemical
industry.

3. Extension of the federated Iter architecture

For state estimation in chemical process control applications a wide variety of Kalman |-
ters have now been used and developed, from Kalman's original linear formulation, now
called the simple Kalman Iter (from which the so-called information Iter and a variety

of square-root Iters were derived) to nonlinear problems such as the extended and un-
scented Kalman lters. Whilst the techniques and theory of federated Iters (especially
those based on the Kalman lter) are relatively well developed for linear systems, experi-
ence subjecting nonlinear applications are not yet widely available. A rare exception can
be found in [2].

The Unscented Kalman Filter (UKF) addresses of the nonlinear estimation problem by
using a deterministic sampling technique and a nonlinear (the so-called unscented) trans-
formation. These lIters provide an optimal solution to the (linear) estimation problem
by minimizing the disturbance (noise) effects using a quadratic cost function assuming
the disturbances are stochastic processes with jointly Gaussian distribution. There are
non-Gaussian extensions of Kalman ltering available too.

If no information about the statistics and distribution of the noise is available, the afore-
mentioned methods are not directly applicable. Still, however, the Itering problem can
be posed e.g., as &h; estimation problem and the local, as well as master lters, can
be implemented ad; lters.

In the following part of the paper, a novel idea to avoid Iter degradation in various
failure modes of the system is proposed. The lter is based on the standard nonlinear
extension of the well-known linear Kalman lter (i.e., EKF), which is used in a particular
structure for the solution of the distributed nonlinear state estimation problem. This is
done to derive a distributed Itering solution to achieve better estimation accuracy, which
is able to tolerate sensor faults.

3.1. Formulation of the distributed Itering problem

In this paper we are concerned with nonlinear dynamical systems described in the nominal
representation by ordinary differential equations subject to noise

x(t) = (x(t);u(t);w(t));
y(t) = h(x(t);v(t)): (1)
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For a special case, this can be written in state space form, by means of the set of noise-
corrupted state and measurement equations of the following form

X

x=f(x)+ gxXu+w; (2
i=1

Vi = hi(x) + vi; 1 i p;

wherex 2 R",u 2 R™,y 2 RP denote the state, the input and the output of the system,
respectively, moreovew(t) andv(t) are the system and the measurement noise, which
are independent of each other as well az(@).

Assume each sensgrmeasures a signgi (t) that is corrupted by measurement noise
v; taken to be a zero-mean white noise. QgtandR; denote the covariance matrix gf
andw; for all i, respectively,

Q= Efwv g, R=Efww, g 3

Let the local estimate and its covariance provided byithdocal Iter be represented
by # andP; (i = 1;2;::;;N). The lItering algorithm is considered the extension of
the standard linear one. Since the system is not linear, the Riccati matrices that attempt
to approximate the priori and thea posterioricovariances for each Iter are de ned,
respectively, as

Peik 1 Efeqge 1 e;(rjk 19; (4)
Puk  Efeq et d: (5)

The lters are initialized withxj, = X, andPgj, = Po, and then operated recursively
performing a single cycle each time a new set of measurements becomes available. Each
iteration propagates the estimate from the time the last measurement was obtained to the
current time. The propagation process consists of two stages: update and prediction. The
update equations are responsible for the feedback, i.e., for incorporating a new measure-
ment set into thea priori estimate to obtain an improvesd posterioriestimate. Thea
posterioristate estimate,;, is computed as a linear combination ofapriori estimate

Xkjk 1 and a weighted difference between an actual measurgpemd a measurement
prediction:

Rijk = Xijk 1+ Kk Yk hRgjx 1) (6)

Kk = Pk 1Hi HkPyjx 1H{ + Rk '
whereHy is the Jacobian matrix of partial derivativesidik) with respect tok, that is
@(x)

@x X=Xyjk 1

Hk:
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The matrixK y is chosen such that the Iter minimizes theposteriorierror covariance.
The covariance matrix is updated by

Pejk = (I KgHi)Pyjk 1. (7)

The prediction equations are responsible for projecting forward the current state vector
and error covariance estimates to obtaipriori estimates for the next time step. The
state and covariance matrix in the next sampling instant are estimated by

Rertjk = F RijiiUk); 8)
Pijk+1 = FkPiikF + Qx;
whereFy is the Jacobian matrix of partial derivativesfdfx) w.r.t. x, as

@ (x;u)

@X lexkjk;u:uk:

Fk:

The following characteristics distinguish the synthesizing MF and the preprocessing LF's
in the architecture. Each LF is dedicated to the measurements of local sensors. For the
update process, the LF's use the update information from its local sensors only and not
any others. Conversely, the MF uses the local Itered estint€% as quasi-observables

to update the global state vector in a fusion process, sequentially.

The MF is processed at the rate equal to the rate of the LF's, which means that local
outputs are subject to fusion on the next stage they are processed. The time updating
solution of the MF is represented by the state estimation; and covariancd®y 11 ,
respectively. If all local estimates are uncorrelated, then the global estimate can be given
as

Pet=P t+ P+ i+ Pt Pyl )
R = Pr PR+ i+ PRy + Pyl R s (10)

where the inverse of the covariance matrix is called the information matrix. Eq. (9) shows
that the global information is just the sum of that of the local systems. The global esti-
mateXs is a linear weighted combination of the local estimates with weighting matrices

However, the estimates of different local Iters may be correlated. In order to eliminate
this correlation, the process noise and state error covariance are set to their upper bounds
relying on the technique proposed in [5, 6]

Qi = i 1Q; P; = i 1Pf; (11)
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where (> 0) is the information-sharing factor satisfying the rule+ ,+ @i+ y +
N+l =10
For the condition that makes Eq. (9) hold, see [7]. To some extent, this method results
in a conservative design because of using the upper bound of the process noise variance

matrix instead of the process noise variance matrix itself. Other approaches to the solution
of this problem can be found e.g., in the references [16, 19].

For the structure and organization of the lIter, see the architecture diagram Figure 1,
wherey; stand for the sensor measurememisfor the state estimates ang for the
information sharing variable®?; denotes the covariance matrix provided by the fusion
Iter. The innovation series of the local lters are subject to statistical testing. The
blocks provide residualsfor detecting changes in the statistics of the measurement data,
upon which the determination of the measures of the covariance information shaisng
relied.
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Figure 4:The extended federated Iter architecture.
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The fused estimation of the MF is, usually, based on measurements provided by refer-
ence sensors (seg in Figure 1). Reference sensors act as fundamental sensors in the
system, which are usually more dependable and have higher data rate; thus their data is
often used for the initialization of some of the local Iters. These are accountable to com-
pensate erroneous sensor readings relying on the bene ts of the decentralized architecture,
as will be shown later.

This structure of Iters can be operated in two different operating modes, depending
on how the fused process data is exploited by the local Iters. These modes of operation
are, usually, referred to assetandno-resetmodes. When theesetmode is used, the
master and local lters are reset by the global solution, Re.5 %;, andP; = p

Iter to local lters is present. Inno-reseimode this information feedback does not exist:
each LF keeps its process informatidn;P;) produced locally, thus the MF retains none
of the fused data and the global fused estimatignR; ) has no effect on any of the local
estimations.

Obvious advantages and disadvantages associated with each of the resetting modes are
known. The federated Iter operated in reset mode is expected to provide better estimation
accuracy, while in the no-reset mode a better tolerance of sensor faults. The justi cation
of this assumption is one of the main objectives of our analysis presented in the next
section.

4. Application to multi-component distillation

In this section we consider the distributed state monitoring problem of a distillation pro-
cess in which a ternary methanol, ethanol and propanol mixture is fractionated, assuming
the process is described by the system model (1)-(2).

Several authors have studied this topic. [3] uses an EKF to infer the outlet composi-
tions of a ternary distillation column. [15] applied EKF to estimate the state of a batch
distillation.

4.1. Objectives

The objective of effective monitoring provides state information reliably, with required
accuracy. In large distributed systems containing a large number of components, the
occurrence of sensor faults which may affect control actions is an increasing concern.
Sensor failures causing measurement drop-outs, sensor stuck as well as increased noise
and measurement uncertainty will, obviously, impose a practical limitation on the estima-
tion accuracy. Federated ltering provides a variety of possibilities to compensate these
problems and improve ltering performance.

In order to develop the idea further and demonstrate the application of the theory
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described in the previous sections, a simulation example regarding the state estimation
problem of a multi-component distillation process which fractionates ternary methanol,
ethanol and propanol mixture is presented.

The framework that combines sensor fault detection with isolation and fault accom-
modation through Iter recon guration is outlined. The challenge is to engineer an oper-
ational strategy of the lter's architecture in an attempt to make a tradeoff between best
estimation accuracy and sensor fault tolerance in every possible time. For this purpose, the
classical federated architecture is extended with a sensor fault detection and a sensor man-
agement logic. The effect of the selection of the operating mode and the proper choice of
the information-sharing factors are investigated. Filter operation is demonstrated through
process simulations.

It is pointed out that the key to this solution is to resolve how the total information
generated by the local lters is divided among the individual lters by a proper assignment
of the sharing factors; and also, how the proper resetting policy of the fusion lIter is to
be achieved for the best possible estimation accuracy, or in case of a failure, for higher
fault tolerance.

4.2. The multi-component distillation process

Multi-component distillation is the separation of a mixture of chemicals of, usually, 3 or
more components. Nearly all commercial distillation recently used in the chemical in-
dustry is multi-component distillation. multi-component distillation represents a special
class of dynamical systems in which operational safety is a primary design factor. The
usually complex chemical process can be decomposed of a set of subsystems having cou-
pled dynamics. By the term coupled, the mutual dependence of the elements of the global
system state and the correlated system and measurement noise is meant.

Both the control and estimation of an equipment like this represent an engineering
challenge that requires the application of the sophisticated methods of advanced control
theory. Some of these systems, for instance, are controlled by MPCs that necessitate the
availability of accurate data obtained from state estimation. The reliability of individual
sensors is frequently inadequate to satisfy the stringent reliability requirements of this
type of systems. Therefore, in many real applications an array of redundant sensors is
employed to achieve the required dependability level relying on the principle of hardware
(sensor) redundancy. Frequently, the redundant sensor network is extended with analytic
sensor fault detection and isolation methods to detect sensor malfunctions.

Due to the availability of the redundant sensors, the estimation of a particular state of
the global state vector of the system can be accomplished relying on several different
redundant measurements. Estimations based on a centralized architecture may provide
estimation performance differing considerably for each rearranged sensor layout. Sensor
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assignment, therefore, is one of the main concerns of experiment design. It is shown in
this paper, how the solution of federated Itering exploits the principle of redundancy
to improve both estimation accuracy and sensor fault tolerance in a smart recon gurable
structure at the same time.
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v
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Figure 5:Distillation column schematic.

The process consists 8D separate distillation stages (i.e., column trays), identi ed
with parameteN+, plus the reboiler and a total condenser as usual. The control-input is
the re ux of liquid ow rate which acts on the plant. The sensor outputs used for control
and estimation purposes are the temperature data of the column trays. It is assumed
that there is one temperature measurement available for each tray. The trays (and the
corresponding measurements) are numbered from the top to the bottom of the column.
Due to the coupled nature of the nonlinear dynamics, these sensors provide a redundant
set of measurements upon which the estimation and control of the process can be based.

The instrumentation includes temperature sensors of varying quality. There are two

highly reliable reference sensors used, one at the topmost and one at the bottommost of
the column.
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We consider an idealized column model widhideal vapor-liquid equilibriunfV LE )
stages. These consistidff = N 2 plates together with a condenser and the reboiler.
The plates are numbered s, j = 2;::;;N 1, where plateN corresponds to the top
and plateNy 1 corresponds to the bottom of the column.

Quantities associated with the reboiler are indexed N and, with the condenser
j = 1. FeedF is directed on to plat&l; of the column and is composed of a mixture
of 3 components, namelynethanol;ethanol and1 propanol. Components; are
numbered as = 1;2;3. The volatilities of the components are ordered such that

2> 3, where componerttis the most volatile component (methanol), and so on. Heat
input to the reboiler vaporizes some material which passes up the column as vapour. At
the top of the column, the vapor is condensed, and some liquid is returned as re ux to the
top of the column. The ow of liquid descending from stagéoj 1, above the feed
stage (rectifying section) is denoted by and under the feed stage (stripping section) by
Ls.

The liquid ow in the top and bottom streams are denotedcbyandB, respectively.
The ratio of the re ux ow to the ow in the top streank =D is referred to as re ux
ratio R. Similarly, the ow vapour in the rectifying section is denoted Wy and in the
stripping section bys. Our model assumes that the feed is saturated liquid, moreover,
the liquid and vapor ow are constant, therefore:

Ls=L,+F
Vs = Vi

where the energy equations are neglected. The mole fraction of compmpiretite liquid
of stagg is denoted by;; , andy;; is the vapor composition which, in equilibrium with
the liquid phase, is given by

i=1
where ;-s are the relative volatility parameters.

The fractional composition of the top stream is the same as that of the recycled liquid.
The vapor holdup is negligible and the liquid holdi; ) on each stage is assumed to be
constant.

The nonlinear model of the distillation column can be represented by the following
set of equipment models. The main assumptions and conditions adopted for the model
development are not mentioned here, the interested reader is referred to the literature,
such as e.g., [3]. The condenser is subject to
d(Xi;1) 1

at = VsYi;Z Lin;l 1+ — (12)

M1 R
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with re ux ratio R which is, normally, used as the control input of the distillation process.
A generic tray in the enriching (rectifying) section is modeled as

d (Xj;

M; (d:['J ) VsYij +1 + LsXij 1 VeYij  LsXjj (13)
fori =1;:ne landj =1;:5f 1, wheref is the tray number where the column is
fed. Then, the feed tray is subject to

d(x;

Mg (dlt'f ) VsYir +1 + LsXir 1 VsYir  LsXir + Fzi; (14)

with feed ow rate F and molar compositiog; of componeni. A generic tray in the
stripping section is represented by

d (X
M; (dtj ) Vivij«1 + LeXig 1 Viyii o LeXig s (15)
forj = f +1;:;;Nt 1, and the reboiler is modeled as
d (X;:
My (in ) _ Lexin 1 ViVin  LXin e (16)

dt

In model equations (12)-(16) the parametgstands for the number of liquid components
andM; is the molar holdup corresponding to each particular tray.

The liquid compositions are considered as state variables. For a systeytampo-
nents (. = 3 in this case), there are. 1 state variables at each particular tray. Thus,
64 state variables are included in the global model, altogether. The composition of the
n" component is obtained by

m 1
Xnej =1 Xij ; 1 j N
i=1
As the stages are considered ideal, the relationship between tray temperature and compo-
sition can, traditionally, be given by the VLE equations. For simplicity, this calculation
is not shown here, for details see e.g., [15]. The realization of the EKF lters (both local
and master) are based on model equations (12-16).

The temperature associated with stade denoted byT; . The pressure is considered
constant and known on each tray. It varies linearly up the column figrtin the base)
to pp (at the top).

The measurement vector is obtained as a function of the state vector. The simpli ca-
tions included in the modeling process introduce modeling errors. Modeling uncertainties
are expected to be compensated by the individual EKF's. The values of the nominal op-
erating variables of the column are summarized in Table 1.
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Table 1: Nominal operation data of the distillation column

#  Parameter name Value
f Feed tray (#) 17
F Feed Flow Raterfiol=s) 1
c1  Methanol composition%mol) 0.4
¢,  Ethanol composition%mol) 0.4
¢z  1-Propanol compositior®mol) 0.2
po  Top pressure of the columkR a) 97
ps  Bottom pressure of the columkFPa) 156
M;  Molar holdup on each trayfol) 0.25
M. Molar holdup in the condensem@l) 0.5
My  Molar holdup in the reboilemgol) 1
1 Relative volatility of methanol 1.664
2 Relative volatility of ethanol 1
3 Relative volatility of 1-propanol 0.451

4.3. Results and discussion

In this section we present the results obtained for the solution of the nonlinear state es-
timation problem based on various Iter layouts and process conditions. The process
simulations were performed in Matlab. A structure of Ilters assembled in the federated
architecture, resembling to the one depicted by Figure 1., containing three local and one
master lter was derived for evaluation.

In our case the ternary mixture distillation process is assumed to be observable, pro-
viding that at least two temperature measurements for the lIter calculations are available.
For the proof of this condition, see Ref. [22]. When more than two measurements can be
used, the performance of the estimator may improve. In the following part we present the
case of using the minimum number of measurements, i.e., only two of the 32 temperature
measurements are considered available to each of the lters.

Another relevant aspect is the proper allocation of the measurement locations along the
column. The optimal allocation of temperature sensors for the estimation of distillation
compositions were suggested by [11] and [14]. The rules of placing sensors on processes
described by stable nonlinear dynamic systems were described e.g., in [17]. Not going
into details of the sensor assignment procedure, in our case two reference sensor measure-
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ments were allocated: one to the bottom of the column, which has the largest inertia of
the system, and the other to the top of the column, so as to re ect promptly every possible
changes in the end-product composition.

Relying on the above considerations, the local lter estimates are based on the tray tem-
perature measurements in grouping L(¥1;ys1), LF1:(y2;y32) and LF3(ys;y31), whilst
the master uses reference inputs Wi;ys2). In normal operation conditions the normal
and reference measurements are assumed to have sensor noise with varafcél
and = 0:001, respectively, indicating the higher dependability of the reference sensors.

In the simulation of the complex column behavior, a rigorous distillation model, dif-
ferent from those of (12-16) based on Differential Algebraic Equations (DAE) was em-
ployed. For more details regarding this process modeling and simulation technique the
reader is directed to the literature, see Ref. [12].

The process simulation relied on the assumption that a step change in zero time in
the control signal (re ux) had been injected. As an effect, the process imposed a tran-
sient behavior where the resulted state variation was the subject of estimation. Since the
composition at the top of the column is in direct relationship with the end product of the
distillation (i.e., methanol), the estimation of this composition was of the upmost impor-
tance. Therefore, our Iter provided estimation of this state variable.

Sensor faults may be caused by sensor drifts, step changes, scale factor errors changing
the mean, incorrect calibration, etc. Correspondingly, the degraded modes of sensors can
be characterized by the presence of a systematic nonzero mean, in the form of a constant
jump bias, a ramp bias, or by an increase in variance of the driving noise.

In our simulations two different types of sensor failures were modeled. A sensor failure
(shift) changing the mean value of the innovation sequence of the second measurement
channel by a constant bias & 1), moreover, increased variance in the driving noise

= 10 (instead of the normal = 0:01 value) was considered. For a more accurate
comparison of the results, the same noise sequences were used for each simulation exper-
iments. Experiments for contrasting centralized Iter performance and the federated idea
were carried out.

A comparative summary of the results can be found in Table 2 showing lter per-
formance data corresponding to the particular Iter con gurations and various process
conditions. The performance of individual solution alternatives is characterized in terms
of theL, norm of estimation errox. Relative estimation error with respect to the es-
timation accuracy obtained with the centralized lter in fault-free case is also given for
comparison.

Figures 3-7 show the plots of distinguished experiments. The simulation results con-
rm that the centralized and federated ltering operated in full reset mode with identical
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information sharing factors provide almost the same performance both in faulty situations
and in fault free-case (see Table I). This was an expected result, because it comes directly
from the theory of federation. Differences in Iter performances can be observed, how-
ever, in faulty situations when, after detecting a fault, one switches the federating scheme
to no reset mode with setting the correspondintp zero (in fact a small value near to
zero) in an attempt to mask out the estimation of the subjected local lter.

4.4. Sensor failure reconciliation

In the previous experiments the values gfas well as the operating mode of the Iter
were chosen manually. The requirement for fully autonomous lIter operation needs the
application of a sensor management logic which is based on a fault detection algorithm
responsible for fault accommodation by real-time adaptation of the sharing factors.

If the system operates normally, the normalized innovation sequence of a lter is a zero
mean white noise with unit covariance. A real-time detection of sensor failures affecting
the mean and/or the variance of the innovation process triggers a lter recon guration
action in the sensor management logic of the fusion Iter in an attempt to keep the per-
formance of the impaired structure as close to the optimum as possible. This includes the
modi cation of the sharing factors and the switch-over of the reset mode of the lter.

The diagnosis can be based on the analysis of the innovation sequences of the individ-
ual lters. To detect failures changing the mean of the innovation sequence a nhumber of
statistical approaches are available that make use a threshold test on the moving window
average of the output of the instrument. These tests commonly known as generalized
likelihood ratio tests (GLRT), 2-tests and others, are appropriate for online implemen-
tation and embedding in the federated structure, according to the general scheme shown
in Figure 1. For further details the reader is directed to Refs. [8] and [13] and also the

Table 2: Comparison of Itering performance

Filter Layout Sensor Fault i ixj2

Centralized no fault - 0:0134 0
Centralized =10; =0 - 0.0192 432
Fed. with reset no fault equal 0.0135 0
Fed. with reset =10; =0 equal 0.0192 43.2
Fed. w/o reset no fault equal 0.0136 15
Fed. w/o reset =10; =0 equal 0.0291 117.2
Fed. w/o reset =10; =0 2=0 0.0160 194
Fed. w/o reset =10; =1 equal 0.0223 66.4
Fed. w/o reset =10; =1 2=0 0.0145 8.2
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Figure 6:Centralized estimation with no sensor fault (a), and with increased variance in
the driving noise of the measurement channel (b).

references cited thereof. In the following part of the paper we use a simple demonstrative
algorithm that can be summarized as follows.
Let the median of the estimated state2 R" in each particular time be given as
Xt = fRjgj;. LetS; denote the error variance between estimagipand mediarX’, and
de ne the inverse of the sum of the elementsSphy

S= > (17)

Obviously, the magnitude d§; characterizes the dependability of a particular local es-
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5 10 15 20 25 30 35 40 45 50
Time (sec)

X(Ll)

5 10 15 20 25 30 35 40 45 50
Time (sec)

Figure 7: Federated estimation with no reset of process information (a) assuming a
nonzero mean sensor fault with increased variance in the measurgmentd, with
full reset in no fault condition (b). The sharing factors are identical in both cases, i.e.,

1= 2= 3= M-

timation relative to the fused one. Under fault-free conditions meaSucan be kept

below a well chosen threshold limit, meaning that the channel is operating normally. In
case a measurement channel gets faulty, the correspo8dingl exceed the threshold

quite sensitively. Therefore, eq. (17) can be taken as residual generated by each particu-
lar LF that may be used for providing information about the appearance of sensor faults
(cf. Fig 1).
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Figure 8:Federated estimation with no reset of process information assuming increased
variance of the driving noise (a), and with additional change in the mean of the driving
noise characteristics of measuremggt(b), by setting sharing factor, to zero.

Then, based on (17), information-sharing factorgan be calculated as

S (18)

i=1

wherek is the total number of local lters. Realize that an actualis a decreasing
variable with increasing error varian&g. The application of the median in (17) and (18)

is motivated by the use of a limited number of local Iters in this sample application. This
approach may give good results in averaging the estimation error variances in cases when
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only a small number of local lters are available (i.k.< 10). Fork > 10, however, the
application of the statistical mean could provide much better results.

The results of a process simulation assuming the occurrence of two different types of
sensor faults are summarized in Figure 6. and Figure 7., respectively. In Figure 6/a the
effect of a step change occurring in one of the temperature measurements2 is
shown. As a results of this change that can be attributed to a sensor shift fault, the sharing
factors are re-calculated: after violating the preset decision lingit 0:0003in this
case) the sharing factor that corresponds to the affected local Iter, becomes perma-
nently zero (see Figure 6/b), thus excluding the effect of the faulty measurement from the
consecutive estimate fusion, effectively and immediately. This results in increased esti-
mation accuracy in the presence of sensor fault, as it is clearly demonstrated in Figure 6/c.

Figure 7. shows the same principle but with the assumption of an increased variance
of the sensor noise that occurstirr 22. Note that in case of some slowly developing
sensor malfunctions (typically when e.g., a sensor gradually gets noisy) the particular
estimation error variance does not necessarily exceed the threshold limit instantly, and
the respective ; not necessarily becomes zero. However, by adaptively changing
the algorithm balances the estimation weights of the individual Iters continuously in
accordance with the actual quality of the measurements, thus reconciling the effects of
any developing sensor faults.

5. Conclusions

The paper advocates the principle of distributed Itering as the basis for realizing depend-
able Itering solutions in large-scale distributed systems, such as in multi-component
distillations, which are subject to sensor faults. Namely, a design strategy for the applica-
tion of a federated Iter for increased accuracy estimation and sensor fault tolerance was
presented. The idea consists of using dedicated local lIters to particular components or
subsystems and utilizing a master lIter for obtaining the global estimation. Information
generated locally is then divided among the distributed lters in the update process of the
Iter by a proper choice of the information sharing factors.

Our main motivation was to create a distributed Iter to maintain estimation accuracy in
every possible time in a structure able to accommodate the effects of sensor faults, effec-
tively. It was shown how this objective could be achieved by using a novel combination
of the special distributed structure and a sensor fault management logic.

The architectural and functional analysis, supported by extensive numerical simula-
tions, indicates that the due manipulation of the sharing factors, as well as the special
choice of the resetting policy of the lter are capable factors for the improvement of I-
tering performance and sensor failure reconciliation. This supports the hypothesis that a
better estimation accuracy and sensor fault tolerance in case of various types of sensor
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Temperature (K)
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Time
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Figure 9:a./ Step change failure in one of the temperature measuremetts a. b./
Adaptation process of;'s. The sharing factor of the lter corresponding to the faulty
sensor goes to zero within a few recursion. c./ Comparison of estimation accuracies with
and without sharing factor adaptation (continuous and dotted lines, respectively).
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Temperature (K)

Time

Figure 10:a./ Increased variance in the noise of one of the temperature measurements
att > 22 b./ Adaptation process of's. The sharing factor of the lter corresponding

to the faulty sensor goes to zero within a few recursion. c./ Comparison of estimation
accuracies with and without sharing factor adaptation (continuous and dotted lines, re-

spectively).

388



Acta Technica Jaurinensis \ol. 4. No. 3. 2011

degradation can be obtained by using the concept of federation.

The key to this solution is the re-organizable architecture represented by the federated
idea, as well as the recon guration scheme that, with the aid of the utilization of the
sensor fault detection and fault management logic, alters the fusion Iter law to achieve
better performance. Each lIter within a federated group is assigned, under the control
of the fault management function of the master Iter, to operate in either a full-reset or
a no-reset mode. Failure in any input channel can be reconciliated without signi cant
deterioration of estimation performance, or, in case the estimation is used in a subsequent
control action, without loss of equipment functionality.

6. Nomenclature

B bottom ow rate of the distillation columimol=s)
D distillate ow rate (mol=s)
e estimation error
F feed ow rate(mol=s)
K Kalman lter gain
Ls liquid ow rate of stripping sectio{mol=s)
L, liquid ow rate of rectifying sectionmol=s)
Mi molar holdup at tray (mol)
Ne number of distillate components
Nt  total number of trays in the column
N number of ideal VLE's of the column
N;  thej™ tray of the column
N+ the feed tray of the column
p pressurébar)
R re ux ratio
P; estimation error covariance assigned to the local iter
P; fused estimation error covariance
Q process noise covariance
R measurement noise covariance
T temperaturéK )
t time (s)
% measurement noise
w process noise
Vs vapor ow rate of stripping sectiofmol=s)
V; vapor ow rate of rectifying sectiorfmol=s)
Xij state variable: liquid composition of componént

at stagg (mole fraction )
Rjjc  estimate of the state at sample tijne
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given the output measurements up to sample ime

Vi measurement function provided by senisor
Yij vapor composition of componenat stagg (mole fraction )
Zi feed molar composition of compondntmole fraction )

Fx  the Jacobian
i relative volatility of componenit with respect to ethanol
i information-sharing factor imposed by tHe local Iter
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Fractal Based Antenna Size Reduction Examined by
Numerical Methods

Z. Polik

Szechenyi Istvan University
Department of Telecommunication

Abstract:  Koch curve based dipole antennas have been built up, have been simulated
and have been measured to examine the reachable size reduction. The sim-
ulations have been performed by using the method of moment (MoM) and
the nite element method (FEM). The Pocklington integral equation and the
ATW EFIE method have been deduced and have been implemented in MAT-
LAB environment to simulate dipole antennas and arbitrary shaped thin wire
antennas. In COMSOL Multiphysics software environment a nite element
model has been set up to solve the Helmholtz equation and to simulate the
antennas under examination. Koch curve based dipole antennas have been
measured in a full anechoic chamber, as well. The numerical and the experi-
mental results have been compared with the outcome of other softwares.

Keywords: Antenna, fractal, numerical methods

1. Introduction

Size reduction of antennas is in the middle of the interests of development engineers for
a long time. There are several approach to decrease the length, the area or the volume
where antennas can be placed. In the most of the cases the basis of the size reduction are
the simplest antennas: dipole antenna, monopole antenna and patch antenna. The size of
a resonant dipole is the half of the wavelength of its working frequency. The monopole

is a half dipole antenna which is placed over a ground plane, thus its size is equal to the
quarter of the wavelength. The advantages of these elements are the simple geometry and
the easy tuning possibility, but in theother hand there are the low mechanical stability and
the big size.

By the bending of the wire to a spiral or a meander shape mechanical stability and size
reduction can be achieved. They are the well-known helix and meander antennas. Multi-
band devices can be constructed easily from these geometries by using varying distance
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between the turns in the case of the spiral and by using varying spaces between the lines
of the meander. In usual, the helix antennas are monopoles, but there are monopoles and

dipoles from the meander antennas, as well. In the Figure 1 a helix and a meander antenna
can be seen.

Figure 1: A helix and a meander antenna

In handheld communication devices T, L, inverted F and planar inverted F antennas
(PIFA) are commonly used. The T, L and inverted F antennas are the variants of a
monopole and their names come from their shapes. The planar inverted F antenna is
the three dimensional variant of the inverted F antenna, where the horizontal radiating
element is made from a planar plate. A a planar inverted F antenna can be seen in the Fig-
ure 2. These four type of antennas are popular in mobil communication devices because
the ground plane of the printed circuit can be used as the ground plane of the antenna, as
well. Moreover, the radiator elements of these geometries is situated close to the ground,
so it can be built under the surface of the device. Nevertheless, fractal based antennas
could be a good option instead of PIFA, T, L and inverted F antennas in small devices.

Radiating element
Shunt element =

D>

Excitation Ground plane

Figure 2: A planar inverted F antenna
Fractal is a rough or fragmented geometric shape that can be split into parts, each of

which is — at least approximately — a reduced-size copy of the whole [21].In other words
fractals are self-similar objects. Mathematically, a fractal is based on an equation, which
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undergoes a recursive iteration. The device which is able to radiate electromagnetic eld
and built up from self-similar parts is called fractal antenna. The rst fractal shaped
antenna, which is the log-periodic antenna, was made in the 1950's, but its shape was not
determined by using the fractal geometry. At the end of the 1980's Natan Cohen started to
work with antennas which built up from self similar objects. By using fractals it is possible

to maximize the length, or increase the perimeter of a material, that can receive or transmit
electromagnetic radiation within a given total surface area or volume. Fractal antenna has
many advantages from its compact size, through its multiband or wideband behaviour, to
the easy optimization of its attributes [4, 26]. They are usually based on the very well
known fractals, for example the Koch curve, the Hilbert curve, the Peano curvegtiye L

C curve the Sierpiski triangle and the Sierpinski carpet[1, 18, 27, 11, 15, 30, 23, 21].

In this study the achievable size reduction has been examined in the case of Koch curve
based dipole antennas.

2. Analysis of Koch curve based antennas

In MATLAB environment [22] an algorithm has been implemented to generate Koch
curves. The input attribute of the function is the number of iterations and the outcome
is a 6 cm long Koch curve. If the iteration number is zero then the outcome is a line.
From two curves one Koch fractal based dipole antenna can be built up as it can be seen
in Figure 3.

. 12 cm ,

Figure 3: Fourth iterational Koch curve based dipole antenna excited at the center point

By the increasing of the iteration number the length of the wire in the dipole is increas-
ing, in every step it becamtgstimes longer. Thus, after the rstiteration the length of the
wire is 16 cm, after the second one it is 21.33 cm and after the fth iteration it become
50.57 cm long, while the dipole can be placed into a 12 cm long space.

2.1. Pocklington integral equation

The Pocklington integral equation is able to describe the working of standard dipole
and monopole antennas. In 1897 Henry Cabourn Pocklington deduced this formula and
proved that the distribution of the current in a dipole antenna is a sinusoidal function and
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it propagates approximately with the speed of the light [28]. In the middle of the problem
there is a wire antenna, which has electrical conductivjtgnagnetic permeability and
electric permittivity". It is placed in free air with g and" o, which can be seenin 2.1.

V4

Hy

€

m»A=

2a

Figure 4: The built up of the problem

The basis of the equation are the Maxwell equation [28, 12, 19, 16, 14]. During the
calculation sinusoidal excitation has been used, tgys j' . From the lll. Maxwell's
equation,

r H=0: 1)

For every vector eldr r A 0,so

H=r A (2)

whereA is the magnetic vector potential [28, 12]. Substituting (2) to the 1l. Maxwell
equation results in the following expression,

r (E+j! A=0 3)
According to the mathematical equivalence 0,
E+jl A=r1 4)
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or in other form,
E= j! Ar ; (5)

where is the electric scalar potential [19, 28, 12].
Substituting the magnetic vector poten#ato the I. Maxwell equation results in,

r- H=rr A=j" E+ J (6)

By applying the equivalenae r A r (r A r 2A (6)leads to the following
expression:

ra A r 2A=j" (! Ar )+ J; )
or in other form,
Fr2A+12"Ar (" +r A= J (8)

The curl of the magnetic vector potential is already known, but it is neccessary to
describe its divergence, as well. If the divergencéa$ chosen to vanish the third part
of (8) then the Lorentz gauge can be got [28],

roA= It )

After all, let us see the problem on 2.1. The diameter of the wire is much smaller than
the wavelength, thus only trecomponent of the current have to be considered. Based
on this neglection the Lorentz gauge (9) modi es,

@i v (10

whereA; is thez component of the magnetic vector potential. In this case (5) can be
reformed,

: @
E,= jI A —: 11
Let us substitute the derived of (10) to the (11):
_ 1 @A, oy
Ez - T @% + k AZ ’ (12)
wherek = 2 = is the wavenumber. If it is considered that theomponent of the

currentis) dv® and the Green function is applied, which describes the propagation of the
waves from a point source [28, 12],

kR

IR

(z;29) = (13)
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then the following expression can be got:

1 @ (9

dE, = @1 + k2 (z;29 Jav® (14)
whereR is the distance between the sourg&y%z% and the examined poinkjy;z) and
=" x7+(y yP+(z 27 (15)
The electric eld can be calculated by a volume integral in the wire [28, 12],
L1757 8D e o e
= ~ai + k% (z;29 Jav® (16)

Then the deduced formula can be simpli ed. If the material of the antenna is a perfect
electric conductor, then the current is owing on the surface of the wire because of the
skin effect. In this case the equation is the following [28, 12]:

1P g (z;29
"Moo 122 @2

wherecis the bounding line of the wire's cross section area as it can be seen in Figure 2.1.

+ k2 (2;29 Jsdz © (17)

Z:

L2

Figure 5: lllustration of the variables

This simpli cation is a good approximation in the case of materials which have high
conductivity, for example in the case of the copper. The length of the line from the
examined point to the axial symmetry line can be calculated easily, (15) can be simpli ed,

R= P (z 292+ aZ (18)
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Whilea << inthe' direction the distribution of the current is nearly costant, so the
expression can be simpli ed to a line integral,

1 Z 122 @ (2,29

E, = -
I L=2 @2

+ k% (2,29 1(2%dz” (19)

In accordance with the surface equivalence principle [13], the quatitity (19) can be
denoted as the scattered eitf . That is the eld radiated in free space by the equivalent
currentl (z9. There is another eld which is called incident or impressed &§l. At
the surface of the perfectly conducting wire and also interior to the wire, the sum of the

scattered eld and the incident eld must be zero. Hené§, = EJ, and (19) can be
wrote in the following form [28, 12],
z L=2
j"E L= 1 (29 @ (Z 7) + k% (z,2% dz% (20)

L=2

which is the well known form of the Pocklinton integral equation. Methods in which
integral equations have to be solved are also called to method of moment (MoM) [29, 12,
28, 9]. The dipole, which is the zeroth iterational Koch curve based antenna has been
simulated by using the above expression solved in MATLAB environment.

2.1.1. The solution of the equation in MATLAB environment

To solve the equation (20) matrices have to be built up. The elements of the impedance
matrixZ can be wrote in the following form [12]:

k2 z Znt Z=2 o jkr
Zn = —

; %=z, + z=2
d20+ @ e jkr n .
4

Zn z=2 R @2 R z%=z, z=2 .

(21)

In the original form of Pocklington integral equation the excitation of the antenna is
b = J"E 3(zm); (22)

whereE! is equal to the excitation at the excited point, everywhere else it is zero. It is
the so called voltage gap excitation [17, 12, 20]. Because of the more precise output the
magnetic frill generator has been used during the simulations [17, 12, 20],

. 1
E;(zZm) = m (23)
The performing of the derivation in the (21) yields
@e 1+jkR .
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which is allowing us to write

Z _ . . 0_ =2
k2 Znt+ z=2 e jkr 1+ JkR ) z°=2zyt+ Z
Zon = — dz°+ (zm 29 e KR . (25)
m 4 Zn z=2 R " R3 z0=z, z=2

The second part of the (25) can be solved easily by using matrix operations. The rst
part of it can be calculated by using the Gauss quadrature, with which it is the following,

Z Z+ 222 o jkr o hd e IkR mq .

az® = wg——
g=1 ma

(26)
Zn z=2 R

whereRmq = P (zm zg)?+ @, M is the number of the points amd is the value of
the wheighting function.

The current distribution along the dipole can be seen in Figure 6 at 1.8 GHz, at 1.2 GHz
and at 800 MHz. It has been computed by using the conjugate gradient method, which is
a built in function in the MATLAB software package. The input impedance, which will
be shown later, has been calculated, as well.

12 ‘
- 1800 MHz
— 1200 MHz
_ — 800 MHz
< 9l
E 9
[
<
2
£ 6
=
=
g
S 3F
@)
O L L L
-6 -3 0 3 6

Position [cm]
Figure 6: Current distribution along the surface of the antenna

2.2. Simulation by using the nite element method

To check the results provided by the Pocklington integral equation the problem has been
solved by using the nite element method [19, 2, 3, 16, 25, 31], as well. In the COMSOL
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Multiphysics softvare package [5, 6, 7] the Helmholtz equation, which has to be solved,
is already de ned.

rr E Kk?E=0: (27)

On the surface of the dipole and on the boundary the following boundary condition
has been used,

n E=0; (28)

wheren is the normal vectorl of the surface. Because of the simmetry of the geometry, the
antenna can be divided into two parts at the symmetry plane. In this case the symmetry
plane is set to ¢ boundary condition, thus it is enough to simulate the half of the geom-
etry. At the arti cal far boundary s the so called scattering boundary condition has been
used to eliminate the re ecting electromagnetic waves. By this condition the antenna can
be examined as in free space. The scattering boundary condition is the following [16, 5],

n [r H+jkgn H]=0: (29)

Front of the arti cal far boundary a perfectly matched layer (PML) has to be de ned,
which is responsible for the elimination of the scattered electromagnetic waves, as well
[6, 7]. To de ne the excitation a waveguide port has been used [17, 12], and to solve
the equation system the SPOOLES direct solver has been used []. The nite element
mesh of the geometry consists 47053 tetrahedral elements, it can be seen in Figure 7.
During the calculation the software provides a solution of an equation system wich has
53631 unknowns. The electromagnetic eld properties and the antenna parameters can be
calculated from the resulted potentials [19, 6, 7].

2.3. Examination of arbitrary shaped thin wire antennas

The behavior of arbitrary shaped thin wire antennas, which are in this case the Koch
curve based dipole antennas, have been examined by using the ATW EFIE (Arbitrary
Thin Wire's Electric Field Integral Equation) method. The basis equation, which is the
following, can be decuced from Maxwell's equation system [19, 16, 14, 2, 12],

Lnn Em=nm A0+ k—lzrr AQ) (30)
whereA is the magnetic vector potential ands the normal of the surface.

To de ne the excitation of an arbitrary shaped wire antenna a current vector must be
de ned, which is the function of the position relative to the wire,

I(r) = 1(Nt(r); (31)
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Figure 7: Finite element mesh of the geometry

wheret(r) is the tangential of the wire. The substitution of this expression to the (30)
results in, .

t(r) E'( = 1+ k—lzrr I (rMt(r) G(r,r") dr'; (32)
L

whereG is the Green function. This is the so called arbitrary this wire's electric eld
integral equation.

i
!

Then, let us approximate the current as a suiN afieighted vector basis functions,

X
I (rt(r") anf,(); (33)
n=1
wheref | is everywhere tangent to the wire. Substituting the above to the (30) yields,
i . 1 XL
i 0 E'(r) = 1+ el an . f () G(r,r)dr: (34)
' n=1 n

Testing the above by testing functiong ., r results in a linear system with the follow-
ing matrix elements,
z z L2 z #
Zmn = . frn (D . f,(r) G(r,r) drdr+ 2 . () rr . f () G((rrydr dr:
m n m (35)

n
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The excitation can be de ned by the elements of the following matrix:
. Z
b= - ;o) E @ (36)

m

Let us focus on the second part of (35),
z " z #
fn() 1r . () G(rr)dr dr; (37)

m n

which can be simpli ed by the reformulation of the differential operators, thus the above
results in,
z z "z #
fn() r S(dr= . fn( r . r O f(r)G(rr)dr dr: (38)

m m n

By applying the equivalendgr) r S(r) =r [f()S()] [r f(N]S(r),
Z z z
fn() r S()dr= . r[fnSm]dr . [r f,(N]S(dr: (39)

m m m

Using of the divergence theorem the rst term on the right-handside can be converted
to a surface integral,

ZZZ ZZ
r[f,(nSnldr= n [f,MS(r)]dr: (40)
v s

If the bounding surface is large enough they(r) vanishes, thus the above expression
goes to zero. The remained second part can be reformulated,
z z z
fn() r S(dr= . rof,@ . r 0 f(r) G(r,r) dr'dr: (41)

m m n

Substituting (41) to (35) yieds the following form for the EFIE matrix elements,
z z z z
Zmn = . fm (M) . fr(r)G(rr)drdr pel rfo,M . r O f(r') G(r,r') dr' dr:
m n m n (42)

To solve the above equation triangle basis functions have been applied. The illustration
of the basis function can be seen on Figure 8.
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a, f,(x)

alfi(,f)_/,—” -l

Figure 8: Triangle basis functions

By using triangle functions the wire can be divided iftosegments which length are
I, thusN 1 basis test function can be created.

Y4 Z Y4 4
1

Zon = f f (Dt f f,(19t(19G(r,r') di%l @ () f . (19G(r,r) di%l;

m n m n (43)
wheref ,, (1) andf, (19 are scalar triangle functions expressed in terms of parametrized
wire locationl, t(l) andt(l1% are the associated wire tangent vectors. The elements of the
matrix can be calculated by using Bh-point Gauss quadrature [12],

_ 1 XX 0 0 0 1 oy € KR
Zmn = o~ Wp(Ip)Wq(Ig)[f m (Ip)Fn (I)t(1p)  t(1g) ﬁfﬁn (Ip)fa (] R ;
Pq

p=1 g=1
0 (44)
whereRpq = * jr,  r'gj + @2. The excitation can be described by the following vector
elements [12], oz
bn = |J— . fm (K1) E'(1)dI: (45)

m

The above expressions can be solved by using MATLAB software environment or by
using the free 4ANEC2 software package [24]. To check the numerical results about the
Koch curve based dipole antennas, simulations have been done in the FEKO Lite environ-
ment [10], which also use the method of moment, and measurements have been prepared
in a full anechoic chamber.

3. Results and comparison

The zeroth iterational antenna, which is the dipole has been examined by using the Pock-
lington integral equation, the nite element method in the COMSOL Multiphysics en-
vironment, the ATW EFIE method and the FEKO Lite software package. With these
numerical techniques the input impedance has been calculated and the results have been
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compared. In Figure 9 the real part of the input impedance can be seen. It seems that
the outcome of the COMSOL Multiphysics software package differs a bit from the other
results at high and low frequencies, because in the nite element method boundary con-
ditions must be de ned at the arti cal far bundary, which can modify the antenna param-
eters. The curves calculated by using the method of moment are practically the same.

800 ‘
— Pocklington
——ATW EFIE )
600+ = ==COMSOL N
@ FEKO Lite !
(]
Q
g 4007
2
R 3
200n
\
\
A Y
M -~
0 ————— L '
200 800 1 400 2 000

Frequency [MHz]

Figure 9: Real part of the input impedance

The imaginary part of the input impedance can be seen in Figure 10, where a similar
difference can be observed.

To check the numerical results the measurement of the re ection coef cient has been
prepared in a full anechoic chamber and has been compared with outcome of the simu-
lations. The comparison of the re ection coef cients can be seen in Figure 11. It can
be observed that the results calculated by moment methods are practically the same as
the measured data. At higher frequencies a slight difference can be seen, because of the
installation capacitances in the measurement. The result of the nite element simulation
differs from the other curves in this case, as well. It can be stated that the integral equa-

tions provides more precise results than the nite element method in the case of simple
antennas.

From the zeroth to the fth iterational Koch curve based dipole antennas have been
simulated by the ATW EFIE method to examine the behavior of the impedance and the
resonance frequency. In Figure 12 the real part of the impedance can be seen after dif-
ferent number of iteration of the Koch curve. It can be observed that the peak value of

405



\ol. 4. No. 3. 2011

Acta Technica Jaurinensis

500
; ~
\
0 [ ‘\
—_ \
G, \
(]
Q
g —500
3]
S
e -=--COMSOL
—1000- = Pocklington
—— ATW EFIE
= ==FEKO Lite
—150 ; :
200 800 1 400 2 000

Figure 10: Imaginary part of the input impedance
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Figure 11: Re ection coef cient of the antenna
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the curve is increasing and the position of the peak is decreasing in the function of the
iteration number.

10° :
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Qf. !
/",
10l / == E
10° : :
200 800 1 400 2 000

Frequency [MHz]
Figure 12: Real part of the impedance

A similar tendency can be seen in Figure 13 where the imaginary part of the input
impedances are presented. The peak values are increasing and the frequency of the peak
is decreasing in the function of the iteration number.

The re ection coef cient can be seen in Figure 14 where the changing of the resonance
frequency caused by the iteration number has been examined. It seems that the resonance
frequency of the antenna is increasing when more iteration is applied on the Koch curve.
The resonance frequency of the fth iterational dipole is about 550 MHz which is equiva-
lent with the resonance frequency of a 27 cm long standard dipole antenna. In this context,
after ve iteration the size of the Koch curve based dipole antenna is less than the half of a
standard dipole antenna. It is important to note that the re ection coef cient is calculated
with 50 load impedance, in which case the best math is achieved by the third iterational
Koch curve based antena. Nevertheless, in several cases, for example in RFID systems
[8], complex impedace of antennas have to be produced for the perfect matching. The
impedance of Koch curve based dipole antennas can be modi ed by the iteration number,
by the length and by the angle between the components of the Koch curve, thus a required
complex impedance can be achieved.

In Figure 15 the comparison of measured and simulated re ection coef cients can be
seen in the case of the standard dipole, the rst and the second iterational Koch curve
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Figure 13: Imaginary part of the impedance
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Figure 14: Re ection coef cients of the dipoles
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based dipole antenna. The simulations have been prepared by using the FEKO Lite soft-
ware and the ATW EFIE method. It is observable that in the case of the dipole (KO) the
simulated and the measured results are practically the same, the difference at higher fre-
guencies is caused by the installation capacitance. The measurement of the rst and the
second iterational antennas shows a slightly different results, because in the practice the
the copper wire can only bend with a small radius, which causes a small modi cation in
the geometry. Even so, the measured and the simulated data are almost the same.

Figure 15: Comparison of measurements and simulations

4. Conclusion

Koch curve based dipole antennas have been simulated by methods of integral equations
and the nite element method. The ATW EFIE method and the Pocklingon integral equa-
tion have been deduced and implemented in MATLAB environment, and a nite element
model has been built up in COMSOL Multiphysics software package to prepare the sim-
ulations. Prototype antennas have been made and have been measured in a full anechoic
chamber, then the simulated and the measured results have been compared. The input
inpedance, the re ection coef cients and the changing of the resonance frequency have
been examined in the function of the interation numbers of the Koch curve. The exami-
nations showed that the size of dipole antennas can be signi cantly reduced by applying
of the fractal geometry. For examlple a th iterational Koch curve based dipole antenna is
less than the half of a standard dipole antenna. By the modi cation of the iteration num-
ber, the length and the angle between the components of the Koch curve the impedance
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of the antenna can be set. After all, it has been presented that Koch curve based dipoles
are good option despite of standard dipole antennas, because of their good size reduction
and impedance matching opportunity.

5. Acknowledgement

This paper was supported byé&:henyi Istén University (15-3210-02), by the EPCOS
AG and the Hungarian Scienti c Research Fund (OTKA PD 73242).

References
[1] Barnsley, M.:Fractals EverywhergAcademic Press, 1988.

[2] Bro, O., Richter, K. R.: CAD in electromagnetism.Series Advances in Electron-
ics and Electron Physic®\cademic Press, New York, 1991.

[3] Bojtar, I., Gaspar, Zs.: Finite Element Method for EngineerSERC, Budapest,
2003.

[4] Cohen, N.: Fractals' new era in military antenna desigefense Electroni¢2005.
[5] www.comsol.com

[6] COMSOL,COMSOL ManuglCOMSOL AB, 2007.

[7] COMSOL,COMSOL Multiphysics User's Guid€OMSOL AB, 2007.

[8] Csurgai, P., Kuczmann, M.: Advanced Sensitivity Measurement of Low Frequency
RFID Transponder Coildicta Technica Jaurinesi¥ol. 3., No. 1., 2010.

[9] Farzan, R. H.: On Equivalence of an Integral Equation to Boundary Value Problems
for the Maxwell EquationsActa Technica Jaurinesiyol. 1., No. 1., 2008.

[10] www.feko.info
[11] Felber, P.Fractal Antennaslllinois Institute of Technology, 2008.

[12] Gibson, W. C..The Method of Moments in Electromagnetic®C Press, New York,
2008.

[13] Harrington, R. F.Time Harmonic Electromagnetic FielddicGraw-Hill, New York,
1961.

[14] Jackson, J. D Classical ElectrodynamicViley, New York, 1962.

410



Acta Technica Jaurinensis Vol. 4. No. 3. 2011

[15] Jibrael, F. J.: Miniature Dipole Antenna Based on the Fractal Square Koch Curve,
European Journal of Scienti ¢ Researcbl. 21, No.4, 2008, pp. 700-706.

[16] Jin, J. M.:The Finite Element Method in Electromagnetidéley, New York, 2002.

[17] Jin, J. M., Riley, D. J.Finite Element Analysis of Antennas and Arraiisley, 2009.

[18] Koch, N. F. H.: Sur une courbe continue sans tangente, obtenue par une construc-
tion géonetriqueélementaireArchiv fur Matematik Astronom och Fysik, Uppsala,
1904.

[19] Kuczmann, M., hanyi, A.: The Finite Element Method in Magnetigskademiai
Kiado, Budapest, 2008.

[20] Kuczmann, M.: Finite Element Modeling of Antenna FeediAgta Technica Jau-
rinesis Vol. 3., No. 1., 2010.

[21] Mandelbrot, B. B.:The Fractal Geometry of Natur®V.H. Freeman and Company,
New York, 1982.

[22] www.mathworks.com

[23] McDonald, K. T.: Small Fractal Antennadpseph Henry Laboratorie$rinceton
University, Princeton, 2003.

[24] www.nec2.org

[25] Pepper, D. W., Heinrich, J. C.The Finite Element Methodraylor and Francis
Group, New York, 2006.

[26] Rumsey, V. H.Frequency Independent AntenpAsademic Pres, New York, 1966.
[27] Sierpnski, W.: General TopologyUniversity of Toronto Press, 1952.
[28] Stuczman, W. L.Antenna theory and desigWiley, New York, 1981.

[29] Yee, K.: Numerical solution of initial boundary value problems involving Maxwell's
equations in isotropic medi(EEE Transactions on Antennas and Propagatidol.
14, No. 3, 1966, pp. 302-307.

[30] Zainud-Deen, S. H., Malhat, H. A., Awadalla, K. H.: Fractal Antenna for Passive
UHF RFID ApplicationsProgress In Electromagnetics ResearchvBl. 16, 2009,
pp. 209-228.

[31] Zimmerman, W. B. J.Multiphysics Modelling with Finite Element Methdd/orld
Scienti ¢ Publishing Co., 2006.

411



