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Human exposure to extremely low frequency magnetic field represents a risk to their health. This paper takes into consideration the level
of an extremely low-frequency magnetic field between 30 and 300 Hz emitted by an AC laptop adapter. The experiment consists of testing
17 different AC adapters for laptops. During the testing, laptops are operated in a normal operating conditions as well as under heavy load.
The magnetic field measurement is conducted in the area around the AC adapter. Obtained data is evaluated according to the critical level
of the magnetic field proposed by safety standards. Furthermore, data is classified by a K-medians method in order to determine the critical
levels of the magnetic field exposure in the nearby area of the AC adapter. Obtained classifications are evaluated according to safety
standards, giving a critical analysis of magnetic field areas at risk. Due to emission of a very strong magnetic field in certain areas, a

recommendation for safety use of the AC adapter is proposed.
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1. INTRODUCTION

Magnetic fields can be generated by natural or man-made
sources, which are typically a product of civilization [1].
These magnetic fields can be divided according to their
characteristics. The naturally produced magnetic field,
which is generated by the Earth, is characterized as a static
one. On the contrary, the man-made sources determine a
magnetic field with high peaks at different frequencies. It is
especially noticeable for extremely low frequency (ELF)
range, which is frequently encountered from electrical
appliances. This frequency range is between 30 and 300 Hz
[2]. Research has proven that an ELF magnetic field has
certain negative impact on animals [3]. As a consequence, it
can represent a potential hazard to human health.

Human exposure to the ELF magnetic field might cause
some negative effects to their health [4]. Researchers have
come to the conclusion that ELF magnetic fields can
increase the risks of such illnesses as leukemia [5], brain
cancer [6], amyotrophic lateral sclerosis [7] and Alzheimer’s
disease [8]. Furthermore, exposure to ELF magnetic field
can have a negative influence on pregnant women, human
fetus and small children [9], [10].

The reference level of the magnetic field exposure
represents the critical level of the magnetic field emission
above which the neighborhood of the emitter is unsafe for
humans. The TCO (Tjansteménnens Centralorganisation)
standard has proposed a reference level of 0.2 uT in the
frequency range up to 2 kHz [11]. In contrast, ICNIRP
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(International Commission on Non-lonizing Radiation
Protection) has suggested a more relaxed level of 0.2 mT
between 50 and 400 Hz [12]. In many other studies the
reference level has been selected between 0.2 uT and 0.4 uT
[9], [10], [13]. However, a problem still exists for a tested
object that emits an ELF magnetic field close to the points
where the magnetic field needs to be measured.

Today, laptops are the most widely used types of
computers. This is so because of their portability. They
represent not only a portable version of the desktop
computer, but also a computer-based office on the road.
New technologies used for their manufacturing contribute to
making them more and more powerful and lighter as well.
Furthermore, they are manufactured according to proposed
standards like TCO for safe use and with materials that are
almost 100 % recyclable [11]. Although they are
ecologically friendly, there still exists the problem of their
safe use.

Essentially, the problem is linked to the use of electric
power which generates an electric and magnetic field. The
electric field can be more easily contained by an appropriate
shielding than the magnetic field [14]. The magnetic field
can be differentiated by its frequency. Different parts of
laptops can generate electric and magnetic fields of different
frequency. In this way, Wi-Fi, 3G/4G elements produce a
very high frequency electromagnetic field, in the range
between 2.4 GHz and 6 GHz for Wi-Fi, between 450 MHz
and 2 GHz for 3G, and between 2.3 GHz and 5.8 GHz for
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4G [15]. In contrast, other parts of laptops like the Central
Processing Unit (CPU), Hard Disk (HD) or Solid State Disk
(SSD) and memory produce an extremely low frequency
magnetic field, below the range of kHz. This part of the
magnetic field is extremely dangerous due to its high level
emission. Still, there is an additional element which is
prerequisite for any laptop. It is an Alternating to Direct
Current (AC/DC) adapter commonly called AC adapter.

The AC adapter represents an electronic device that
supplies the laptop with electrical current and charges its
battery. Hence, it should be technologically different from
the typical computer supply because of its additional role of
charging the laptop battery. Also, it should be compact, light
and small in order to be the right companion for the laptop
in its portability. It consists of a central unit which draws
power from an outlet. Furthermore, the unit supplies the
current to the laptop through the cord plugged into it.

An AC adapter is classified according to its power rating.
It is measured in amperes, volts and/or watts. Typically, it is
supplied with AC current at a voltage of 110 or 220 V.
Furthermore, an AC adapter creates an output with
designated level of current, voltage and power specifically
accustomed to each laptop. Today laptops typically use AC
adapters that can supply from 30 to 125 W.

In this paper, our attention is directed at the level of the
magnetic field emission produced by the AC adapter in an
extremely low frequency range. It is a very important topic
to investigate because the AC adapter is an unavoidable
addition to any laptop. The correct use of the AC adapter is
of great importance to any laptop user. In this sense, we
have tried to measure the magnetic field produced by AC
adapters and further classify it into ranges of different
dangerousness to laptop users. It has been established by K-
medians clustering according to the safe level limits
proposed by different standards and in literature. In the end,
we propose some precautions to safely use the AC adapter
in the correct way. To the best of our knowledge, we are the
first to investigate on this topic and to propose an automatic
tool for measuring and classifying the magnetic field
emissions of an AC adapter.

This paper is organized as follows. Section 2 gives a brief
description of measuring devices. Section 3 describes the
elements of the experiment. Section4 presents the
measurement results. Section 5 classifies the obtained
results by K-medians clustering method and discusses the
results. Section 6 draws a conclusion.

2. MATERIALS AND METHODS
A. Magnetic field

Around the emitter, like a laptop or an AC adapter, users
are exposed to the emitted magnetic field. The measurement
of the magnetic flux density B representing a vector can be
split into 3 independent scalar fragments orthogonal to each
other, i.e. By, By and B; in the direction of the axes x, y and z.

B(r,t)=B,(t)-x+B,(t)-y+B,(t)-z, 1)

where t is the time, and r is the position vector. This vector
can be split into 3 independent vectors X, y and z. At a given
time point, eq. (1) becomes:

B(r)=B,-x+B,-y+B,-x. 2)

Measuring devices measure the scalar components of the
magnetic flux density B, i.e. By, By and B;, and its root mean
square (RMS) B equal to:

B=,B’+B +B]. 3)

In the case of magnetic field at multiple frequencies, the
total magnetic flux density By is defined as:

(4)

where B; is the RMS of the magnetic flux density at
frequency i, and n is the total number of frequencies.

B. Measuring devices

We performed the ELF magnetic field measurement by
measuring device Lutron EMF-828 with separate probe
[16]. The device measures the magnetic flux density from
0.01 uT to 2 mT in the frequency range from 30 to 300 Hz.
It can be used for three measurement extents: 20 uT, 0.2 mT
and 2 mT. The precision of the measurement is in the order
of 0.01 uT.

The ELF magnetic field is also tested with the measuring
device Aaronia Spectran NF-5035 [17], which has a
frequency range from 1Hz to 1 MHz. This measurement
confirms the results obtained from Lutron EMF-828. Fig.1.
shows the measuring devices Aaronia Spectran NF-5035
and Lutron EMF-828.

Fig.1. The ELF measuring devices: a) Lutron EMF-828, and
b) Aaronia Spectran NF-5035.

3. EXPERIMENT

The experiment was conducted on 17 different laptop AC
adapters. We proposed 6 measurement positions at which an
ELF magnetic field was measured. They were at the top and
at the bottom of the AC adapter and 30 cm away from these
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positions in four directions which were under 90° to each
other. Fig.2. shows the measurement positions.

Furthermore, we tested the AC adapter work in two
different operating conditions:

1. Under normal operating conditions, which includes
working with office applications, web browsing, etc. All 17
laptops can work in normal operating conditions. Hence, the
results from all 17 laptop AC adapters were obtained.

2. Under stress operating condition, using Futuremark
3DMARK Vantage [18] testing program for graphics
intensive applications in ref. [19]. Only 9 out of 17 laptops
are able to run 3DMARK Vantage. Hence, the results have
been obtained for the first 9 out of 17 AC adapters.
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/
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Fig.2. Measurement positions of the AC adapter: a) Top position,
b) Bottom position, ¢) Away positions.

4, MEASURING RESULTS

It can be noticed that the level of the measured magnetic
field, which is 30 cm away from the top or bottom positions,
is around 0.01uT. This means that it represents a
background magnetic field. Hence, it may be considered as
negligible. The results of the measured ELF magnetic field
at the top and bottom of the AC adapter in a normal
operating condition for all 17 laptops are given in Table 1.

Table 1. includes the following measures: (i) Average, (ii)
Difference and (iii) A defined as:

Average = EMF (top) + EMF(bottom) , (5)
Difference = |[EMF (top) - EMF (bottom)| , (6)

A = Difference | EMF(top). ()

The magnetic field measured at the top of AC adapters has
a minimum value of 0.03 uT, while the maximum value
reaches 11.17 uT. Similarly, at the bottom of an AC adapter
the obtained minimum value of the measured magnetic field
is 0.02 uT, while the maximum has a value of 19.75 uT. If
we look carefully at the data, only one AC adapter emits a
magnetic field value which is in the safe region.

Table 1. Measured ELF magnetic field at the top and bottom
positions of the AC adapters for laptops running in normal
conditions.

Laptop | Top | Bottom | Average | Difference A

No. [MT] | [pT] [LT] [LT] [%]
L1 1.17 0.82 0.99 0.35 30.03
L2 1.76 19.75 | 10.76 17.99 |1019.85
L3 0.56 1.84 1.20 1.28 229.81
L4 10.10 | 11.77 | 10.93 1.66 16.48
L5 2.62 4.71 3.67 2.09 79.50
L6 2.93 4.94 3.94 2.01 68.39
L7 4.39 5.40 4.90 1.01 22.90
L8 1.11 3.88 2.50 2.77 249.67
L9 6.29 1.17 3.73 5.12 81.42
L10 2.26 0.65 1.45 1.60 71.05
L11 0.57 2.03 1.30 1.46 257.30
L12 0.51 5.72 3.12 5.21 1020.46
L13 0.49 6.45 3.47 5.96 1210.39
L14 11.17 7.20 9.19 3.97 35.54
L15 2.26 0.65 1.45 1.60 71.05
L16 1.79 3.71 2.75 1.92 106.95
L17 0.03 0.02 0.03 0.01 18.33

Furthermore, if we average the top and bottom magnetic
field values, we can get a more uniform result: 2.94 uT at
the top and 4.75uT at the bottom of the AC adapter.
Obviously, an AC adapter is designed mainly to emit a
lower magnetic field at the top, which means that the
position of the AC adapter matters. This is mainly because
the circuitry where current flows and where inner
components are located is positioned at the bottom of the
device. Later, the inclusion of an absolute difference
between the top and bottom magnetic field measured value
brings new information to be discussed later. The absolute
differences are in a range between 0.01 pT and 17.99 puT. It
can be noticed that AC adapters emitting higher peaks at any
position (top or bottom), typically have a much lower
magnetic field emission in the opposite position. This
creates extremely high values of differences, which again
confirms that the AC adapter is designed to have one "right"
position. Obviously, the other position can be considered as
a "wrong" position. For this reason, it is convenient to put
the "wrong" position of the device on the table, and the
"right™ position in front of the user. Accordingly, when the
device is hanging freely, it is suitable to position its "right"
side in front of the user. It is a very important conclusion for
the laptop user on how to properly position the AC adapter.
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As a confirmation of the previous discussion, we can
compute the measure A given in % which defines the
relative deviation of the measured magnetic field values at
the top and at the bottom of the AC adapter. The obtained
values are between 16.48 % and 1210.39 %. As a final
conclusion, which can be drawn from the results presented
in Table 1., it is clear that in spite of differences between
AC adapters the level of the measured magnetic field is
lower at the top than at the bottom.

Table 2. shows the results of the measured ELF magnetic
field at the top and bottom of the AC adapter for the first 9
laptops that operate under stress condition. In this case, only
the first 9 out of 17 laptops have passed the test of
Futuremark 3DMARK Vantage [18].

Table 2. Measured ELF magnetic field at the top and bottom
positions of the AC adapters for laptops running under stress
conditions.

Laptop | Top | Bottom | Average | Difference A
No. [LT] [LT] [LT] [LT] [%]
L1 5.57 3.77 4.67 1.80 32.33
L2 2.79 20.95 | 11.87 18.15 649.37
L3 1.28 5.09 3.18 3.81 298.60
L4 12.52 5.44 8.98 7.08 56.52
L5 1.33 1.71 1.52 0.38 28.21
L6 1.09 13.98 7.54 12.89 |1178.94
L7 3.76 12.47 8.12 8.71 231.36
L8 2.15 5.32 3.73 3.17 147.49
L9 18.80 7.20 13.00 11.60 61.71

Hence, valid results are obtained for AC adapters of the
first 9 laptops. The obtained magnetic field values at the top
of AC adapters are between 1.09 uT and 18.80 uT. Also, the
measured magnetic field values at the bottom of AC
adapters are from 1.7108 to 20.9508 uT. These magnetic
field values are higher than those previously obtained in
normal operating conditions. Hence, stress condition by
intensive graphic programs contributes to higher levels of
magnetic field emission. Furthermore, if we average the
results of the measured magnetic field obtained from the top
and bottom of AC adapters, then their minimum is 1.52 uT,
while their maximum is 13.00 pT. Again, the level of the
emitted magnetic field is increased by a margin of at least
20 %. Furthermore, the absolute difference receives similar
values, i.e. from 0.38 uT to 18.15uT. Hence, we can
conclude that the modality of an operating AC adapter is
similar to normal operating conditions leading to a similar
efficiency. This point is confirmed by the value of the A
measure which is between 28.21 and 1178.94 %. However,
in spite of similar efficiency, the AC adapter is under higher
power consumption when the laptop operates under stress
conditions. Essentially, it dissipates power, achieving the
highest level of magnetic field emission in its neighborhood.
This can be seen in terms of higher power dissipation.

5. CLASSIFICATION

From the laptop user point of view, the most important
questions are: (i) What is the level of emitted ELF magnetic

field around an AC adapter? (ii) What is the correct way of
using the AC adapter? (iii) What is a safe distance from the
AC adapter? and (iv) What can be used to minimize safety
risks?

To answer all these questions, we can compare the results
obtained from measurements of the ELF magnetic field
around an AC adapter and use a clustering tool to establish
the safety and/or danger zones in order to correctly use the
AC adapter.

Each measuring position (top or bottom) of the AC adapter
is represented by a one-dimensional feature, which is the
measured magnetic field at that position. Consequently, we
realize 4 different datasets. The first one (named as top
normal) and second one (named as bottom normal) contain
the 17 features respectively from the top and bottom part of
the AC adapters in normal operating conditions. The third
one (named as top stress) and the fourth one (named as
bottom stress) include 9 features respectively from the top
and bottom part of the AC adapters under stress operating
conditions. Each dataset is subjected to a K-medians
clustering method to detect magnetic field ranges
corresponding to different levels of magnetic fields emitted
from AC adapters.

A. The method

K-medians is a center-based clustering method [20]
producing compact clusters and quite robust to outliers. We
adopted K-medians because it is particularly apt to deal with
one-dimensional measured data [21], [22], [23].
Furthermore, a test has been conducted concerning the
application of different clustering and discretization
algorithms on magnetic field values emitted from an AC
adapter. Tests revealed that K-medians produces the best
results in terms of ranges below and above the safety limit
of 0.2 uT. The number K of output clusters is an input
parameter. K-medians considers each cluster represented by
its centroid, which is the median value of data inside that
cluster. The algorithm consists of a few easy steps: (i)
centroids initialization, (ii) data assignment to centroids, and
(iii) centroids re-computation. In the first step, K centroids
are selected to create initial clusters. This is a critical step,
because the selection of initial centroids can influence the
final solution. In the second step, each data is assigned to
that centroid having the smallest Ly norm from it. Finally,
centroids are computed again for each cluster as the median
value of data inside that cluster. Steps (ii) and (iii) are
repeated multiple times and centroids change their position,
until no movements are performed and centroids become
stable. K-medians algorithm aims to minimize the following
function:

n

1= 330 —c,

j=1i=1

where |9 - ¢j|| is the Ly norm between the measured value
x0 in cluster j and the centroid c;in cluster j.
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B. Results and discussion

Looking at measured values at the top part in Table 1., we
notice that only one value, i.e from Laptop 17, is 0.03 uT, is
below the reference limit of 0.2 uT. Similarly, at the bottom
parts in Table 1., we have only one value below 0.2 uT, i.e.
from Laptop 17, which is 0.02 uT. Furthermore, observing
the general distribution of top and bottom measured values
in normal operating conditions in Table 1., we notice that 4
magnetic field ranges are received. Then, we confirm the
optimal K value equal to 4 by experimental evaluation,
performed on top normal and bottom normal datasets. In
particular, we run K-medians algorithm on the two datasets
at different values of a K parameter, from 2 to 5. In this
way, we found that the K value determining the best result
on both the datasets is 4, because only in this case the low
values of 0.03 uT and 0.02 uT are correctly isolated from
the other values in both datasets, according to the TCO
reference limit of 0.2 uT. Our aim is to correctly separate
safe from unsafe measured values (lower and higher than
0.2 uT), we set the K value of K-medians algorithm to 4, in
order to receive: (i) low, (ii) middle, (iii) high, and (iv) very
high ranges. Association between classifications (low,
middle, high and very high) and ranges is performed by
considering the maximum and minimum measured values
inside each range. Furthermore, the same K value is adopted
on top and bottom stress datasets.

The clustering algorithm has been implemented in Matlab
R2015a. Clustering experimentation was performed on a
laptop computer with Quad-core CPU 2.2 GHz, 16 GB
RAM and UNIX operating system. Because K-medians
initialization influences the final solution, for each dataset,
the algorithm has been run 50 times, each time with a new
set of initial centroids. A clustering solution determining the
lowest value of J function is given as output of the
procedure. Application of K-medians algorithm on the top
and bottom normal datasets generates the magnetic field
ranges reported in Table 3.

It is clearly visible that algorithm determines well-
separated ranges from both top and bottom parts of an AC
adapter in normal operating conditions. It is also observable
that middle and high ranges exhibit minimum and maximum
values which are much higher than values of the same
ranges obtained from laptop measurement [24], [25], [26].
This is a typical condition of AC adapters and depends on
the different architecture of the electrical device. Top and
bottom parts emit at a very similar low range, with
maximum values of 0.03 uT and 0.02 uT respectively,
perfectly discriminated from the algorithm, according to the
safety reference limit. On the contrary, the bottom part
exhibits different ranges of higher value than the top part. In
fact, the top part reaches a middle range with the highest
peak of 1.17 uT, while the bottom part emits at a middle
range with the highest peak of 2.03 uT. Again, the top part
emits at high range with a minimum of 1.79 uT, differently
from the bottom part having a minimum of 3.71 uT. Also,
the top part has the highest peak of 4.40 uT, while the
bottom part reaches 11.77 uT. Finally, a strong difference
appears in a very high range, in which the top part reaches
the maximum value of 11.18 uT while the bottom part
reaches the minimum value of 19 puT.

Table 4. shows the magnetic field ranges obtained from a
K-medians algorithm on top and bottom stress datasets.
Under stress operating conditions, the bottom part of AC
adapter emits a stronger magnetic field level than the top
part. In fact, the top part reaches the highest peak in the
middle range at 2.15 pT, while the bottom part reaches the
highest peak at 7.20 pT. The difference is noticeable for
high range, in which the top part exhibits a value between
2.79 uT and 5.57 uT, while the bottom part between 12 pT
and 14 uT. Finally, the top part emits at a very high range
with a maximum value of 18.80 uT, while the bottom part
has a minimum value of 20 uT in the very high range.

Table 3. Magnetic field ranges emitted at top and bottom positions
of the AC adapters for laptops running in normal operating
conditions.

Top Normal Bottom Normal
Magnetic min-max Magnetic min-max
field ranges | values (uT) | field ranges | values (uT)

low 0.00-0.03 low 0.00 - 0.02

middle 0.49-1.17 middle 0.65-2.03

high 1.79-4.40 high 3.71-1177
very high | 6.29-11.18 | very high > 19.00

Table 4. Magnetic field ranges emitted at top and bottom positions
of the AC adapters for laptops running under stress operating
conditions.

Top Stress Bottom Stress
Magnetic min-max Magnetic min-max
field ranges | values (uT) | field ranges | values (uT)
middle 1.09-2.15 middle 1.71-7.20
high 2.79-5.57 high 12.00 — 14.00
very high |12.52-18.80| very high > 20.00

Again, looking at Table 3. and Table 4., a comparison is
performed between ranges in normal operating conditions
and under stress. In particular, we can observe that the top
part of an AC adapter emits at higher magnetic field levels
when it operates under stress conditions rather than in
normal conditions. It is confirmed from the highest peak of
the middle range, which is 1.17 uT in normal conditions and
2.15uT under stress conditions. Also, minimum and
maximum of high range reach values of 2.79 uT and
5.57 uT respectively under stress conditions, while in
normal conditions they are lower and respectively of
1.79 uT and 4.40 uT. The difference is noticeable in the
very high range, having a value of 6.29 uT - 11.18 uT in
normal conditions, and a much higher value of 12.52 uT -
18.80 puT under stress conditions.

A similar consideration can be observed for the bottom
part of the AC adapter. In fact, the highest peak of the
middle range is 2.03 uT in normal conditions, differently
from the value of 7.20 uT under stress conditions. It is also
visible in high range, with a peak of 11.77 uT in normal
conditions, and of 14 uT under stress conditions. Finally,
very high range includes values higher than 19 pT in normal
conditions, and values higher than 20 pT under stress
conditions.
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An important conclusion of this analysis is that the bottom
part of the AC adapter emits at stronger magnetic field
levels than its top part. Again, the ranges of the magnetic
field of an AC adapter are higher when the laptop is
operating under stress conditions than when it runs in
normal operating conditions. Finally, the most unsafe
conditions for a laptop user are when the laptop is operating
under stress conditions and the bottom part of the AC
adapter is in direct or close contact with the user.

An analysis of the ranges is very important, but not
sufficient to assess the emission degree of AC adapters. To
clearly understand other critical aspects, it is essential to
know the distribution of top/bottom parts of AC adapters
emitting in each range.

Fig.3. shows the composition of the magnetic field ranges
obtained on top normal dataset.

Magnetic field ranges at top part of AC adapter in normal operating condition
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Fig.3. Clustering results corresponding to the magnetic field
ranges emitted at the top part of AC adapters when laptops operate
in normal conditions. Vertical bars represent the 17 laptops
(L1,...,L17) with the top measured value.

We observe that only one AC adapter is included inside
the low magnetic field range (Laptop 17), while all other AC
adapters are included inside the middle, high and very high
ranges. In particular, around 40 % of the top parts of AC
adapters emit at high range, while around 35 % of them emit
at middle range, which is above the reference limit of
0.2 uT, and around 18 % of them emit at very high range.

Fig.4. illustrates the composition of magnetic field ranges
obtained on the bottom normal dataset. Also in this case,
only one AC adapter is included in low range (Laptop 17).
However, we observe that around 53 % of the bottom parts
of AC adapters emit at high range, around 35 % of them
emit at middle range, and one bottom part of an AC adapter
emits at very high range (Laptop 2). Consequently, also in
this case, around 94 % of the bottom parts of AC adapters
emit at ranges above the safety reference limit of 0.2 uT.

Fig.5. depicts the composition of magnetic field ranges
obtained on top stress dataset. In this case, low range is
empty and consequently not reported. Also, around 55 % of
the top parts of AC adapters emit at high and very high
ranges and around 45 % of the top parts of AC adapters emit
in the middle range. This indicates that 10 % more of the top
parts of AC adapters emit at a strong magnetic field range
wrt the normal operating condition.

Finally, Fig.6. reports the composition of magnetic field
ranges obtained on bottom stress dataset. Also in this case,

low range is not reported because no AC adapters emit in
low range. Although around 67 % of laptop AC adapters are
included inside middle range, the inner magnetic field
values are very high and far above the limit of 0.2 uT.
Again, around 30 % of AC adapters emit in high and very
high ranges.

This analysis reveals that a large percentage of laptop AC
adapters measured on their top and bottom parts emit at
middle, high and very high magnetic field levels, and that
very few of them emit at low level. Furthermore, middle,
high and very high ranges outweigh the reference safety
limit of 0.2 pT. Hence, users should possibly be cautious in
managing the AC adapter of laptops. In particular, a safety
distance of 30 cm from the center point of an AC adapter
should be observed when users operate with a laptop.

Magnetic field ranges at bottom part of AC adapter in nomal operating condition
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Fig.4. Clustering results corresponding to the magnetic field
ranges emitted at the bottom part of AC adapters when laptops
operate in normal conditions. Vertical bars represent the 17 laptops
(L1,...,L17) with the bottom measured value.

Magnetic field ranges at top part of AC adapter under stress operating condition
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Fig.5. Clustering results corresponding to the magnetic field
ranges emitted at the top part of AC adapters when laptops operate
under stress conditions. Vertical bars represent the first 9 laptops
(L1,...,L.9) with the top measured value.

Also, because one of the two parts of AC adapter emits at
a higher level of magnetic field (bottom part) than the other
part (top part), it is recommended for the users to be in
direct contact only with the top part of the AC adapter, when
he/she touches it with feet, hands, fingers or other parts of
the body. Again, when a laptop operates under stress
conditions, that is when a laptop is overloaded with heavy
programs, users should avoid contact with the AC adapter of
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the laptop. In fact, we have demonstrated that under stress
conditions of the laptop, its AC adapter emits magnetic field
levels whose prolonged exposition could put at risk human
health. Therefore, it is recommended for laptop users to
observe these easy safety rules for AC adapters. But, more
importantly, it is a suggestion also for laptop manufacturers,
who are invited to produce low emission AC adapters as
well as checking that the top side of the AC adapter always
emits a lower level of ELF magnetic field than bottom side.
In this sense, manufacturers should create AC adapters with
smaller ELF magnetic field emission at their top.
Essentially, the solution (in some cases) can be very easy,
i.e. changing only the position of the top and bottom plastic
elements. In this way, the changing of the AC adapter sides
(top to bottom) will enable lower emission of the ELF
magnetic field produced by the AC adapter.

Magnetic field ranges at bottom part of AC adapter under stress operating condition

| [@miadie
. [Enigh
@very high

19.711¢
7.1
15.711¢
13.71r

M7
971
171
ENA
3.7

1.1

Magnetic field radiation B (uT)

L1 L2 L3 L4 L5 L6 L7 L8 L9
Laptops

Fig.6. Clustering results corresponding to the magnetic field
ranges emitted at the bottom part of AC adapters when laptops
operate under stress conditions. Vertical bars represent the first 9
laptops (L1,...,L9) with the bottom measured value.

6. CONCLUSION

This paper has addressed the problems related to the ELF
magnetic field emitted from the AC adapter, which is an
infallible companion to the laptop. The measurement of the
ELF magnetic field was performed by Lutron EMF-828 and
AARONIA NF-5035 devices. The measured results showed
a high emission rate of the magnetic field in the area around
the AC adapter. To clearly evaluate the results, data has
been clustered by a K-medians algorithm in order to
differentiate magnetic field levels determining a risk to
laptop users. Classification shows that almost all AC
adapters emitted a very strong magnetic field. Hence, AC
adapters should be used with caution. To employ them
safely, we propose putting the AC adapters at least 30 cm
away from any part of the human body.

APPENDIX
A. TCO standard excerpt

TCO’05 proposed a measurement methodology of
magnetic field RMS value in two frequency ranges: (i) band
1 with a frequency range between 50 Hz and 2 kHz, and (ii)
band Il with a frequency range between 2 kHz and 400 kHz
[11]. TCO measuring geometry includes measurement
positions, which are 30 cm away from the emitter of the low

frequency magnetic field. Typically, emitters represent the
portable computers like a laptop or tablet. Furthermore,
proposed measurement geometry has a universal approach.
Hence, it can be used also for magnetic field emitters such
as AC adapters. Unfortunately, the body position of the
portable computer user may be closer than proposed
measurement positions. Hence, investigation of an
extremely low frequency magnetic field value at a smaller
distance or in its center is mandatory from the users' point of
view. The measuring positions proposed by the TCO
standard for the objects emitting the magnetic field are given
in Fig.7.

P&
30 cm

P5

Fig.7. Measuring positions proposed by TCO standard for the
objects that emit a magnetic field (P1, ..., P6).

B. Tested AC adapter characteristics

Table 5. shows the characteristics of the tested AC
adapters, which include output voltage, output current and
nominal power consumption.

Table 5. AC adapter characteristics.

Laptop | Voltage [V] | Current [A] | Power [W]
L1 19 6.32 125
L2 19 4.74 90
L3 19 3.95 75
L4 19 3.42 65
L5 19.5 4.62 90
L6 19 2.1 40
L7 19.5 4.62 90
L8 19.5 4.62 90
L9 19 2.37 45
L10 19 3.95 75
L11 19.5 4.62 90
L12 19 4.74 90
L13 19 4.74 90
L14 19 4.22 80
L15 15 5 75
L16 16.5 3.65 60
L17 19 2.37 45
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To determine the mass-moment-of-inertia properties of devices under test with particularly small mass moments of inertia (some 10~* kgm?),
two measurement set-ups based on different measurement principles were developed. One set-up is based on a physical pendulum, the second
set-up incorporates a torsion pendulum. Both measurement set-ups and their measurement principles are described in detail, including the
the chosen data acquisition and analysis. Measurement uncertainty estimations according to the Guide to the Expression of Uncertainty in
Measurement (GUM) were carried out for both set-ups by applying Monte Carlo simulations. Both set-ups were compared using the same
three devices under test. For each measurement result, the measurement uncertainties were estimated. The measurement results are compared
in terms of consistency and the resulting measurement uncertainties. For the given devices under test, the torsion pendulum set-up gave results
with smaller measurement uncertainties compared to the set-up incorporating a physical pendulum.

Keywords: Torsional pendulum, calibration, measurement uncertainty evaluation.

1. INTRODUCTION

Determining the mass moment of inertia (MMOI) precisely
can be important in many applications. For simpler mechani-
cal designs, a calculation based on technical drawings might
be sufficient. A measurement is required in the case of a
complex design, various materials or if assigned measurement
uncertainties are needed.

1.1.  Measurement principles and realised set-ups

The experimental determination of the mass moment of inertia
based on pendulums is a well-tried method. It is based on
the measurement of the pendulum swing frequency, which is
dependent on the mass moment of inertia of the device under
test (DUT). Approaches based on torsional oscillations feature
linear equations of motion and can be implemented as torsion
pendulums or filar pendulums [1]. Bi-filar to multi-filar pen-
dulum approaches have been used from the 1930s [2, 3] up to
now [4] for the measurement of the mass moment of inertia, es-
pecially for heavy objects. The advantage of these approaches
is that only few modifications to the device under test are
necessary, the set-up is simple, and the added oscillating com-
ponents have a very small additional MMOI. However, the
precision is limited due to the imprecise measurement of the
swing frequency and motion in additional degrees of freedom.
Both disadvantages may be overcome with more advanced
set-ups which cancel out the above-mentioned advantages to
some extent due to the higher complexity [5]. Torsion pendu-

DOI: 10.1515/msr-2017-0002

lum set-ups are typically used for DUTs with smaller mass
moments of inertia [6].

Physical pendulums have also been used for the determi-
nation of the mass moment of inertia to a lesser extent [7, 8]
or in conjunction with a filar pendulum for measurements in
multiple axes [2, 3].

1.2.  Purpose of the mass moment of inertia measurements

The combination of the aforementioned requirements for the
experimental determination of the mass moment of inertia
was the motivation for the design of the set-ups described in
this contribution. For the development of a model-based ap-
proach for the dynamic calibration of torque transducers [9],
different components of a corresponding measurement device
had to be analysed in terms of their mechanical properties;
amongst other things in terms of the mass moment of iner-
tia. The devices under test have complex mechanical designs,
are consisting of different materials and — most importantly

— the measurement uncertainties need to be assigned to the

measurement results. To this end, two set-ups based on a
physical pendulum and on a torsion pendulum were designed,
manufactured, and commissioned.

Compared to the presented previously realised set-ups, the
specimens for which the mass moment of inertia had to be
determined are comparably small and have a low mass moment
of inertia in the range of some 10~ kgm? rising unique design
issues for the set-ups. Typical examples of devices under test
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Fig.1. Typical specimens for which the mass moment of inertia had
to be determined by means of the presented pendulum set-ups.

are shown in Figure 1. A first determination of some mass-
moment-of-inertia properties of the dynamic torque calibration
device was already carried out in 2006 for one part of the
calibration device. The chosen method of a torsion pendulum
showed unsatisfactory non-linear effects. Aside from that, the
results — including measurement accuracies — were good [10].

In the following sections, both set-ups will be described and
compared.

2. PHYSICAL PENDULUM

Additional measurements became necessary after modifica-
tions to the measuring device and for the development of a
model-based calibration approach. To this end, a new set-up
based on a physical pendulum was designed. A short overview
can be found in [11].

2.1.

A physical pendulum oscillates around a horizontal axis of
rotation after being displaced from its vertical equilibrium
position, as depicted in Figure 2.

The (ideal) undamped motion of the pendulum is described
by

Measurement principle

(D

with the pendulum’s mass moment of inertia J, the excitation
angle 9, the mass of the pendulum m, the distance of the
pendulum’s centre of gravity s to its axis of rotation / and
the local gravitational acceleration gjoc.. For small angles of
excitation, the latter equation can be linearised applying the
small-angle approximation sin ¢ ~ ¢ giving

J-O(t) +m-goe-1-sin®(t) =0

J-B(t)+m-goe-1- () =0 . )

In the frequency domain, the relation of the mass moment of
inertia and the squared angular pendulum swing frequency ®?
of the linearised equation becomes obvious giving

_ m'gloc'l

J= )

3)
The simplifying assumption of linear and undamped oscilla-
tions causes deviations, which have to be taken into account
for the measurement uncertainty evaluation.

10

/sin¢

Fig.2. Schematic diagram of a physical pendulum.

2.2. Realised set-up

To realise oscillations with very low damping, the bearing
of the pendulum was realised using a spherical air bearing
with an aluminium pendulum lever (as depicted in Figure 3).
The friction of the bearing was previously analysed for other
purposes [12]. Although the friction of the chosen bearing
was comparably high compared to other air bearings, it was
assumed to be sufficiently low for the given application in
conjunction with being robust against bending moments.

On one side of the air bearing, the pendulum lever was
mounted by using a centring mechanism, positioning it at a
defined position. Mounted on the other side of the air bearing,
a precise angle measurement system consisting of a radial
grating disk and an incremental scanning head provides time
series data of the pendulum excitation angle with high reso-
lution. The analogue quadrature voltage output signals are
interpolated and converted to digital TTL signals, before being
acquired and analysed using a counter/timer data acquisition
card.

With the bearing and the mounted additional components,
the pendulum itself has an unknown mass moment of inertia,
which is denoted as Jy. To be able to carry out measurements,
a known detuning of the pendulum is required for an identifi-
cation of Jy, or in the case of a measurement with a mounted
device under test: Jo+ Jpur. The detuning was realised by
adding mass bodies at different distances from the axis of rota-
tion at well-defined positions. For this purpose, the pendulum
lever was designed with mounting holes. Each mass body
has a cylindrical shape with known dimensions and mass (cf.
Figure 7). The mass moment of inertia of each mass body
around its cylinder axis can be calculated giving

2

m-r

2

chl = 4
with the mass m and the radius r. The Huygens-Steiner theo-
rem gives the acting mass moment of inertia for a mass body
at its mounted position at a distance / from the axis of rotation

&)

2
Johiteed = Jey1 +m- 17 .
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air bearing

radial grating
disk

)_

device under test
(DUT)- JDUT

pendulum lever, Jyeq

Fig.3. Sketch of the physical pendulum set-up (left) and photograph
of the set-up including two added mass bodies mounted on the pen-
dulum lever (right).

The mounting position is known due to measurements of
the lever dimensions by means of a coordinate measurement
system. However, not only the term of J in Equation (3) will
be affected by the added mass bodies, but also the mass of the
pendulum and the position of the centre of gravity as well.

The measurement of the mass moment of inertia is carried
out with different configurations of added mass bodies, giving
for each configuration i the detuned pendulum’s equation (cf.

3)

mo - 8loc * lo+ XM+ gloc + li
o7

(6)

Jo+Jpur+ Y. Ji =

The devices under test will not contribute to the restoring
torque, because they will be mounted on the axis of rotation.
Due to the known J;, m;, and /;, an approximation of the
unknown Jy +Jpyt and restoring torque mg - g1oc - [ is possible.
The higher the number of measurement configurations with
different mass bodies, the lower the uncertainty of the estimate.

2.3. Data analysis

The identification of the mass moment of inertia was carried
out using a number of measurements with different numbers
of mass bodies at different positions in the pendulum lever.
The swing frequency of each measurement was determined
applying a sine fit algorithm to the time series data set. To this
end, a damped sine function

(1)

with the magnitude ), offset B, decay rate §, angular fre-
quency o, and phase angle ¢ was approximated to the mea-
surement data. The procedure of the data acquisition and
analysis is diagrammed in Figure 4.

The parameter approximation to derive the unknown mass
moment of inertia and the restoring torque is carried out as a
bivariate regression incorporating a non-linear model function
G

-0t

-sin(wt+ @)+ B (7)

=Jo-e

y=G(X,0) (®)

relating the measured frequencies @; in the vector of observed

11
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pendulum oscillations

'

non-linear five parameter
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y(t) = 9o - 7% - sin(wt + ) +
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9000 lines /
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device under test
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Fig.4. Angle measurement, data acquisition and processing for the
physical pendulum set-up.

values y

T
y=l[o,m,... 0] ©)
to the matrix of independent values X consisting of the added
mass moments of inertia and the restoring torque values of the

corresponding configurations

YJi o X(mi-goc-l1)
X — Yo Y.(m2-gioc-l2) ’ (10)
YJn Z(mn'gloc'ln)
and also to the vector of approximated parameters 6 as
6 = [Jo+Jour, X (mo - gioc - 1o)] " (1

For the parameter estimation, an iterative least squares estima-
tor was applied to the non-linear model equation. The sum
of the squared errors is minimised in order to estimate the
parameters giving

A

6 = argmin (y — G(X,0))’ (12)
6

For the determination of the mass moment of inertia of a DUT,
in a first step the properties of the pendulum itself (Jy, my -
Zloc - o) had to be determined. Consecutively, it was possible
to carry out additional measurements with the mounted DUT.
The mass moment of inertia was derived by the subtraction of
the two measurement results as follows

—Jo .

Jout = (Jo +Jpur) (13)

2.4. Deviations due to linearisation

The identification of the mass moment of inertia is based on
the assumption of a linear behaviour of the physical pendulum.
The real pendulum’s swing time is dependent on the pendulum
excitation angle, and will only converge to the linear behaviour
for small pendulum excitation angles. For the measurement
uncertainty evaluation, the influence of the non-linearity had
to be estimated. The pendulum equation (cf. (1)) — although
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Fig.5. Deviation of the physical pendulum swing frequency and a
linear model assumption as a function of the peak excitation angle.

apparently simple — is not easy to solve and was investigated in
several publications [7, 13, 14, 15]. The deviations due to the
linearisation were quantised with regard to the peak excitation
angle ¥ of the pendulum.
The pendulum swing time Ty, of the non-linear physical
pendulum is given [7] as
2
Ty, = E To K(k) s (14)

with the swing time 7y of the linear solution (cf. Equation (2))

J
To =274 ——— ,
m'l'gloc

and the elliptic integral of the first kind K (k) [16, pp. 569]

mmzA

For the non-linear pendulum with the excitation angle ¥, the
expression below follows for k [17, pp. 208]

5)

(S

do

_ 16
(1—K2sin2 )2 (1o

(o

k=sin(=) (17)
2

Therefore, the ratio of linear and non-linear pendulum swing

time is given as

2 2

/0”

do

T, _
(1—K2sin® )2

= (18)
To

T

Figure 5 depicts the calculated deviations of the pendulum
swing frequencies of the linear and non-linear model. It be-
comes obvious that the deviations are very small for small
pendulum excitation angles. The remaining influences of the
chosen peak excitation angles of less than 2.5° are only in a
range of 1 x 10~* and are taken into account for the measure-
ment uncertainty estimation.

12

Fig.6. Schematic diagram of a torsion pendulum with the spring ¢
and mass moment of inertia J.

3.

A second approach implemented for the determination of the
mass moment of inertia was a torsion pendulum.

TORSION PENDULUM

3.1.

A torsion pendulum consists of typically vertically arranged
components which are able to oscillate rotationally. Differently
from a physical pendulum, the energy of the pendulum is
stored in a torsion spring. This spring is fixed at one end,
while the other end can rotate freely. A schematic diagram of
a torsion pendulum is depicted in Figure 6. After an excitation,
oscillations with a natural frequency related to the acting mass
moment of inertia will occur.

The homogeneous equation of motion under the assumption
of undamped oscillations follows as

Measurement principle

J-O(t)+c-B()=0 (19)
with the angle of excitation 1, the torsional stiffness of the
spring ¢, and the mass moment of inertia J. In the frequency
domain, the linear relation of the inverse of the squared angular
swing frequency ® and the mass moment of inertia becomes

obvious
c

==
Due to the fact that the torsional stiffness of the spring used in
a set-up for the determination of the mass moment of inertia is
usually unknown, an approach comparable to the one chosen
for the physical pendulum had to be applied. Multiple mea-
surements with different added known mass bodies were used
to estimate the mass moment of inertia of a device under test
by applying a linear regression. The mass-moment-of-inertia
elements used were made of brass and are shown in Figure 7.

J (20)

3.2. Measurement set-up

The measurement set-up of the torsion pendulum is based on
components of the dynamic torque calibration device, whose
mass-moment-of-inertia properties had to be determined. The
set-up is depicted in Figure 8. This approach has numerous
advantages over a dedicated measurement set-up:
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Fig.7. Added mass-moment-of-inertia elements for the torsion pen-
dulum (left) and for the physical pendulum (right).

Only small modifications to the dynamic torque calibra-
tion device are needed for the measurement of the mass
moment of inertia

Measurements are performed under the same conditions
as in the later dynamic torque calibration application

Angle measurement components are already existing and
adjusted

e Set-up can be established in a short time.

As already mentioned, a similar approach designed and
commissioned a decade ago showed non-linear behaviour. The
source of the non-linearities was not clearly identified. Several
actions were taken to minimise non-linearities in the actual
set-up:

e Press-fitted upper and lower mounting parts with large
overlap areas to the spring to reduce local stress maxima

e Longer torsion spring to limit strain despite a larger di-
ameter of the spring compared to the first set-up

e Small angles of excitation to reduce strain.

The integration of the torsion pendulum in the dynamic torque
calibration device was carried out so that the pendulum was
detachable. The torsion spring is mounted on the top of the
rotor of an air bearing, and a radial grating disk is mounted
below. An incremental scanning head measures the pendulum
excitation angle utilising the grating disk. The additional mass
bodies are mounted using a coupling element.

To avoid any modifications to the rotating components of
the dynamic torque calibration device, the lower part of the
torsion spring needed to be connected without any permanent
mounting components. Therefore, a disk-shaped lower ending
of the torsion spring was designed, which was connected to
the air bearing’s rotor by means of bonding wax. The applied
Stronghold Blanchard Wax 7036 — typically used for the tem-
porary mounting of semiconductor wafers — is recommended
for the mounting of accelerometers [18]. Being solid at room
temperature, the wax starts to soften if heated to temperatures
above 70°C. It can be removed easily using acetone as a
solvent.

13

clamping element

counter bearing
torsional spring

air bearing of the
dynamic torque
calibration device

Fig.8. Set-up for the determination of the mass moment of inertia
based on a torsion pendulum.

For mounting the torsion spring to the rotor of the air bear-
ing, both parts were heated to temperatures high enough to
make the mounting wax completely liquid. Both components
were pressed together to obtain a thin and stable layer of wax.

3.3. Data analysis

The measurement of the time-varying angle excitation of the
torsion pendulum was carried out similarly to the physical
pendulum by means of an incremental angle measurement
system, and a sine function was applied to the time series
data (cf. Equation (7)). After deriving the swing frequencies,
the actual MMOI of the device under test was determined by
means of a linear regression. From the inverse of Equation (20)
the expression below follows for the squared pendulum swing
time 5

24T

c

(Jout +Ji) - 2D

The line equation has a zero at J; = —Jpyr. For a number of
measurements with different known added mass-moment-of-
inertia bodies J;, a line equation can be approximated to the
measurement data. The intersection of the approximated line
and the x-axis gives the extrapolated mass moment of inertia
of the DUT, as depicted in Figure 9.

approximated line

A

measurements

extrapolation

ad »
1 >

Ji

—Jout

Fig.9. Determination of the mass moment of inertia by means of a
line approximation.
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Fig.10. Dependency of the relative deviation of the pendulum swing
frequency on the pendulum excitation angle for each mass body
configuration.

The mass moment of inertia of the pendulum itself, i.e. of
the top part of the measuring device, needs to be subtracted,
depending on for which device under test the mass moment
of inertia is to be determined. This is similar to the procedure
applied for the physical pendulum set-up (cf. Equation (13)).

3.4. Non-linearities

The linearity of the torsion pendulum is one advantage if
choosing this design. However, the set-up which was first
established experienced significant non-linear behaviour. As
mentioned before, the design of the new torsion pendulum
set-up was optimised in order to minimise non-linearity. The
non-linear behaviour becomes obvious if there is an excitation-
dependent change in the pendulum swing frequency.

After commissioning the new pendulum set-up, dedicated
analyses were carried out to quantise the amount of non-linear
behaviour. For this purpose, time series data of pendulum
swings was divided into segments of about one oscillation.
The frequency of each oscillation was determined by means
of a sine fit. The results are depicted as the swing-frequency
deviation versus excitation in Figure 10.

It becomes obvious from the results that small non-linear
effects still remain. The swing frequency clearly increases
with decreasing swing amplitude. This behaviour is similar for
all measurements and is most likely caused by the mounting
of the torsion spring with wax. The rotor of the air bearing
was modified in the set-up which was first established in order
to mount the torsion spring. This was not possible in the latter
case.

The magnitude of the pendulum frequency change was sig-
nificantly reduced by a factor of 10. While the first set-up
experienced a frequency change of about 1 % relative to the
mean value per an excitation of 1000 arcsec, this non-linear
effect was reduced to 0.1 % in the actual set-up.
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4. MEASUREMENT UNCERTAINTY EVALUATION

The measurement uncertainty of both set-ups was estimated
based on the Guide to the Expression of Uncertainty in Mea-
surement (GUM) [19] and its Supplement 1 (GUM S1) [20],
respectively. The evaluation of the measurement uncertainty
according to the GUM is based on a mathematical model of
the measurement itself. Measurement uncertainty contribu-
tions due to different input quantities X1, X>, ..., X, are propa-
gated to the measurement result Y based on the measurement’s
model function giving

Y =f(X1,Xa,....X) - (22)
Every single input quantity is characterised by its probability
density function (PDF), leading to a corresponding PDF of the
measurement result.

The classic estimation of measurement uncertainties in the
GUM based on partial derivative calculations is limited in
terms of possible input PDFs and assumes a linear measure-
ment model. The approach proposed in the GUM S1 incor-
porates a repeated simulation of the measurement process by
means of Monte Carlo simulations. The measurement uncer-
tainties of the different input quantities are simulated by their
PDFs. Each simulation is carried out with random samples
drawn from the PDFs.

4.1. Dependency of estimated uncertainty and number of

Monte Carlo runs

The outcome of Monte Carlo simulations may be dependent
on the number of simulation runs. If the number of runs is
too low, the estimated uncertainties may be too high or too
low. To avoid this problem, a sufficiently high number of
simulations have to be carried out. Unfortunately, this number
is dependent on the application and therefore cannot be known
in advance. To overcome this problem, different proposals to
define a stopping criterion have been analysed [21]. For the
given application, the uncertainty calculation was carried out
for different numbers of Monte Carlo runs. After analysing
the results, a significantly high number of runs (conservative
safety margin added) were chosen.

4.2. Damping

The models for the determination of the mass moment of
inertia for both measurement set-ups assume undamped oscil-
lations. Although the damping in both set-ups was minimised
by all measures (mechanical design, use of air bearings), there
still might be influences which have to be taken into account
for the measurement uncertainty evaluation.

The influence of the remaining damping was estimated by
analysing the decay of the pendulum swing over time. To this
end, the pendulum oscillations were acquired and a damped
sine function (cf. Equation (7)) was approximated to the ac-
quired time series data. The parameters of interest are, in this
case, the decay rate § and the pendulum’s damped angular
frequency @qy. Both relate to the (theoretical) undamped pend-
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Table 1. Uncertainty contributions for the determination of the physi-

cal pendulum set-up.

uncertainty

input quantity contribution

distribution/
correlated (y/n)

u = 0.033 arcsec
u = 1.44arcsec
u = 0.39arcsec

angle deviation grating
angle dev. signal period
angle dev. eccentricity

frequency deviation

e U = 1 x 1074
non-linearity rel

frequf.:ncy deviation o = 1% 1077
damping

oscillator PXI system Upe = 2.5 % 107°

local graYltatlonal Uy =5 % 1078
acceleration gjoc

Ure) = 1.25x 1077
u=5x10"8kg
u=2x10"%m
u=2x10"%m
u=4x10""kgm>

pendulum tilt
determination of mass
pendulum position
dimensions mass bodies
bevels of mass bodies

Gaussian (n)
rectangular (n)
rectangular (n)

Gaussian (y)

Gaussian (y)
rectangular (n)
Gaussian (n)

Gaussian (y)
Gaussian (y)
Gaussian (n)
Gaussian (y)
Gaussian (y)

Table 2. Uncertainty contributions for the determination of the torsion

pendulum set-up.

input quantit uncertainty distribution
putd y contribution
angle deviation grating  u = 0.06arcsec Gaussian
angle dev. signal period u = 0.5arcsec rectangular
angle dev. eccentricity u = 0.06arcsec rectangular
frequ.ency Adev1at10n Upeg = 1 %1073 Gaussian
non-linearity
freque.:ncy deviation Upeg = 2.1x107° Gaussian
damping
oscillator PXI system Upel = 2.5 % 1076 rectangular
mass bodies u=9.48 x 10~ 8kgm? Gaussian
J torsion spring u=22x10"10kgm? Gaussian
J mounting disk u=7.9x10""kgm? Gaussian
J wax film u=18.5x10""2kgm? Gaussian
ulum oscillation frequency @y giving
o =/52+ 0} . (23)

Data from several measurements

derived values

of

2.1 x 107 for the torsion pendulum set-up and 1 x 10~ for
the physical pendulum set-up for the maximum relative devia-

tion due to the damping.

4.3.

Uncertainty contributions for the two set-ups

For each of the set-ups, the different measurement uncertainty

contributions were identified and quantised.

frequency deviation damping

oscillator PXI system 2 frequency dev. non-linearity
. . % .
angle deviation grating 3 tilt
©,

\o)

pendulum position

=

angle deviation eccentrici

<
®
2
>,
G

angle deviation signal period local gravitational acc.

determination of dimensions
determination of mass

influence due to bevels

Fig. 11. Ishikawa diagram of the measurement uncertainty contri-
butions of the set-up based on a physical pendulum. Correlated
uncertainty contributions are marked in orange.

)
<

Fig.12. Ishikawa diagram of the measurement uncertainty contribu-
tions of the set-up based on a torsion pendulum.

The different uncertainty contributions of the physical pen-
dulum are displayed in Figure 11 as an Ishikawa diagram, and
are given in detail in Table 1. The same information for the
torsion pendulum set-up can be found in Figure 12 and Table 2,
respectively.

For each measurement, i.e. each set of different time series
data files of pendulum measurements with varying added mass-
moment-of-inertia elements, Monte Carlo simulations were
carried out in order to estimate the measurement uncertainty.
The calculations were performed using the open source nu-
merical computation software GNU Octave [22]. The Monte
Carlo simulations included the whole data analysis applying
uncertainty contributions of the time series data to the mea-
surement data files, uncertainty contributions corresponding
to fit parameters in the corresponding code for the parameter
estimation, and so on.

The physical pendulum set-up contains correlated uncer-
tainty contributions (marked orange in Figure 11) due to the
subtraction of the mass moment of inertia of the pendulum
itself (Jy), which was derived by a second measurement. These
correlated uncertainty contributions were applied by sampling
from the same random number generator. Therefore, the two
measurements of Jy +Jpur and Jy were included in one Monte
Carlo simulation.
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Fig.13. Measurement results for the mass moment of inertia of three
DUTs determined by means of the physical pendulum set-up (blue)
and the torsion pendulum set-up (red) including the assigned ex-
panded measurement uncertainties (k = 2).

The torsion pendulum results contain no correlated input
quantities. Although measurement results of different mea-
surements are subtracted, correlated input quantities were not
assumed. Differently to the procedure with the physical pendu-
lum set-up, the torsion spring was removed and remounted for
all measurements; the same applies to the mass bodies and the
coupling elements on which the mass bodies were mounted.

The measurement uncertainties for the local gravitational
acceleration are so small, because the building in which the
measurements were carried out has a narrow grid of measured
values of gjo. on different floors [23]. The nearest measure-
ment point of gj,c Was just a few metres away from the labora-
tory with the pendulum set-ups.

4.4. Additional uncertainty contributions

It is possible that there are additional uncertainty contributions,
which cannot be accounted for in the Monte Carlo simulation.
These contributions may become obvious from repeatability
measurements. For instance, if a remounting alters the prop-
erties of the DUT or if there is a (minor) violation of the
assumption of rotational symmetry due to manufacturing or
bending, these uncertainty contributions have to be taken into
account as well. Therefore, repeatability measurements with
the DUT mounted at different angle positions were carried
out with each of the set-ups for the measurement uncertainty
estimation. The standard uncertainty contributions s from
the Monte Carlo simulation syc and the contributions from
repeatability measurements sy, were added giving

_ 2 2
s = W/SMC"'Srep .

This approach is very conservative, because the measurement
uncertainty contributions already estimated by means of the
Monte Carlo simulation might be taken into account a second

(24)
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time in the results of the repeatability measurements. Never-
theless, it was a feasible way to include the experimentally
determined contributions.

5.

Comparison measurements of the same devices under test were
carried out at both measurement set-ups.

MEASUREMENT RESULTS

5.1

Mass moments of inertia of three different DUTs were deter-
mined as detailed below:

Devices under test

e The rotor of an air bearing with a radial grating disk

e Two identically constructed coupling elements as de-
picted in the top left of Figure 1.

For each device under test, several repetitive measurements
were carried out. For this purpose, the device under test was
dismounted and remounted for the next measurement run.

5.2.  Comparison of results

Measurement results including the estimated expanded mea-
surement uncertainties (MU) with an expansion factor k = 2
are shown in Figure 13 and given in detail in Table 3 for the
physical pendulum results and in Table 4 for the torsion pen-
dulum results. It becomes obvious from the results that the
two measurement set-ups agree very well within the estimated
expanded measurement uncertainties. The relative measure-
ment uncertainties of the torsion pendulum are much smaller
compared to the results of the physical pendulum.

The high relative measurement uncertainties of the physical
pendulum can be explained by the disadvantageous ratio of the
mass moment of inertia of the pendulum (Jp) and of the device
under test (Jpyut), which is caused by the mechanical design.
The relative uncertainties for Jy itself are satisfying. With a
different mechanical design or with DUTSs with a higher mass
moment of inertia, this ratio would decrease and therefore the
resulting relative measurement uncertainties would decrease
accordingly.

The significantly higher measurement uncertainty of the
DUT coupling I compared to coupling 2 is due to a minor
deformation of coupling 1, which is bent a little. This partial
rotational asymmetry causes higher deviations; much higher
deviations are found in the physical pendulum set-up, because
the returning torque is affected as it depends on the angle
position at which the DUT is mounted. The mounted mass
bodies tend to straighten a bent DUT in the torsion pendulum
set-up as well.

6.

For the determination of the mass moment of inertia of certain
components of a dynamic torque calibration device, two mea-
surement set-ups were designed and commissioned. The two
set-ups incorporate different measurement principles (a phys-
ical pendulum and a torsion pendulum). The measurement

SUMMARY
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Table 3. Measurement results for the determination of the mass moment of inertia with the physical pendulum.

DUT mass moment of inertia / expanded MU  relative exp. MU

kgmm?  U(k=2)/kgmm? Uper(k =2)
top part and pendulum (5 measurements) 2.25% 104 43.14 0.21%
pendulum (Jp) (5 measurements) 2.21 % 10* 35.35 0.17 %
coupling 1 (3 measurements) 272.38 120.18 44.12 %
coupling 2 (4 measurements) 198.83 38.31 19.27 %
top part (5 measurements) 395.60 25.31 6.4 %

Table 4. Measurement results for the determination of the mass moment of inertia with the torsion pendulum.

DUT mass moment of inertia / expanded MU  relative exp. MU

kgmm?  U(k = 2)/kgmm? Urel(k=2)
coupling 1 (20 measurements) 24271 21.78 8.97 %
coupling 2 (20 measurements) 231.11 3.19 1.38%
top part (20 measurements) 395.67 3.77 0.95 %

uncertainties for both set-ups were estimated and the results
are presented.

The measurements show a good agreement of the two in-
dependent measurements. With the given devices under test,
the torsion pendulum set-up has smaller measurement uncer-
tainties. The higher uncertainties of the physical pendulum
are caused by the mechanical design of the set-up and not by
the measurement principle. The relative uncertainties would
be significantly smaller for heavier DUTs or with a different
design of the set-up.
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The paper describes the visualization of the cells (ESEs) and mucilage (ECMSN) in an embryogenic tissue via magnetic resonance
imaging (MRI) relaxometry measurement combined with the subsequent multi-parametric segmentation. The computed relaxometry maps
T1 and T2 show a thin layer (transition layer) between the culture medium and the embryogenic tissue. The ESEs, mucilage, and transition
layer differ in their relaxation times T1 and Ta; thus, these times can be used to characterize the individual parts within the embryogenic
tissue. The observed mean values of the relaxation times T1 and T2 of the ESEs, mucilage, and transition layer are as follows: 1469 + 324
and 53+ 10 ms, 1784 + 124 and 74 + 8 ms, 929 + 164 and 32 + 4.7 ms, respectively. The multi-parametric segmentation exploiting the Ty
and T2 relaxation times as a classifier shows the distribution of the ESEs and mucilage within the embryogenic tissue. The discussed T1
and Tz indicators can be utilized to characterize both the growth-related changes in an embryogenic tissue and the effect of biotic/abiotic
stresses, thus potentially becoming a distinctive indicator of the state of any examined embryogenic tissue.

Keywords: Norway spruce, ESEs, mucilage, transition layer, MRI relaxometry.

1. INTRODUCTION The interaction between the cells plays a fundamental role
in the growth and development of multicellular organisms.
In this context, let us note that the structural integrity of
plants was described by, for example, Sebéanek et al. [9]; it
may also be mentioned that the extracellular matrix (ECM)
issue pertains to Dostal’s [10] topic of the structural
integrity of plant organism [11].

At the early stage of their development, the ESEs are

Magnetic resonance imaging (MRI) is a non-invasive
method widely applied in the study of molecules. The MRI
approach is frequently employed not only in medicine but
also in biological, biochemical, and chemical research. Most
of the papers describing the use of MRI to investigate plant
physiology have emphasized certain aspects of anatomy or
functional f“orph?"?g_y [1]. In plant biology, MRI supports covered with a special extracellular cell wall layer referred
several_ major activities, namely, the r_esgarch of the water to as the extracellular matrix surface network (ECMSN),
and mineral compounds transported within a plant [2], [, [15] Nedsla et al. [13], [14], [15] utilized an environmental
the determination of plant metabolites [4], [S], the  geanning electron microscope (ESEM) to describe the ECM
investigation of cellular processes [6], and the examination  54/or ECMSN in conifers (spruce, pine, and fir) at the
of the growth and development of plants [7]. MRl is also  pative stage.  Arabinogalactan-proteins  (AGPs)  are
instrumental towards monvitoring water changes in_ early progressively accumulated within the ECMSN, a well-
somatic embryos (ESEs). Supalkova et al. [8] examine the  known marker covering the embryogenic cells during the
influence of the ESEs of spruce treated with cadmium  empryo development. Specific AGPs are essential in
and/or lead ions for twelve days using multi-instrumental  somatic embryogenesis and exhibit the capability of
analytical procedures; these authors employ image analysis  directing the development of the cells [16]. It is possible that
to estimate the growth, a fluorimetric sensor to detect the ~ AGPs may be present as adhesives in the middle lamella to
viability of enzyme-treated ESEs, and the MRI technique to  cement the cell-to-cell contact and they may also be
facilitate non-destructive measurement of the volume of the involved in the adhesion of the callus cell clumps [17]. Two
ESEs. homogeneous AGPs were purified from the Norway spruce
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callus cells via ion-exchange and gel-permeation
chromatography followed by enzymatic treatment [18]. The
function of AGPs was recently summarized in a review by
Seifert and Raberts [19].

Our article further extends a related, previously published
paper [20], where the authors conducted 4 experiments:
1) the designing of methods to assess the water amount in
relevant somatic embryos; 2) a comparison of the SNR in
images acquired at different magnetic flux density values of
the basic magnetic field; 3) monitoring the tissue growth via
various techniques; and 4)the segmentation of two
subjectively distinguishable regions in the tissue, with each
of these exhibiting a specific T, relaxation time. Our
research report develops the work carried out by Mikulka et
al., especially as regards the image processing methodology.
In the given context, the aim of the present article is to
utilize MRI relaxometry in order to visualize the relaxation
times of the early embryogenic tissue (callus) of the Norway
spruce.

2. SUBJECT & METHODS
Plant material

A clone of the somatic embryos (ESEs) of the Norway
spruce (Picea abies (L.) Karst.), marked as 2/32, was used in
our experiments. The cultures were maintained on a semi-
solid (Gelrite Gellan Gum, Merck, Germany), half-strength
LP medium [21], which underwent further modifications
within later research [22]. The concentrations of 2.4-
dichloro-phenoxyacetic  acid (2.4-D) and N6
benzyladenine (BAP) corresponded to 4.4 and 9 uM,
respectively [23]. The pH value was adjusted to 5.7 - 5.8
before autoclaving (121°C, 100 kPa, 20 mins.). The organic
part of the saccharose-free solution was sterilized by
filtering through a 0.2 um polyethylensulfone membrane
(Whatman, Puradisc 25 AS). We used Petri dishes (50 mm
in diameter) for the actual cultivation. The sub-cultivation of
the stock cultures was performed in two-week intervals; the
stock and experimental cultures were maintained at a
temperature of 23 + 2 °C in a cultivation box kept in a dark
place.

Isolation of the somatic embryos and mucilage

Ten days after the last passaging, the embryogenic tissues
(calluses) of the Norway spruce were used for the isolation
of the somatic embryos from the above-discussed
heterogeneous, fully asynchronous culture (suspensor cells
and embryogenic cells at different stages of development).
The most developed somatic embryos with only a minimum
amount of mucilage (ECMSN) on the surface were extracted
from the embryogenic culture by means of tweezers and
placed into two depressions in an acrylic glass cuboid. The
mucilage was obtained from the embryogenic tissue (callus)
via automatic tweezers placed in the middle of the
embryogenic callus; we acquired the substance through
capillary attraction and then pipetted it off. This procedure
was repeated several times to provide the amount of
mucilage necessary to fill the remaining, empty depressions
in the applied acrylic glass cuboid. In this manner, the
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embryos and mucilage were prepared for the MR

relaxometry measurement.

MRI relaxometry

Magnetic resonance imaging (MRI) is a non-invasive
imaging method to supply information about an examined
tissue, enabling us to observe the inner part of the tissue
without causing any physical damage. The MR image
contrast is influenced by several characteristics of the tissues
and other materials; such characteristics include the Ty, To,
and T," relaxation, spin density, susceptibility, and flow
effects. When a magnetized spin system is perturbed from
the thermal equilibrium state after radio frequency
excitation, then, according to the laws of thermodynamics,
the system will return into the state of thermal equilibrium.
Practically, in MRI, the measured magnetization vector is
equal to the sum of all microscopic magnetic moments in
the object. In general terms, the behavior of the
magnetization vector over time is defined by the Bloch
equation [24]. The longitudinal and transverse relaxation
times T, and T, represent the time evolution of the
longitudinal and transverse magnetization while the
magnetization of water protons reverts back to the
equilibrium, following the radio frequency (RF) excitation.
The T, time constant defines the progress of the free
induction decay signal. The above-mentioned relaxation
times are tissue-specific, and all of them depend on the
biophysical and chemical properties of the examined tissue.
The image contrast is contingent on the used excitation
scheme, frequently referred to as the pulse sequence or
technique/method.

The general purpose of the experiment was to perform in
situ measurement of the ESEs via MRI relaxometry
techniques. To measure the T, relaxation, we applied the fast
spin-echo (FSE) technique; the Ti relaxation was measured
using the inversion recovery fast spin-echo (IRFSE) method.
All the described experiments were performed on a 9.4 T
(Bruker) MRI scanner at the Institute of Scientific
Instruments, Brno. The MAREVISI (8.2) and MATLAB
(R2014b) programs were used for the processing.

Data processing

A method for the multi-parametric segmentation of MR
images of tissue cultures was proposed; this segmentation
technique exploits the principle of linear mixture models.
The values of the relaxation times in the tissue areas have
normal distribution (Gaussian distribution); we therefore
chose a Gaussian mixture model (GMM), generally
expressible as follows [25]:

K
le 2 N("’H
i=1

where the i-th component of the vector of random numbers
x with the normal distribution N is characterized by the
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weight @ , vector of mean valuesj,, and covariance
matrix ¥,. The vectors i, and £, are estimated via the
maximum likelihood method. Direct calculation is virtually
unfeasible, owing to strong non-linearity of the optimized
function; for this reason, the estimation of the parameter
values was performed using an expectation-maximization
(EM) algorithm.

The segmentation of the culture images was executed in
two steps. Within the first stage, we used Gaussian mixture
models to approximate the data of the isolated ESEs and
mucilage; in the next stage, the posterior probabilities of
pertinence to one of the two GMM components were
assigned to the relaxation values of the images. The final
segmented image is obtained after thresholding of the
acquired probability images.

T, maps PD images

T, maps

Fig.2. The T2 maps of the axial slices of the ESEs of the Norway
spruce (sample No. 1). The transition layer is indicated by the
arrows.

In the acquired axial slices of the embryogenic tissue, the
thin layer between the embryogenic tissue and substrate is
more visible. Fig.2. shows the T, maps exhibiting good
contrast between the transition layer, substrate, and
embryogenic tissue; the layer is also clearly perceptible in
the T1 maps.

Unlike the PD images, the T; and T, maps enable us to
recognize individual portions of the embryogenic tissue.
Manual selection of the region containing the specific parts
(the ESEs, mucilage, and transition layer) is not always
reproducible;  therefore, we performed automatic
segmentation of the sought parts to ensure the
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3. RESULTS

MRI measurements of two embryogenic tissue samples
(the Norway spruce) were performed; in this context, we
also measured the tissues (the ESEs and mucilage) isolated
from the embryogenic tissue. The acquired images were
used for the calculation of the T: and T, maps, which
provide the contrast between the ESEs, mucilage, and
transition layer. The coronal and axial slices were measured
with the following parameters: the field of view (FOV) of
20 x 20 mm; the acquisition matrix size of 256 x 256 pixels;
the layer thickness of 0.5 mm; and the layer gap of 0.5 mm.
The voxel size of 0.078 x 0.078 x 0.5 mm is derived from
the above parameters. Fig.1. shows the PD images and Ty, T
maps of the coronal images of the embryogenic tissue
(samples No. 1). The slices are numbered from the bottom
(substrate) to the top.

reproducibility of the experiment. The measured data of the
isolated ESEs and mucilage were used in the formation of
the model to be applied for the automatic segmentation of
the embryogenic tissue.

The distribution of the relaxation times T, and T in the
isolated ESEs and mucilage is shown in Fig.3. Two regions
with different T; and T, can be subjectively distinguished,;
the relaxation time values were obtained from two slices
where the isolated ESEs and mucilage are plainly visible.
The regions of the ESEs and mucilage are represented by
568 and 455 manually selected pixels, respectively.

In the first step, we estimated the basic statistical values
from the selected set of relaxation values. For both the ESES
and the mucilage, the sample mean values and sample
standard deviations were estimated. Then, the image data
(relaxation times) were approximated by means of the two-
component GMM, and this model was also used to estimate
the mean values and standard deviations. The result of
approximating the three-dimensional (3D) histograms via
the GMM s presented in Fig.3.; the 3D histogram shows
two areas with normal distribution.

The calculated mean values of the relaxation times of the
ESEs and mucilage determined for two different approaches
are shown in Table 1. In the former case, we defined the
statistical parameters, namely, the sample mean value and
standard deviation, from randomly selected pixels inside the
ESEs and mucilage; as regards the latter approach,
estimations of the mean values and standard deviations were
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established from the two-component GMM applied to the In the last processing stage, the probability images are
same data. The mean values and standard deviations of the ~ segmented by means of the threshold method. The
relaxation times Ty and T2 for both approaches correspond to  segmentation threshold was determined according to the 3o
each other; this fact confirms the assumed normal (3.sigma) principle, which is a very strict criterion; for this
distribution (;)f_thelrelax?tioln times inside :]he hompbgf_neoui reason, we preferred 1o. In the case of normal distribution,
regions, and it also clearly points to the possibility of —; expresses the probability of p = 68.2 % that a pixel really
modeling the image data through the use of a GMM. belongs to the ESEs or mucilage. The result of the

The second processing stage consists of the computation S . .
of the probability images, where each pixel represents the thresholding is ut|I|z_ed for the segmentation of_ the original
probability that a pixel belongs to the ESEs or mucilage. In 12~ @d To-weighted images. The segmented regions for both

the case of the two-component model, two probability samples. are presented in Fig.5., where the req Iir_1e defines
images are obtained. The results acquired from one slice of ~ the entire area of the analyzed embryogenic tissue, the
sample 2 (culture) are shown in Fig.4.; here, the left image  Yellow one separates the regions with the ESEs, and the blue
shows the pixels pertaining to the ESEs, while the right one  one marks the mucilage regions; for the latter two groups,

indicates those related to the mucilage. the probability of p = 68.2 % applies.
110 ESEs
100 * mucilage
90
80
— 10 —_
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Fig.3. The distribution of the relaxation times T1 and T2 in the ESEs and mucilage regions (left); the fitted probability density function (a
two-component Gaussian mixture model) of the modeled relaxation times (right)..

Table 1. The estimation of the mean values and standard
deviations of the relaxation times from randomly selected pixels
and from values determined by distribution function modeling via
the two-component GMM.

Isolated mucilage Isolated ESEs

T [ms] T [mS] T, [mS] T, [ms]
Sample
selection | 1763+169 | 73+8 | 14354318 | 52+10

GMM | 1784 +124 | 74+8 | 1469+ 324 | 53+10

Fig.5. The segmented T1 and T2 maps of cultures No. 1 and No. 2.
Fig.4. The probability maps of the ESEs (left) and mucilage The T1 maps are shown on the left (top and bottom), while the T
(right). ones are presented on the right (top and bottom).
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In the case of the axial slices, we expanded our two-
component GMM to a three-component one in such a
manner that the manually selected pixels in the area of the
transition layer from the chosen axial slice were added to the
original two-component GMM. As the separation of the
transition layer is practically unfeasible, the pixels
representing the transition layer in the axial slice were
selected manually. The three-component GMM secures the
possibility of recognizing, besides the ESEs and mucilage,
also the transition layer between the embryogenic tissue and
applied substrate. The distribution of the relaxation times for
the ESEs, mucilage, and transition layer is shown in Fig.6.
(left). The resulting approximation of the three-dimensional
(3D) histograms via the three-component GMM can be seen
in Fig.6. (right).

The calculated mean values of the relaxation times of the
ESEs, mucilage, and transition layer are shown in Table 2.
The three-component GMM was successfully applied in the
axial slices, where the transition layer is visible. The
probability distribution maps for the ESEs, mucilage, and
transition layer can be seen in Fig.7. The final segmentation
was performed with the same threshold (p =68.2 %) as in
the previous case. The green contour in Fig.8. represents the
region of the segmented transition layer.

The relaxometry measurements of the isolated ESEs and
mucilage show that these parts of the embryogenic tissue
can be well characterized using a classifier created from the
relaxation times Ti and T.. The relaxation times of the
isolated ESEs, mucilage, and the transition layer are
indicated in Table2. The elliptical scattering of the
relaxation times (Fig.3.) is caused by the fact that we cannot
ensure good separation of these embryogenic tissue parts,

110 ESEs
100 ° muul.age .
e transition layer %

90
7y °
£ 80 Y .
c 70 S °e
0 %
& 60 .
x 00‘ [}
© 50 )
g ® .
o 40 .: o e o

30 -

L)
20 °
10
500 1000 1500 2000 2500

T, relaxation [ms]

and this is especially true of the manually separated pixels
of the transition layer (Fig.6.). However, we also need to
note that the same MRI sequences were used for both the
measurement of the discussed isolated tissue parts and the in
situ measurement.

Table 2. The estimation of the mean values and standard
deviations of the relaxation time values determined via distribution
function modeling with the three-component GMM.

r:ﬂﬁf; o Isolated ESEs | Transition layer

T1 [ms] (T2 [ms]| Ta[ms] [T>[ms] Ti[ms] |T> [ms]

GMM 1784+ | 74+ | 1469+ |53+ | 929+ | 32+
124 8 324 10 164 4.7

Mixing proportion [-]

After the MRI-based measuring steps, the morphology of
the embryogenic tissue was displayed (Fig.9.a), b)) using
optical microscopy (an Olympus SZX10 stereo microscope).
The sample orientation of the embryogenic tissue is the
same as in the MRI measurement (Fig.9.c)). Fig.9. contains
a PD-weighted image and the images obtained via the
optical microscopy technique. While the former two images
show the surfaces of embryogenic tissues No. 1 and No. 2,
the latter one exhibits a slice (defined volume) through the
inside of embryogenic tissue No. 1. The air bubbles in the
culture are clearly visible (the white bold arrows in the PD
image). In the PD-weighted image, the high-intensity
regions are artefacts due to the different magnetic
susceptibilities between the air and the embryogenic tissue;
these artefacts do not affect the resulting T, and T, maps.

2000

1000
T, [ms]

80

40

60
T2 [ms]

Fig.6. The distribution of the T1 and T2 relaxation times in the regions of the ESEs, mucilage, and transition layer (left); the fitted
probability density function (a three-component Gaussian mixture model) of the modeled relaxation times (right).
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Fig.7. The probability maps of the ESEs (left), mucilage (center),
and transition layer (right).

Fig.8. The original T1 map of the axial slice (left); the
segmentation results in the Ti1 (centre) and T2 (right) maps. The
green line indicates the transition layer.

Fig.9. The microscopic images of samples No. 1 (a) and No. 2 (b);
the thin white arrows show clusters of the ESEs. The PD-weighted
MR image (c) of the ESEs of the Norway spruce (sample No. 1);
the bold white arrows indicate the air bubbles.

4, CONCLUSION AND DISCUSSION

The embryogenic tissue of a conifer is characterized by the
presence of bipolar structures composed of an embryonic
part with densely packed embryogenic cells and a suspensor
formed by long vacuolated cells [12]. A structural
subcellular marker, such as the extracellular matrix surface
network (ECMSN), was found to be a characteristic feature
for the embryogenic tissue [26], [27]. From the botanical
point of view, the ECMSN is plant mucilage. The cell wall
of plants consists of dynamic cellular compartments with
structural, protective, and growth regulating functions. Plant
cell walls, together with cytoskeleton, determine the polarity
and control the morphogenesis [28]. The external cell wall is
particularly interesting due to its exposure to environmental
factors; in this context, let us note that the different cellular
responses mediate the adaptation of the plant to changed
environmental conditions. One of such responses may lie in
the formation of the ECM surface layer or network on the
outer cell wall. The secretions are probably one of the
factors playing a role in the cell integration and recognition
process. The morphogenesis is controlled by particular
morphogenic  programs  within ~ which  cell-to-cell
communication is critical for the cellular decision-making
process. Dostal [29] indicates that growth correlations
become more complex and difficult during plant
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development. It appears likely that, in the course of the
embryogenesis, the ECM constitutes an important structural
integrity agent.

The role of the ECMSN during morphogenesis remains
unclear; however, the cell adhesion, protective function, and
coordinating developmental stage have all been
explained.[30]. The analysis of the chemical composition of
the ECMSN performed with different solvents and enzymes
revealed differences between the species and identified the
relevant proteins. Other researchers used specific antibodies
to identify the AGPs and pectin epitopes in the
ECMSN.[31], [30]. Generally, AGPs are plant cell surface
macromolecules  belonging to the subfamily of
hydroxyprolin-rich glycoproteins; they can act as signaling
macromolecules and are involved in the vegetative,
reproductive, and cellular growth and development [19].
Verdeil et al. [30] indicate that the chemical composition
and structural arrangement of the ECMSN on a cell surface
play a significant role in morphogenic processes.

The measurement of embryogenic cultures via magnetic
resonance imaging is beneficial for embryogenic tissue
characterization. In more general terms, the intensity of a
PD-weighted image in a voxel is proportional to the amount
of H nuclei (a quantitative summary of the number of
protons per unit tissue) in the measured tissue. The water
holding capacity of the AGPs of the ECM may reflect other
physiological roles. The AGPs’ ability to hydrate may be
also important in their capacity to prevent injuries and to
resist drying out [17]. For many years, the ECM was
dismissed as a relatively inert “ground substance”, whose
sole function was packing; however, it has now become
clear that the ECM s significantly more complex than
previously presumed and that the interaction with the
surrounding matrix is one of the major elements to control
cell behavior. [32].

The results obtained through MRI relaxometry show the
possibility of distinguishing between the ESEs, ECMSN
(mucilage), and transition layer in an embryogenic tissue;
for these recognition purposes, uniform classifiers are
applied. The classifiers consist only of the T, and T
relaxation times. The dispersion of the T, relaxation time for
the ESEs, mucilage, and transition layer is low compared to
the Ti indicator; thus, the T, maps are more advantageous
for the actual embryogenic tissue differentiation. The
distribution of the ESEs, mucilage, and transition layer was
obtained using automatic segmentation. The mucilage
(ECMSN) is then distributed unevenly in the embryogenic
tissue. Regions with a minimum mucilage volume also
appear in the space between the cells (the ESES). In the case
of MR imaging applied to represent an embryogenic tissue,
the quantification of the amount of ESEs and mucilage
within a voxel is unfeasible.

Relaxometry measurements in combination with the
subsequent automatic multi-parametric segmentation (based
on the Ty and T relaxation times) provide non-destructive
differentiation between the cells and mucilage in an
embryogenic tissue. In the case of contiguous slices, three-
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dimensional distribution of the cells and mucilage can be
visualized. The function of the transition layer remains
unclear; thus, the aim of further investigation is to perform a
detailed analysis of the chemical composition and properties
of the transition layer between the embryogenic callus and
the medium. In a narrower sense, within the given context,
we seek to define the effect of the transition layer on the
growth and development of the culture. Changes of the
relaxation times Ty and T during cultivation may help us to
characterize the chemical and physical changes in the ESEs.
Moreover, the times T; and T, may serve as an indicator of
the effect of stress on the developmental somatic embryos in
an embryogenic culture in situ. Relaxometry measurements
appear to constitute an interesting and useful methodological
element in the research into the structure of embryogenic
tissues.
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The paper deals with a methodology proposed for measuring the concentration of air ions in the environment of speleotherapeutic caves,
and with the implementation of the AK-UTEE-v2 ionmeter. Speleotherapy, in the context of its general definition, is the medical therapy
that utilizes the climate of selected caves to treat patients with health problems such as asthma. These spaces are characterized by the
presence of high air humidity and they make extreme demands on the execution of the measuring device, the Gerdien tube (GT in the
following) in particular, and on the amplifier electronics. The result is an automated measuring system using a GT with low-volume air
flow, enabling long-term measuring of air ion concentration and determination of spectral ion characteristics. Interesting from the
instrumentation viewpoint are the GT design, active shielding, and execution of the electrometric amplifier. A specific method for the
calculation of spectral ion characteristics and the mode of automatic calibration were proposed and a procedure of automatic measurement
in the absence of attendants was set up. The measuring system is designed for studying and long-term monitoring of the concentration of
light negative ions in dependence on climatic conditions and on the mobility of ions occurring in the cave.

Keywords: Speleotherapy, air ions, Gerdien tube, climatology.

1. INTRODUCTION on the tracheas of laboratory (sewer-) rats were evaluated,

Measuring the properties of air ions and their together with an analysis of the state of their blood.
concentration is a hot topic currently being solved at several ~ Measuring the concentration of air ions is widely applied in
scientific workplaces [1]-[6]. Tammet describes the working ~ Monitoring the degree of air pollution, hygiene checks at
principle of measuring devices with a GT (Gerdien tube) in  Workplaces, health therapy — speleotherapy [21]-[23], in the
a survey publication [7]. Another publication, [8], [9], study of _electrlc phenomena in the atmosphere and,
focuses on the evaluation of the mobility spectrum of air  toPically, in forecasting earthquakes [24], [25] or other
ions, inclusive of a data analysis with ion size interpretation. ~ Weather anomalies. Aplin [26] describes the effects of
The proposed spectrometers are mostly of the stationary gitmospherlc _electr|C|ty on its surroundings an_d the manner it
type, suitable for meteorological stations designed for IS generated in _the trop_osphere. The area of interest gxtends
measuring in an air-conditioned building [10], [11]. Some INt0 astrophysics, with focus on the exploration of
interesting spectrometers and GT for meteorological atmospheric discharges and ionization on gaseous planets of

purposes are given in [1], [10]-[14]. From the viewpoint of ~ the solar system [27]. _ _
determining the mobility spectrum of air ions, the All these applications work with data on the concentration

measurement using a GT with a segmented internal Of light air ions, with the mobility spectrum of ions
electrode is more rapid but less accurate. measured with a relevant accuracy and with metrologically
In a number of medical research projects, reported for ~ Properly obtained data. It is therefore indispensable to set
example in [15]-[19], it has been proved that light negative  the measuring process and the measuring methodology such
ions have a positive effect on human health and their lack ~ that analyses and evaluations can be performed on the
results in fatigue, health problems, and reduced performance  derived and monitored phenomena.
at work. For example, special ionizers were tested that Currently, a method for measuring the concentration of air
employ the stimulation of plants placed in a salt solution ions using a GT is widely used. One of the greatest
with high electric voltage [20], and their influence and effect  advantages of this method is the possibility of evaluating the
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mobility spectrum (spectral characteristics) of air ions from
the measurements carried out [28]. Other methods such as
those given in [28] and [15] lack this possibility.

The measurement of air ions in speleotherapeutic cave
conditions is burdened with great uncertainties. These are
primarily due to the high relative humidity in the cave
(100 %), slow air flow with pronounced ion fluctuation
under strong ionization of air by radon. A serious
disadvantage of the air ion meters is that in an environment
with high relative humidity they do not work or they only
measure for a limited, very short period of time. The
measuring ambiguity is also greatly affected by the presence
of persons and by their motion in the cave during therapy
and measurement.

The present work is concerned with a methodology of air
ion measurement to be applied in speleotherapeutic caves.
These spaces are characterized by the presence of high air
humidity and they make extreme demands on the execution
of the measuring device, the GT in particular, and on the
amplifier electronics. The result is an automated measuring
system using a GT with a low-volume air flow, enabling
long-term measurements of air ion concentration and
determination of spectral ion characteristics. The measuring
system is designed for the study of and search for varied
concentration of light negative ions in dependence on
climatic conditions, and the mobility of ions occurring in the
caves.

2. METHODOLOGY OF ION CONCENTRATION MEASUREMENT

Problems of the methodology of measuring air ions with
the aid of a GT require a complex solution including several
mutually complementary areas.

To eliminate uncertainties in the measurement of ion
concentration it is necessary to design and experimentally
verify an appropriate conception of the measuring system
with a GT for use in therapeutic cave spaces. These spaces
are characterized by the presence of high air humidity and
thus they make extreme demands on the execution of the
measuring device, in particular the GT and the electronics,
inclusive of the amplifier.

The mutual relationship between the concentrations of
positive n. and negative n. ions is expressed by unipolarity
coefficient P.

1)

3. SPELEOTHERAPEUTIC CAVES

In a speleotherapeutic cave, child patients suffering from
bronchial asthma are treated. According to medical reports,
as many as 10-15 % of children in the Czech Republic (CR)
[29] suffer from this disease; thus it is a problem with
societal impact. In CR, asthma treatment using
speleotherapy is practised in the Eden Zlaté Hory centre in
the Jeseniky Mountains, and also in the child sanatorium in
Ostrov u Macochy, where the measurement using the
proposed methodology was performed. The treatment takes
place in the Cisatska jeskyné, which was specially adapted
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for purposes of speleotherapy. It is a cold cave of the karst
type.

The environmental theory currently characterizes the
healing effects of speleotherapeutic caves by a set of
components, factors and processes of the cave endo-
environment and their clinically verifiable interactions with
the human body. The confirmed effects that influence the
patient’s state of health can be characterized by the
following parameters [29]:

constant cave temperature, ranging from 7 — 8 °C;

high relative air humidity, attaining 100 % for most of
the year;

high concentration of light negative and positive ions,
generated by radionuclides contained in limestone
(uranium, thorium and radioactive potassium); The
unipolarity coefficient approaches P=1, and the related
mobility is k>1,28 cm?V-1.s1,

content of calcium and magnesium ions in aerosol;
modest air flow;

low dust content, absence of allergens and bacteria.

4, ELECTRIC FIELD DISTRIBUTION IN GT

Of the greatest importance for the metrological properties
of the method with GT is the distribution of electric field.
To assess the behaviour of air ions during their passage
through GT, a simulation of electric field distribution inside
and outside GT was conducted using the finite element
method (FEM) [30]-[32]. The field must not markedly
influence electric potential in the space being measured. In
the space in front of GT the electrostatic field should draw
in ions without the formation of electrostatic lenses. Within
the given context, we first of all outline the results for the
most advantageous arrangement of the electrostatic field as
related to the measurement; this particular option was then
chosen for our measuring system. The measuring
configuration is illustrated in Fig.1. and Fig.2. When three
electrodes (inner, outer, and shielding) are used, there are
four possible variants, which differ depending on which
electrode is earthed. From the simulation results the variant
with the earthed outer electrode was chosen.

Fan
Shielding | L [
[ |
(N 1
® .. Inner electrode ‘ .ﬁ =5
®e - — -
® 5|
7 |

Outer electrode

Fig.1. Measuring configuration of the optimal chosen variant for
negative ions.
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Fig.2. Measuring configuration of the optimal chosen variant for
positive ions.

The simulation results in section and near the GT inlet as
given in Fig.3. confirm a low effect on the intensity of
electric field E in the space being measured, and appropriate
suction of air ions without the formation of an electrostatic
lens on the input.

Fig.3. Distribution of intensity E in GT section (up) and on the GT
input (down), with the scale limited to 3200 V/m (valid for both
negative and positive ions). The relevant polarization voltage
corresponds to Uak=25 V.

The electric field intensity increases in the direction of the
inner collecting electrode. There is no deformation of the
trajectory of air ions and no drop in the measured
concentration of air ions caused by the change in the
polarization voltage Uak. Near the inner electrode edges the
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drop in intensity E is not compensated for by edge effects,
and the deviation AE may reach as much as -15 % from the
ideal dependence. At the end of the inner electrode there are
divergences in the FEM due to the sharp edge, and the
intensity E is assumed to be higher than in other variants of
electrode earthing. For 90 % of the space between the inner
and the outer electrode the ideal distribution of electric field
holds, similar to the cylindrical capacitor. Thus, there is no
drop in the measured concentration of air ions that would
still be dependent on the magnitude of the voltage Uak. This
property can be decisive for the measurement of ion fields in
small constrained spaces. The result of the simulation is the
proposal of suitable dimensions and distribution of
potentials in GT (Table 1.).

In their relevant articles, [3], [14], Aplin and Kolarz
connect the inner electrode to the potential of the earth,
whereas the polarization voltage is led to the outer electrode.
This approach is simpler due to the guarding principle used
in the electrometric amplifier; however, as shown by the
simulation, the solution can also be considered inconvenient
in terms of the distribution of the electromagnetic field.
Fig.4. represents the configuration for the measurement of
negative ions; in measuring positive ions, positive voltage is
led to the outer electrode.

Fan
Shielding L
® — Jd
) ® Inner electrode 4 .—\ 5
®e EEmmE—— — =] --1-
© 3
——7 ]

Outer electrode

Fig.4. Measuring configuration utilized by
Aplin and Kolarz for negative ions.

The distribution of intensity E is represented in Fig.5.,
which shows that the necessary shielding coat of the GT on
the potential of the earth causes an electrostatic lens to form
in front of the inner electrode at the inlet of the GT. The lens
then prevents a portion of the ions from reaching the
collecting electrode, and their concentration measured in
this variant is thus lower than that found in the measured
space. The detailed distribution of intensity E at the mouth
of the GT is shown in Fig.5.

lons are drawn into the GT by a ventilator. The ventilator
motor must be magnetically shielded in order not to
influence the ion trajectory in GT. Shielding is provided by
a ferrite cylinder surrounding the motor. Commutator
motors are a source of considerable interference and are not
suitable for the proposed measurement.



MEASUREMENT SCIENCE REVIEW, 17, (2017), No. 1, 27-36

SOLUTTON

Fig.5. Distribution of intensity E in GT section (up) and on the GT
input (down), with the scale limited to 3200 V/m (valid for both
negative and positive ions). The relevant polarization voltage
corresponds to Uak=25 V.

Table 1. Properties of AK-UTEE-v2 [33].

AK-UTEE

Diameter d, [mm] 38
Diameter d; [mm] 12
Inner electrode length L [mm)] 160
Flow velocity vy [m.s] 2.1
Volume flow rate of air M [cm®.s] 2140
Capacitance Cax [pF] 7.7
Limit mobility km [cm2.V1.s?] 24.5

UAK
Voltage Uak required for measuring light 144
ions with the mobility k > 1.7 cm2.V1.s

In our GT, the relationship between the concentration of
air ions n and the measured current | corresponds to

n=2140-1 2)

where the current | is expressed in pA, and n in cm3.s™,

5. CONCEPTION OF ELECTROMETRIC AMPLIFIER

Much attention needs to be paid to the measurement of
very small currents of the order of 10%? to 10 A. It is
necessary to choose an electrometric amplifier design with
minimum noise and to increase the insulation resistance of
GT via employing a relay for range switching and using
active shielding. It is good to characterize the effect of
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active shielding on the pulse response of a change in the
concentration of air ions [34].

In view of the very low currents being measured it is
necessary to eliminate the measuring cables and interfering
electric and magnetic fields. A special electrometric
amplifier is located as close to the GT collecting electrode
as possible and is shielded from outer electromagnetic fields
[34]. Feedback connection of the operational amplifier with
an electrometric feedback resistor was chosen. This
connection exhibits lower noise and it also filters the
measured current data. The fundamental connection of
electrometric amplifier showing the effect of input quiescent
current ig- and input residual voltage uos is given in Fig.6.
An OPA129 operational amplifier was used in the
electrometric amplifier. Table 2. gives the values of
equivalent scheme elements for AK-UTEE-v2.

I
L)
gl

10T

Teflon

Fig.6. Fundamental connection of electrometric amplifier (top)
and equivalent scheme of the AK-UTEE-v2 system (bottom).

Table 2. Properties of AK-UTEE-v2 [33].

AK-UTEE

Cax 7.7 pF capacitance of GT

Rak || Re | 5000 TQ leakage resistance of GT and
Teflon bushing

Ce1, Re1 | 0.7 pF, 40 TQ | RC element modelling the
Teflon DA

Cu, Ru 1 uF, 100 TQ | polarization capacitor with
leakage resistance

Ce 3 pF capacitance of the lead to
sensing resistor

Re 1000 TQ leakage resistance of the lead
to sensing resistor

RReL 100 TQ leakage resistance of
charging relays

Ri 10 kO input resistance of
electrometric amplifier

Uak 25V source for polarization
capacitor charging
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The source of polarization voltage was implemented by a
polarization capacitor Cy [34]. During the measurement, it
is charged at regular intervals to a polarization voltage Uax.
While charging, the measurement is interrupted and, using a
relay (a special, custom-made relay developed at DTEEE,
with a Teflon skeleton and high-quality reed contacts A46),
the capacitor Cy is switched over to controllable voltage
source via both terminals. The purpose of using the
capacitor is to obtain minimum leakage currents. The period
of a new charging of Cy should be 4000 s and, if measuring
in a cave, up to 50.10°s [34]. With longer periods of
charging the Cy, significant errors may appear when
measuring the saturation characteristics.

6. ACTIVE SHIELDING

An important problem when measuring in an environment
with high air humidity is the appropriate earthing of GT that
will eliminate the effect of electrostatic fields near the
measuring device. In simulations using the FEM the effect
of earthing can be examined by applying an interference
potential to the outer electrode and determining its effect on
the results of measuring the concentration of air ions for
different configurations.

The selected configuration does not enable us to employ a
shield clamp in the electrometric amplifier to facilitate
active shielding; we therefore designed a novel, unique
solution.

Since with the earthed outer GT electrode the classical
active shielding cannot be applied, active shielding with an
auxiliary capacitor Cas was proposed (Fig.7.). At the
beginning of the measurement, the Cas capacitor together
with the polarization capacitor Cg is charged to the voltage
Uak. One of its pins is earthed, the other is connected to the
shielding ring of the bushing shielding and the shielding
bevelled ring of the inner electrode Teflon holder. After
disconnecting the polarization voltage source, the Cas
capacitor is actively shielding the inner electrode.

Fan

Shielding

®
Inner electrode
@

—

Outer electrode

Fig.7. Schematic illustration of active shielding.
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The reason for using a further capacitor is that the
polarization voltage Uak can attain a value of up to 60 V
and it is necessary to use a further amplifier with a higher
supply voltage. The pins of active shielding cannot be
connected directly to the source of polarization voltage
because its implementation is unipolar and its polarity is
changed via a relay on the output. The Cas capacitor is
discharged by leakage current according to the relation

UAK

g = —2K
" Ru IIRe

3)

The error in the concentration measured is then caused by
the voltage difference between the Ce and Cas, given by
their different ways of discharging during the measuring
process. Experimental measurements revealed that a period
of 30 min was sufficient to recharge the two capacitors to
the polarization voltage.

7. MEASURING PROCEDURE

A properly chosen measuring procedure will enable
eliminating the effect of the electrostatic field of the space
being measured, the leakage current of GT, the effect of
earthing, and the dynamics of the change in time of the
concentration of air ions. The proposed automated
measuring  system  AK-UTEE-v2 (Fig.8.) has an
electrometric amplifier located on the GT shielding jacket.
The block diagram of the proposed equipment is shown in
Fig.9. The electrometric amplifier includes a polarization
capacitor, which is periodically charged from a HV source.
The electrometric amplifier is zeroed with the GT ventilator
off, using a D/A converter. The value measured on the
output of electrometric amplifier is digitized by a 16-bit A/D
converter and processed in an AVR microcontroller. In
automatic measurement the algorithm is controlled by the
microcontroller, which in addition to providing the
measuring mode also saves the measuring results in a
FLASH memory or transfers them into a PC via USB
interface in the case of manual measurement. The
conception of the meter allows automatic measurement of
ion concentration in the absence of attendants and periodic
automatic compensation of the electrometric amplifier zero.

Fig.8. Two AK-UTEE-v2 measuring systems for measuring
negative and positive ions.
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L1

Comunication
with PC

Fig.9. Block diagram of AK-UTEE-v2.

8. CALCULATION OF MOBILITY SPECTRUM OF AIR IONS

The processing of the values measured and the calculation
of the spectral characteristics of air ions must suppress
noise, and the proposed algorithm should be little sensitive
to the time fluctuation of the concentration of air ions.

The saturation characteristic is the dependence of the
measured electric current flowing through GT on the
polarization voltage Uax (schematic in Fig.1.). In [28] and
[34] Israél derived a relation for the number of ions with
greater mobility than the limit mobility k. for a given
polarization voltage Uax.

8 dz
[ N(k)dk =Z ~U 25— 4)

km d AK

where n is the number of ions, k is the ion mobility, and Z is
an auxiliary variable according to (4).

|
z oM ®)

The characteristic Z is graphically illustrated in Fig.8. To
establish the amount of ions in the mobility interval (km to
km2) the first derivatives are obtained for two polarization
voltages Ugr, and the point of intersection with the axis y is
found, Fig.10.

n(knﬂ'klnz){ ,,

U Q“”‘mz) U ‘“‘(1”(.“1) _> U t(1 /k)

Fig.10. Example of establishing the mobility spectrum of air ions
(adjusted according to [28]).

The result of the calculation of ions in the interval kmi<kmz
is given by the relation

©

n(kml,kmz):J: n(k)on(—jk

ml

n(k)dk (6)

m2

A new method was therefore proposed for the calculation
of the spectral characteristic. The ion spectrum was
calculated via fitting the saturation characteristic with the
sum of several functions G (7), using the least squares
method. The function G expresses the number of measured
ions with different mobility values and it is

CacUnck for k <k
G= & " ()

M fork >k,

For a continuous spectrum, an infinite number of such
functions would be necessary. According to experimental
results, it is in most cases sufficient to consider a spectrum
of two to three principal mobility values of ions. The
saturation characteristic should be a monotonously rising
function [36]. The calculation of the mobility spectrum of
air ions from relation (6) is highly sensitive to fluctuation
and noise [37], [38]. One point of the saturation
characteristic must therefore be obtained from the average
of 100 measured values of light ion concentration. Still, it is
affected by large measuring uncertainties. The proposed
method does not perform the first derivative of the
saturation characteristic measured and does not emphasize
fluctuation in the saturation characteristic waveform
measured. This method markedly reduces the effect of
undesirable noise and instability of the concentration of light
negative ions in a space.

For the numerical method of least squares the function
Isqcurvefit was made use of in the MATLAB environment.
The saturation characteristic was measured at regular time
intervals of 2's. To eliminate the effect of ventilator start,
125 values of current were measured, with the first 25
measured values not taken into consideration. Measuring
one point of the saturation characteristic took 250 s.
Subsequently, the ventilator was turned off, followed by
measuring 25 values with the ventilator off. Measuring the
whole of the saturation characteristic takes 2.5 hours.
During this period there is no marked change in the cave
temperature (8.1 °C) and relative humidity (it usually
reached 100 % RH). The saturation characteristic can
therefore be used for a representative description of the
mobility of air ions in a cave.

The resultant conversion of saturation characteristic
(Fig.11.a)) for AK-UTEE-v2 is given in Fig.11.b). An
advantage of this procedure is that in spite of the significant
type A uncertainty for Uak = 14 V, the function was fitted
correctly. The obtained results correspond to the common
mobility spectra shown in several studies, such as [7];
specific are high mobility ions 13.7 cm?.V-1.s2,
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Fig.11. a) measured and approximated saturation characteristics,

b) obtained mobility spectrum.

9. RESULTS AND DISCUSSION

To test the correct function of AK-UTEE-v2, a
comparative measurement was conducted with the device
AK MGK-01 (Kathrein) as a reference apparatus, which is
used in the National Institute of Public Health in Prague. AK
MGK-01 contains a high-quality electrometric modulation
amplifier AD310K. It is employed to verify the
concentration of air ions generated by ionizers, and to assess
the ion atmosphere at workplaces. Since there was no
shielded Faraday chamber available at NIPH, the
comparative measurement was conducted in a room
designed for ionizer testing. The reference ionizer was
placed on a desk covered with a conductive and earthed
surface. Both measuring devices were placed on desks with
identical surfaces (Fig.12.).

Within the initial step, carried out in Prague on Nov. 2,
2011, we compared the performance obtained at two
different distances from the ionizer; the established
correction coefficient corresponded to K=1.47. In the
subsequent measurement, we used the direct output of the
ionmeter, and the related voltage was measured with an
Agilent 34401A multimeter.

The measurement on Feb. 21, 2012, was conducted twice,
for distances of 1, 1.5 and 2 m from a BIV-07 ionizer; the
measurement was not affected by attendants’ motion. The
relationship between the concentrations measured with the
UTEE and the MGK-01 ionmeters is outlined in Fig.12. In
addition, due to the longer time constant of the filtering
integration circuit in AK MGK-01, the fluctuations in the air
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ion concentration caused by the instability of the reference
ionizer are shifted. Turning off the AK-UTEE-v2 ventilator
did not change the AK MGK-01 data. A similar check was
performed by disconnecting the supply of AK MGK-01, the
AK-UTEE-v2 did not change either. The two measuring
systems did not affect each other.

50000
40000

30000 ‘

20000

n fionsicm®] AK MGK-01

10000 -

0 5000 10000 15000 20000 235000 30000

n [ionsicm’] AK UTEE

Fig.12. Comparison of measured waveforms from AK-UTEE-v2
and AK MGK-01 (at time 600 s the AK-UTEE-v2 ventilator was
turned off) at a distance of 1.5m from BIV-07 ionizer (top),
position of both devices during measurement (down).

Table 3. Comparison of AK-UTEE-v2 and AK-MGK-01,

Feb. 21, 2012.
Distance from | AK-UTEE-v2 AK-MGK-01
ionizer
[m] [ions/cm?] [ions/cm?]
1.0 26700 + 900 38800 + 1400
15 14400 + 600 18000 + 1000
2.0 5350 + 610 8140 + 1000

Table 3. gives the measured air ion concentrations and
their select standard deviations for AK-UTEE-v2 and AK-
MGK-01. The air ion concentration was obtained from the
average of measured values at times of 100 to 500s. The
chosen measuring interval was 1s. Fig.12. shows a
comparison of 2,000 measured values in both ionmeters.
From the regression curve, we established the correction
coefficient of K=1.49.

The described new AK-UTEE-v2 system will enable long-
term measurement in caves. An example of 7-day
measurement in the area of Moravian Karst — Cisai'ska
jeskyné, the Nagel Dome, employed for speleotherapy
(temperature 8.1 °C, absolute pressure 980 hPa, relative
humidity h 100 %) is given in Fig.13. During the
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therapeutic stay a group of 30 children is divided into two
halves, with one half sleeping in the ‘couch sector’, the
other playing in the Nagel Dome (usually referred to as
playroom). The children come to the cave at 1 p.m. and
leave at 4 p.m., swapping their roles in the middle of the
stay.

The changes in time of the insulation resistance R; can be
interpreted as I/f noise affecting the measured concentration
of light ions. The effect of R; can be suppressed via
automatic compensation of the GT zero, which is done
periodically every half-hour. During this period the
polarization capacitor does not get markedly discharged and
the value of the GT leakage current does not change either.
Due to the application of this principle, the measurement
can proceed for up to one week.
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g | g
% 5000 = 1 4 =
= E
2 ;
— 4000 £
= | \ . ] I
’ - concentration of ions |
2000 -~ Children stay averaging 4
| i difference ef temperalure
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] % Y @b ] B B @
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Fig.13. Measuring in cave (top) and the time dependence of
concentration of light negative ions in the course of a week,
together with the respective temperature difference between cave
interior and cave surroundings (down).

The automatic measurement used when measuring the
concentration of air ions in a cave is an absolute
measurement. In differential measurement, an absolute
identity of the two GTs is assumed and unknown
distribution of electrostatic field in the space being
measured affects the measuring accuracy. In the absolute
measurement of the concentration of air ions using one GT
the measurement is affected, apart from the required
concentration of light air ions, also by: a) electrostatic field
in the space measured, b) fluctuations in the GT leakage
current caused by dirty insulant surface or phenomena
related to dielectric absorption, ¢) GT contamination by
radioactive substances, d) electrometric amplifier noise, in
particular its low-frequency component I/f. To eliminate the
above effects, a new methodology of absolute measurement
was proposed for the AK-UTEE-v2 system. Even with the
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ventilator off, GT measures the residual current which is the
result of the electrostatic field of the ionizer when ions move
by diffusion from the ionizer tip to the collecting electrode.
GT is therefore zeroed with the ion generator on.

The resultant saturation characteristic is obtained by
subtracting from each measured value the value of the
current when the ventilator is off. Furthermore, one
measurement is performed with zero polarization voltage
Uak in order to eliminate the effect of electrostatic field in
the space measured. It is assumed that the electrostatic field
distribution does not markedly change in time. After
removing the I/f noise, it is necessary to periodically zero
the electrometric amplifier. This will suppress the change in
the GT leakage current caused by impurities and potential
aqueous film, and also the effect of temperature on the input
quiescent current of the operational amplifier.

CONCLUSION

The above-described measuring system AK-UTEE-v2
enables long-term measuring of the concentration of air ions
in the environment of speleotherapeutic caves. It operates on
the familiar principle of measuring the current flowing
through a GT, whose electric field draws in air ions. For
long-term measuring of the concentration of ions in humid
environment (more than 7 days) a specific measuring
procedure is proposed consisting of regular measurements of
leakage currents, and their application in the automatic
calibration mode. The procedure used in automatic
measurement enables long-term measuring and elimination
of measuring errors caused by the presence of attendants.
Interesting from the instrumentation viewpoint are the low-
volume air flow, GT design, unique active shielding, and
appropriate connection of electrometer amplifier.

Since obtaining a defined concentration of air ions is very
problematic, experimental comparative measurement was
performed on the AK-UTEE-v2 and AK MGK-01
(Kathrein) systems, the latter being used by the National
Institute of Public Health in Prague. Compared with the AK
MGK-01 system, the AK-UTEE-v2 system measures a
lower value of ion concentration with a lower standard
deviation, with the average value of correction coefficient
Kion = 149

Unlike other applicable systems, [3], [4], [5], [14], the
AK-UTEE-v2 was designed to facilitate more advantageous
distribution of the electrostatic field in the mouth of the
condenser; such an arrangement enables us to measure the
saturation characteristics in a more accurate manner and to
exploit these in computing the air ion mobility spectrum. In
this context, for example, a relevant paper by Kolarz [40]
shows the typical deformation of saturation characteristics,
most probably caused by an inappropriate measuring
configuration (Fig.4.). A very beneficial property of the GT
consists in the low volumetric flow rate, whose effect on the
sensitive environment of the cave is negligible.

The measuring system exhibits good qualities suitable for
the study and long-term monitoring of the concentration of
light negative ions in dependence on climatic conditions,
and of the mobility of ions occurring in speleotherapeutic
caves.
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The investigation presented in the paper was performed in the laboratories of the Department of Theoretical and Experimental Electrical
Engineering, Faculty of Electrical Engineering and Communication, Brno University of Technology, between April22 and June 26, 2014.
We examined a homogeneous sample of male and female participants comprising a total of 49 persons aged 19 to 26. The time required
for the measurement of psychophysiological parameters corresponded to 19 minutes, encompassing five stages: Basic (5 mins.), Color (2
mins.), Rest (5 mins.), Math (2 mins.), and Rest (5 mins.). All the measuring cycles were carried out using a BioGraph Infiniti device
(Thought Technology, Ltd.). Generally, the impact of the environment upon living organisms constitutes a crucial problem examined by
today’s science. In this context, the present article describes the results of an investigation focused on ionosphere parameter variation and
its role in the basic function of the nervous system. The discussed research concentrates on the measurement and detection of changes in
the region of very low electromagnetic field frequencies; the authors introduce and verify related theoretical and experimental procedures
to define the effects that influence brain activity and the cardiovascular system.
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1. INTRODUCTION changing currents. More concretely, this guideline
introduces the value of 50 mT/s as the maximum magnetic
flux change acceptable in an environment having a variable
magnetic field at the frequency of 1 Hz and characterized by
permanent presence of humans. This value is many million
times higher than the largest changes hitherto measured
during processes referred to as magnetic storms, in which
the Earth was exposed to charged particles from the Sun.

The low-level measurement of low frequencies (0.01-
10 Hz) performed to evaluate the effect of magnetic fields
on the human organism can be regarded as an
interdisciplinary branch of science that embraces different
types of research. In this context, it is important to consider
applied research disciplines, such as the measurement and
radar technology in the following ranges: the ULF (Ultra i i )
Low Frequency Band: 300 Hz — 3 KHz), SLF (Super Low The paper  proposes —an - experiment involving
Frequency Band: 30 Hz — 300 Hz), and ELF (Extremely comprehensive coverage of measurable parameters of the
Low Frequency Band: 0.1 Hz — 30 Hz) [3]. The current human body in a homogeneous sample of participants; the
status of knowledge in the given field is relatively participants are monitored repeatedly, and the relevant
unsatisfactory, and certain hasty conclusions have been parameters are evaluated with respect to external magnetic
made and subsequently applied even in hygienic standards.  field changes. The generation and effects on the human
An example of such standards is the guideline issued by the  organism of low-level magnetic fields induced by solar
Council of Europe and implemented by ICNIRP [4] in 1999  activity were described previously, [3] and [4].
to establish the boundary values of magnetic flux in relation According to the conclusions of the secondary research,
to the speed of magnetic field variations for very slowly there is mutual interaction between low-level electric or
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magnetic fields irradiated by both humans and the
geomagnetic system. We present a portion of the research
conducted in this province at the Department of Theoretical
and Experimental Electrical Engineering (DTEEE), Faculty
of Electrical Engineering and Communication (FEEC), Brno
University of Techology (BUT); the investigation exploits
the current knowledge of low-level magnetic fields
generated by the geomagnetic mechanism and the solar
system. The attention is centered on examining the effect of
solar activity-induced changes in Earth’s magnetic system.
In this context, the research also focuses on proving the
existence of that effect as a result of geomagnetic storms,
which substantially influence low-level magnetic fields
affecting the human organism, including its behavioral
patterns and decision-making [5]. The detection of changes
and disturbances in the geomagnetic field could be
performed by means of the Schumann resonances. Until
recently, the relevant oscillation was at the average yearly
frequency of fsch=7.83 Hz; this frequency changes in
consequence of the impact exerted by phenomena such as
the solar wind or greenhouse gases. In 1953, Professor
W.O.Schumann of the Technical University of Munich,
Germany [6] found out that the cavity between the
ionosphere and Earth’s surface could be interpreted as a
spherical resonator.

2. SUBJECT & METHODS

The laboratory-based research comprising a homogeneous
sample of 49 subjects (men and women aged 19 to 25)
began on April 22, 2014 and lasted until June 26, 2014 [7].
The young age and homogeneity characteristic of the group
of participants led to stable cognitive competencies such as
working memory, selective attention, multitasking, task
switching, response monitoring, and error detection. Nearly
all of these functions show an age-related decline [8]. The
total time required for the examination of the
psychophysiological parameters of a subject corresponded
to 19 minutes. We used a Nickelodeons Infiniti [9] (Thought
Technology, Ltd.) unit to perform the entire task, and the
measurement proper involved five phases: Rest; Color; Rest;
Math; and Rest. At the Color stage, a special (Stroop) test
was utilized to acquire the psychophysiological responses of
each subject to a load on their organism. Generally, this tool
demonstrates that a person performing the given task can be
easily distracted due to their automatic reactions and habits;
the procedure is named after John Ridley Stroop (1897 -
1973), the American psychologist who first described the
phenomenon in 1929 [10]. In the Math phase, then, the
participants were asked to progressively subtract the number
7 from the initial value of 1081, and we examined the
psychophysiological stress generated during such quiet
countdown. The total number of measurements was 210,
with the average of 4.29 per participant. The relationship
between the above total count and the number of subjects
who completed the task is shown in Table 1. The laboratory
was configured to facilitate the measurement of comparable
parameter values, namely constant temperature, noise,
humidity, lighting, concentration of positive and negative
ions, and homogenized geomagnetic field component

(Fig.3.c)).
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3. RESULTS

A major part of the laboratory research consisted of large-
scale collection of psychological data from all participants
(respondents) via several psychological tests, including an
ASS-SYM test; this tool measures a respondent’s sensitivity
to changes in the transition from load to relax. All the results
were then correlated with the psychophysiological
measurements.

Table 1. The relationship between the number of completed
measurements and the number of respondents.

Number of Number of
respondents measurements

4 1

1 2

4 3

12 4

24 5

4 6

49 SUM

The measurement comprised three relaxation and two
stress phases, with an emphasis on intensive psychological
stress in the participants. The stress stages were induced
using a low-level electromagnetic field generator, an
amplifier, and Helmholtz coils to interact with the EEG
brain waves of the participant involved. The resulting low-
level field enabled us to simulate the effect of solar activity
changes as an additional offset to the related real intensity
indicators prepared for each day by NASA. The field
strength in the Helmholtz coil was set to the level of the
terrestrial magnetic field, and the major parameters were as
follows: pulse f = 1 kHz; start = 100 ns; wavelength A =
50.4 km and /2 = 25.2km; T = 168 ps; amplitude 1 V on
the generator- amplified, out of coil; Bmax=60 uT,
according to Fig.1. The indicated spectrum is a swept one,
between 0.01 Hz and 30 Hz.

1.000 Ypp

+0,000 Ve

Fig.1. The waveform to offset field strength in the Helmholtz coil.

Fig.1. and Fig.2. illustrate the stimulation and
measurement apparatus, and Fig.3. presents shots of the
BioGraph Infiniti measurements.

In the course of the experimental research, a large volume
of psychophysiological data were measured with the
BioGraph Infiniti software; the actual measurement
fundamentally exploited the states of relaxation and mental
load placed upon each participant, whose mental condition
was subsequently evaluated by means of psychological tests.
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Fig.2. A scheme of the measurement and simulation apparatus.

¢)

Fig.3. The documentation shots from the laboratory
measurements, a), b); the room with a geomagnetically stable
magnetic field component, c).

The determined states can be expressed qualitatively.
Based on the obtained information, we created a large,
unique set of correlational dependencies existing between
psychophysiological parameters of the human organism (or
the related qualitative psychological measurement) and the
intensity of solar activity.

Solar wind particles captured by Earth’s magnetic field
travel, especially in polar areas, along magnetic lines up to
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the upper layers of the atmosphere, where they — together
with ultraviolet radiation from the Sun — excite and ionize
neutral atoms. The excited atoms then emit a typical glow to
form the well-known aurorae, and these ionized atoms are
seized by the magnetic lines and move freely along them.
Through this description, we have merely summarized
general facts commonly exploited and referred to by various
researchers. Methods and procedures for the measurement
of ionosphere changes are currently available [11], Fig.3. In
this context, secondary investigation of earlier observations
may enable us to point out the connection between magnetic
field changes and the social behavior of a group of humans.
The corpus of specialized research on the problem
comprises a large number of fundamental papers and
monographs; interestingly, the achievements of the author of
[12], Rollin McCraty, could also be of importance in many
respects. McCraty gradually analyzed the impact of the
environment on the physical, mental, emotional, and
spiritual coherence of an individual, and he also outlined the
relationship between these aspects and the cardiovascular
system with its resonant frequency of 0.1 Hz (the ELF band
of between 0.04 and 0.26 Hz, a precondition of cardiac
coherence). Tchijevsky, then, found out that 80 % of the
most significant events in human history occurred within an
approximately five-year segment of solar activity, as
illustrated in Fig.4., [12].

DAILY SUNSPOT AREA AVERAGED OVER INDIVIDUAL SOLAR ROTATIONS

ggn, SUNSPOT AREA IN EQUAL AREA LATITUDE STRIPS (% OF STRIP AREA) =>00% W>01% [0>10%

908!
1570 1880 1890 1900 1910 1920 1930 1940 1950 190 1% 1980 1% 200 00 22

05, AVERAGE DAILY SUNSPOT AREA (% OF VISIBLE HEMISPHERE)

04/
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02
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09 . o . l
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DATE

Fig.4. The values of solar activity since 1874, [12].

With respect to these aspects, however, no investigation
has been performed thus far with a homogeneous group of
selected human subjects to prove the long-term impact of
changes in Earth’s magnetic field and to eliminate any
possible major influence of other factors.

During our experimental research, solar activity was
monitored via NASA-indicated data: values acquired from
daily solar activity measurements are collected by the
agency for scientific purposes. Relevant graphs within this
analysis present the solar activity record characterizing the
activity period observed at the DTEEE, FEEC, Brno
University of Technology.

The parameter of the Sun reflects the actual influence of
solar wind particles, which — according to the velocity of the
wind — bombard Earth’s atmosphere, with a delay of
between 2 and 8 days. A related study proposes that solar
winds could be interpreted as collision less plasma moving
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radially from the Sun at speeds oscillating between 300 and
800 km/s. The concentration of the wind varies from 1 to
10 cm-3, and its temperature ranges between 1 — 30 eV. The
mass spectrum comprises mainly protons (~96 %) and
helium nuclei (~4 %); the proportion of heavier elements is,
for our purposes, negligible. In order to facilitate the
measurement of solar wind parameters (or, more concretely,
the proton component), a suitable detector was designed to
operate from the orbit.

Hypotheses:

HO. The low-level magnetic fields generated by solar
activity exert a negative impact on the human organism and
influence human behavior and decision-making.

HI1. The mutual interaction between the low-level magnetic
and electromagnetic fields of a human subject and the low-
level magnetic fields induced by geomagnetic changes
constitutes a significant phenomenon.

H2. Solar activity, the resulting manifestations of
geomagnetic storms, and their comprehensive effect on the
human organism as regards economic behavior and
decision-making are directly interrelated factors.

10000
Number of sunspots
1000
100
10
Number of
measurements
1
0 50 100 150 200 250
= Number of sunspots
—Number of sunspots-8

Fig.5. The progression of solar activity during the experimental
research specified in chapter 3 (investigation performed between
April 22 and June 26, 2014). Source: [13].

Data Analysis:
Static input psychological prerequisites

Before the actual commencement of the research, the 49
participants were assessed with the ASS-SYM and MBTI
psychological testing methods. At the initial stage, before
analyzing the methodology, we consider it important to
introduce a brief definition of health as an underlying
concept within our investigation. According to World
Health Organization, health is “a state of complete physical,
mental and social well-being and not merely the absence of
disease or infirmity” [14]. This definition then leads us to a
rather narrow domain of psychological methodology,
namely self-assessment scales. With respect to these
instruments, it is possible to accentuate the ASS-SYM, a
representative method designed by the German psychologist
Gunther  Krampen  [15]. The  ASS-SYM, or
Anderungssensitive Symptom Liste, constitutes an index of
change-sensitive symptoms related to relaxed perception

and experiencing, life satisfaction, mental load, problems,
and other aspects outlined in [15]. The list comprises 48
items, within which each participant expresses themselves in
four degrees. As proposed, the symptoms are sensitive to
changes during autogenic training and progressive
relaxation. The ASS-SYM has been verified as a part of the
overall evaluation of the quality and effect of various
therapeutic procedures; its advantage consists in that, unlike
some other techniques, the discussed instrument does not
cause excessive stress to the examined subject or bring any
additional difficulties. The subscales relate to 6 areas (each
comprising 8 items), and these domains involve several
specific activities or elements: the examination and
influencing of “intrinsic” mental processes such as the
interpretation and assessment of the self and the
environment; the core beliefs and assumptions of who I am
and what the world around me is like; and determining the
interrelationships or mutual impact between emotional
experiences and cognitive mechanisms (or, in plain words,
finding out how the brain and the heart influence each
other). By definition, the areas concerned are presented as
follows:

e Physical and mental exhaustion (such as “sleep disorder
and falling asleep difficulty*);

e Nervousness and mental tension (“internal
nervousness®);

e Psychophysiological dysregulation (“inappetence®);

e Behavioral and performance-related disorder
(“performance anxiety prior to tests, exams, and similar
situations “);

e Self-control difficulties (“head aches or pressures®);

e General symptoms and problems (“indecisiveness,
decision-making difficulty*).

The initial psychological examination as a component of
the wider test of the impact of geomagnetic field changes on
a human being was attended by 38 from the total of 49
participants, and the obtained results are indicated in Fig.6.
below.

In the course of the measurement, the majority of
participants (mostly of military background) exhibited
physical and mental exhaustion, behavioral and
performance-related disorder, and burden of pain. Nine
participants were affected by simultaneous action of all the
three effects; interestingly, in six participants out of these
nine we detected concurrent affection by 5 from the above-
outlined 6 effects. This set of participants will be hereafter
referred to as emotionally labile, EL. Even though a
majority of the symptoms clearly manifested themselves at
this  stage, none of the subjects exhibited
psychophysiological dysregulation.

The follow-up phase of the research consisted of MBTI-
based personality testing. In spite of substantial character
differences, the participants can be classified into 16 basic
categories, each comprising a set of subjects with certain
identical traits; thus, we respect the system of personality
types founded by Carl Jung, further developed by American
researchers Katharine Cook Briggs and Isabel Briggs Myers,
and refined to its current forms (as regards, for example, the
nomenclature) by later 20th century scholars [17].

stress,

40
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The relevant classes are determined via the Myers—Briggs

Type Indicator (MBTI); when using this instrument, we
adopted — in accordance with the above references -
personality type denomination variants that best suited our
purposes, and the applied typology then was as follows:
The type indicator (MBTI) was applied in only 44 out of the
total of 49 respondents; a portion of these subjects did not
participate in the initial psychological testing and attended
merely the laboratory measurements. The MBTI test was
performed prior to the measurement cycle via psychological
testing of each participant.

120
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Fig.6. The assessment performed via the ASS-SYM instrument.
Source: [16].
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Fig.7. The cyclic change of the mental state in the three
respondents specially observed during the experimental research.
[16].
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In the given context and as already outlined, from the
general and theoretical perspectives, we investigate the
influence of geomagnetic fields in relation to “intrinsic”
human mental processes, such as the interpretation and
evaluation of the self and the environment, core beliefs and
assumptions of who I am and what the world around me is
like, and we also focus on defining the mutual interaction
between emotional experiences and cognitive processes,
between the brain and the heart [18].

Dynamic gradual psychological prerequisites

Each psychophysiological measurement cycle was
preceded by a Liischer color test session. The Liischer test
concept comprises 8 color cards (blue, green, red, yellow,
violet, brown, grey, and black) combinable into 40,320
possible answers. The main advantage of the instrument
consists in its hidden validity: as the participant does not
know the purpose of this particular test and cannot estimate
what is being defined by it, they are not able to suitably
modify their answers in advance to fit the presumed or
desired result. Applicable criticism targeting the alleged
insufficient reliability of the method is analyzed by, for
example, the main author of papers [19], [20], and [21], who
proposes that the test captures the dynamics of mental states
and that “the determination of reliability in the sense of
consistency is not feasible” owing to the structure of the
instrument. The repeated use of the Liischer color test
enabled us to reveal progressively the actual mental state of
the respondents prior to the main psychophysiological
measurement, especially as regards the following
parameters:

S — deteriorated mental condition; A — anxiety; B —
emotional discomfort; A, B — mental imbalance.

The pattern in Fig.7. shows deteriorated mental condition
in three subjects of the EL group; this decrease occurred
cyclically during the entire experimental research and in all
the monitored variables.

Mental statevariation

. L TR
B3 - Deteriorated Mental condition v
B E - Emotional discomfort

ZE - Reduced output

B4 - Anxienty
m 4 B - Mental imbalance
Days

Fig.8. The sample of participants exhibiting reduced performance.
Source: [16].
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Another quantity monitored within the dynamic
psychological data was mirror drawing, intended to define
the instantaneous performance rate of the subjects. This
activity was used to conclude each physiological
measurement session. Fig.8. then represents the set of
participants who exhibited signs of reduced performance;
this group comprises32 out of the 49 respondents
participating in the psychophysiological measurement.

Relationship between individual changes in the intensity
of solar processes, and the effect of such changes on the
skin conductance of examined participants

According to a major reference [22], skin conductance
changes are caused by activation of the autonomic nervous
system rather than by emotions. Based on the actual needs,
however, strong emotions prepare the human organism for
an intensive activity; variation in emotions is then
accompanied by accelerated breathing, cardiac function, and
vascular circulation. This process results in altered skin
conductance, from the lowest level in sleep to the highest
one attained under conditions such as emotional stress. The
present study follows from the assumption that emotional
lability in responsive individuals is directly related to and
incited by changes of solar activity; conversely, in the same
context, participants classified within the preliminary testing
cycle as emotionally stable will be generally less sensitive to
the discussed variations. The performed measurements
propose that, in emotionally responsive individuals, skin
conductance depends on changes in the intensity of solar
activity (namely, the increase or decrease of such activity)
rather than on its amplitude. As illustrated in Fig.9., the
variation of solar activity then constitutes an element
abetting emotional lability in humans, and this condition
manifests itself in the growth of skin conductance. During
the laboratory-based measurement of the psycho-
physiological parameters of the human organism in relation
to the intensity of solar activity, we simulated the effects of
such activity via using a pulse magnetic field (as already
mentioned above) that exhibited the magnetic flux density
of Bmax=60 uT in the region outside the Helmholtz coil; this
field spread out towards the head of a participant, into
a homogenized environment (this environment was
completed with a special shielding bolster located in the
vicinity of a participant, embodying the modification of
Earth’s inhomogeneity - namely, a quasi-stationary field -
and the influence of natural radioactivity). At the head of
a participant, which was positioned outside the absolutely
homogeneous field, we set/measured Bmax= 5.0 pT. The
exposure to the given field was invariably triggered in the
Color and Math load phases, in two-minute intervals. For
the purposes of pulse measurement, identical repeatable
conditions were set for all participants. The exposure was
eliminated from the Rest stages. The total experiment time
allocated to each respondent, including the preparation and
connection to the measuring apparatus, equaled 40 minutes;
within this period, a participant was exposed to the
applied pulse magnetic field for four minutes.
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Within the research, we also considered the actual effect of
solar activity, assuming the delay of -4 to -8 days according
to the relevant solar wind intensity (Fig.5.). The laboratory-
based simulation of the conditions enabling the effect of
solar activity brought into the measurement an additional
gradient of low-level magnetic field changes in different
phases of the psychophysiological measurements. Such
changes are exemplified, with respect to skin conductance,
in Fig.9., which also indicates the action of an offset pulse
(twice every two minutes) during the entire forty-minute
measurement. To amplify the effect of an external magnetic
field resulting from solar activity, we performed the
measurement in the lowest lying laboratory of the DTEEE.
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Fig.9. The variation of solar activity constitutes an element
abetting emotional lability in humans; this condition manifests
itself in the growth of skin conductance [16].

Changes in the intensity of solar activity and their effect
on cardiac variability in the sample of participants

The theoretical basis for the domain of cardiac variability
exploits the frequency analysis specified in Table 2.

A relevant reference [23] proposes that heart rate
variability (HRV) is considered the neurocardiac function
factor which reflects the interaction between the heart, brain,
and autonomic nervous system (ANS) dynamics. All HRV
parameters are derived from the evaluation of natural
heartbeat changes, and HRV as such is substantially more
than a mere indicator for cardiac frequency assessment: it
reflects the complex interactions between the heart and a
high number of bodily systems [24]. The optimum level of
variability in key regulation systems of an organism has
fundamental meaning for its internal flexibility and
adaptability or, by extension, the resistivity and immunity,
which embody a healthy coherent function and overall well-
being. While an excessive amount of instabilities exerts a
negative impact on effective physiological functioning and
energy usage, a variation too low denotes an energy
decrement or cardiac pathologies [25].
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Table 2. The description and definition of the calculated
parameters of the spectral analysis of cardiac frequency variability
[25].

Frequency band

LF [0,05-0,15] Hz

Description VLE [0,02-0,05] Hz HF[015-FI1Hz  Physical unit

015 F

0,05
Spectral power Power VLF :ﬁ{ PSD df Power LF :J PSD df Power HF :UJ' PSD df ms*
2 05 15

Relative spectral Power VLE Power LF Power HF
power Belilns Total Power Rel. LF= o Power Rel.RE= Total Power 1
Individual spectral Power VLF Power LE PowerVLF
power ratios VLF/HF = Power HF LF/HF = Power HF VLF/LE= Power LF 7
Compensation coeffici- CCVVLF= CCVLF= CCVHF=
ent for the effect of R yPower VLF | 1 VPower LF VPower HF %
interval magnitudes = RR 00 SATEanT Y T IRR =10

F

Total spectral Total Power :J' PSD df nebo (Power VLF + Power LF + Power HF)
0,02

power

Mean value of RR

intervals e

RR :;—‘E RR,

Mean value of the power
of sequential differences
of the RR intervals

n 2
1 2
MSSD=— ‘E(RR,— RR,,) ms

The quantity or extent of total HRV relate to the present-
day lifestyles and are higher in younger people than in older
ones [26]. A low HRV constitutes a strong and independent
predictor of future health problems, including all mortality
causes [27], and it is connected with a number of health
conditions [28], [29]. Generally, HRV is also a significant
indicator of not only psychological and behavioral resilience
but also the ability to adapt oneself effectively to varying
social or environmental conditions [30], [31], and HRV
quiescent levels are associated with individual cognitive
performance differences in tasks that require the use of
physical performance functions [31]. Heart rate variability is
reflected in the total cardiac power spectrum as a large
output increase within low frequency (LF) bands (typically
around 0.1 Hz) and a decrease at very low frequencies
(VLF) or in high frequency (HF) bands [32], [33]. Thus,
heart rate variability can be defined as relatively harmonic
(sine-wave-like) signals with very narrow and high peak
amplitude in the LF region of the HRV power spectrum but
without main peaks in the VLF or HF regions. This holds
true for the respiratory frequency of about 6 breaths per
minute, where the complex ICA is reduced, and the
characteristic introduced in the above definition is regarded
as the load for the organism and possible training. Such
variability then approximately consists in the amplitude ratio
LF / (VLF + HF); more specifically, for the above-described
problem, variability is observed between 0.04 and 0.26 Hz
of the total power spectrum range. In general terms, the
discussed phenomenon constitutes a highly effective
functional mode that is closely connected with the expedient
use of energy sources and with many health-related
advantages. These include six central aspects, namely
1) resetting the sensitivity of the baroreceptors that relate to
short-term blood pressure control and increased
respiratory efficiency [34];

2) increased vagus nerve afferent stimulation, which
participates in the inhibition of signals in sympathetic
nerves [34];
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3) improved cardiac output in conjunction with enhanced
efficiency in fluid exchange, filtering, and absorption
between the capillaries and tissue [34];

4) strengthened ability of the cardiovascular system to
adapt to circulation requirements;

5) increased time synchronization of cells in the whole
body (Langhorst et al. 1984); and

6) improved synchronization of the mutual activity of ANS
branches [24].

The above elements all result from the overall coherence
to energetically enhance the entire system [34]. Another
facet of the variability mode is the resonance effect. In this
context, applicable mathematical models can be used to
demonstrate that the resonant frequency of the human
cardiovascular system is determined according to the
feedback between the heart and the brain [34]. In humans
and a large variety of animals, the resonant frequency of the
system corresponds to approximately 0.1 Hz. Based on the
proposed details, we can conclude that variability and
resonance are typical of the natural physiological effects
associated with the heart; these effects constitute and induce
positive emotions. The graphs below show a continuous,
solar activity-related BVL HF and BLV LF heart variability
record of the selected sample of emotionally labile
respondents. According to the graphically presented data, a
higher emotional load was accompanied by a domination of
BVP LF. However, it is not completely clear whether the
cause of the higher BVP LF consisted in a changed intensity
of solar activity or in the actual emotional character of each
respondent within the EL group.

Functions of the ANS are also markedly influenced by
respiratory sinus arrhythmia, which is, from the frequency
perspective, found in the predominantly weighted spectrum
(HF) situated between 0.15-0.4 Hz; the respiratory
frequency then correspondingly ranges between 9-24
breaths/min. In the described experimental research, we
observed negative breathing, where thoracic respiration
dominates. By correlating such negative breathing with solar
activity changes, we reach the conclusion that, in the group
of emotionally labile respondents, negative breathing
manifested itself mainly as a result of a change of the
intensity of solar activity without any major influence of the
amplitude of such activity.

4. DISCUSSION / CONCLUSIONS

During the experimental research, large amounts of
quantifiable psychophysiological data based on the states of
relaxation and mental load were obtained using the
BioGraph Infiniti software. In this context, we also
employed psychological tests to determine the mental state
of the respondents, and the results of this phase can be
expressed qualitatively. These procedures enabled us to
form a unique, extensive group of correlational
dependencies  existing between  psychophysiological
parameters of the human organism and the intensity of solar
activity with corresponding changes of the external
electromagnetic field.
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Impact of changes in the intensity of solar activity on
skin conductance (skins) in the examined respondents

According to the research presented in [26], skin
conductance changes are induced by the activation of the
autonomic nervous system rather than by emotions. Strong
emotions, however, prepare the human organism for a major
activity, depending on the actual need; in the course of an
emotional change, the breathing, cardiac activity, and
vascular circulation all accelerate. This process then results
in changed skin conductance, from the lowest level during
sleep to the highest values typical of situations such as
emotional stress.

Significantly, this paper as a whole is based on the
presumption that the lability of individuals more prone to
being influenced by emotional stimuli will be abetted by
variation in solar activity; conversely, in this context, those
participants who exhibited relatively consistent emotional
stability during the pre-research testing will show less
dependence on the discussed changes. The measurement
results propose that skin conductance in emotionally
sensitive individuals depends on variation in solar activity
(growth or drop) rather than on its amplitude. According to
Fig.10., a solar intensity change increases the rate of
emotional lability in the human organism, thus also causing
the relevant skin conductance to grow.

Impact of changes in the intensity of solar activity upon
heart variability in the respondents

The research showed that such correlational dependence
manifested itself markedly in skin conductance (or its
growth) and heart variability via changes in the LF/HF
frequency ratio, shown in Fig.11.; domination of the
parasympaticus was observed, and thoracic respiration, i.e.,
negative breathing, prevailed over abdominal respiration.

The evaluation presented herein relates to participants
whose psychological test results (those obtained from the
ASS-SYM, MBTI, Liischer—Color-Diagnostik, and mirror
drawing) exhibited increased mental lability.
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Fig.10. The relationship between skin resistance and solar activity
changes in labile individuals. Source: [16].
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The follow-up research will continue to evaluate the
above-described dependencies in all participants, thus
including also those who showed stable or variable mental
condition, and the individual procedures will enable us to
establish a benchmark for the psychophysiological
parameters of healthy, mentally balanced subjects. Further,
this benchmark is expected to facilitate mutual comparison
between the groups of participants involved in the research.

The investigation of the intensity of solar activity, a
phenomenon contingent on changes of solar wind intensity,
was performed in the course of using data acquired and
classified by NASA.
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Fig.11. The dependence of the BVP HF and BVP LF signals on
solar activity in emotionally labile participants. Source: [16].

At this point, we can note again that the primary aim of
our effort lies in defining the impact of solar wind intensity
changes on emotions, stress generation, and performance in
a homogeneous sample of participants. Research of such
scope has not been published thus far; one of its central
benefits is the formation of a benchmark of
psychophysiological values acquired from a homogeneous
set of participants, the basic data range being as follows:
Age: 20 to 31
Body temperature before *)PP measurement: 35.5 to 37.5
oC
Body temperature after *)PP measurement: 35.5 to 37.0 OC
Systolic blood pressure before *)PP measurement: 100 to
180 mmHg
Diastolic blood pressure after *)PP measurement: 40 to
91 mmHg
Systolic blood pressure before *)PP measurement: 94 to
185 mmHg
Diastolic blood pressure after *)PP measurement: 48 to
99 mmHg
Number of sunspots during (Plasma waves hitting Earth)
*)PP measurement: 140 to 2226 p/cm3 — number of sunspots*)PP:
psychophysiological measurement with the BioGraph Infiniti device.

The output of the measurement cycles is summarized in
Table 3.; while the relaxation phases Basic and Rest lasted 5
minutes, the Color and Math stages ran for two minutes
only. Table 3. also shows the ranges of the measured
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psychophysiological values in the individual, consecutive
phases. Importantly, special emphasis was placed on
examining the LF/HF ratio; at high solar wind intensities,
domination of the parasympaticus was observed. The
standard deviation of this LF/HF ratio, depending on solar
wind intensity changes determined by the number of
sunspots, is illustrated in Fig.12. below.

The above figure indicates that, at low solar wind rates, the
dispersion of the LF/HF values is more uniform, with min.
0.084 and max. 5.71. At high solar wind intensity rates
(from 1,000 units), the dispersion of the LF/HF values tends
to grow and exhibits greater dynamics, namely, min. 0.056
and max. 10.94. Fig.12. simultaneously shows volatility

. . L T standard deviationfrom B: standard deviationfrom B: standard deviation fr
differences in the standard deviations characteristic of the BVP LF/HF (maans) BVP LF/HF {means)3 BVP LF/HF (meand

individual load phases (Basic; Color (two-minute color

reading); Rest; Math (two-minute progressive subtraction of
the number 7 from 1081); and Rest). Fig.12. The BVP LF/HF standard deviation. Source: [16].

Table 3. The ranges of the measured psychophysiological values. Source: [16].

Sequence Basic Color Rest Math Rest
B: BVP amplitude mean (Rel) 0 30.0 0 20.6 0 22.0 0 21.9 0 21.2
B: BVP HR mean (beats/min) 0 125.84 |0 123.12 0 97.72 0 125.28 0 99.68
B: BVP HR std. dev. 0 60.66 0 45.61 0 44.44 0 43.22 0 46.07
B: BVP peak freq. mean (Hz) 0 0.27 0 0.26 0 0.24 0 0.33 0 0.27
B: BVP IBI std. dev. (SDRR) 0 366.1 0 361.47 0 366.88 0 426.15 0 363.13
B: BVP VLF % power mean 0 44 0 65.36 0 46.41 0 67.27 0 51.25
B: BVP LF % power mean 0 86.39 0 84.76 0 71.82 0 87.18 0 68.4
B: BVP HF % power mean 0 80.94 0 61.57 0 79.89 0 74.99 0 77.54
B: BVP ULF % power mean 0 16 0 31.13 0 17.7 0 32.75 0 14.98
B: BVP VLF total power mean 0 2549.09 |0 3525.78 |0 12547.57 |0 2874.66 |0 7478.45
B: BVP LF Total power mean 0 5142.99 |0 121135 |0 8879.18 |0 591588 |0 12536.73
B: BVP HF total power mean 0 4464.12 |0 11793.98 |0 658736 |0 7841.5 0 7094.28
B: BVP LF/HF (means) 0 14.85 0 14.79 0 9.02 0 30.94 0 7.13
Total spectral power 0 8629.04 |0 21593.77 |0 15467.89 |0 13758.13 |0 16747.21
C: EMG mean (uV) 0 592.58 |0 623.16 0 600.11 0 622.14 0 615.93
D: EMG mean (uV) 0 219.63 |0 325.07 0 380.12 0 613.48 0 502.14
E: Skin conductance mean (uS) 0 17.34 0 20.58 0 18.27 0 19.19 0 17.49
E: SC as % of value mean (%) 0 346.9 0 411.68 0 365.38 0 383.88 0 349.89
F: Temperature mean (Deg) 0 36.01 0 35.98 0 36.07 0 36.04 0 36.08
F: Temp as % of value mean (%) 0 36.74 0 36.72 0 36.81 0 36.77 0 36.82
G: Resp rate mean (br/min) 0 18.8 0 15.25 0 18.77 0 19.75 0 18.8
B&G: (HR max-min) mean (b/min) | 0 51.72 0 116.92 0 84.94 0 102.94 0 92.24
G: Abd amplitude mean (rel) -0.69 |5.17 0 5.6 0 4.61 0 3.64 0 4.82
H: Thor amplitude mean (rel) 0 4.03 0 4.43 0 3.35 0 3.03 0 2.99
G&H: Abd-tho ampl diff (means) |-2.27 [4.53 -3.29 [4.62 -2.23 |38 -2.26 |33 -1.78 |3.51
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Within the planned follow-up activities, we will
concentrate on further examination of the investigated
variables, or the HRV, EMG [32] and [33], Skins [34], Abd
and Thor respiration amplitudes, which were systematically
monitored in the course of the research involving a
homogeneous sample of participants.

APPENDIX

The article discusses the results and evaluation of a cycle
of experimental measurements performed to define the
impact of solar activity upon an individual and their social
interactions. The related primary research has shown that
geomagnetic field changes resulting from solar eruptions
affect the neurophysiological condition and status of a
human being within society. The obtained knowledge and
conclusions are of major importance for predictive control
applications related to the management of social and
economic processes (such as those within healthcare,
transportation, industrial and financial markets, and supply
of energy and goods).

The experiment was performed with the intention to screen
out the influence of Earth’s external quasistationary field.

Using a source of an offset magnetic field to simulate in
laboratory conditions the effect of changes in the intensity of
solar activity amplified the variation of psychophysiological
parameters, depending on solar activity. The problem of the
possible effect of greenhouse gases and the related impact
on the ionosphere was not analyzed within the described
research, mainly because, from the perspective of the time
domain, ionospheric changes due to climatic variation are
very slow with respect to the manifested effects of solar
activity.
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The convergence rate and the continuous tracking precision are two main problems of the existing adaptive notch filter (ANF) for
frequency tracking. To solve the problems, the frequency is detected by interpolation FFT at first, which aims to overcome the
convergence rate of the ANF. Then, referring to the idea of negative feedback, an evaluation factor is designed to monitor the ANF
parameters and realize continuously high frequency tracking accuracy. According to the principle, a novel adaptive frequency estimation
algorithm based on interpolation FFT and improved ANF is put forward. Its basic idea, specific measures and implementation steps are
described in detail. The proposed algorithm obtains a fast estimation of the signal frequency, higher accuracy and better universality
qualities. Simulation results verified the superiority and validity of the proposed algorithm when compared with original algorithms.

Keywords: Adaptive notch filter, frequency estimation, Fast Fourier Transform, negative feedback.

1. INTRODUCTION 2. ANALYSIS OF THE ADAPTIVE NOTCH FILTER

Frequency is a basic parameter to describe the A. Principle of the adaptive notch filter

charact_eristic of the signal, which has been widely used in Adaptive notch filter (ANF) is used to obtain the filter
many fields such as power systems, flow measurement, and  narameters, which could automatically adjust the filter
fault diagnosis. o parameters of the current time, and adapt to the unknown
In the past three decades, lots of frequency estimation  changes of the signal and noise statistical characteristics.
algorithms  have been proposed to provide good The frequency characteristic of the ideal notch filter equals
performance, such as FFT [1], wavelet transform [2], o 1, and the other equals 0. ANF can make the notch
correlation [3], ANF [4]-[5], and so on. Compared with  frequency automatically follow the changing of the input
other  frequency estimation algorithms, ANF can  signal frequency. It can be used to eliminate the interference
automatically adjust the parameters according to the and to detect the sinusoidal signal in noise frequency [8].
measured signal characteristics, and realize the estimation  The realization of the ANF is shown in Fig.1.
and tracking of frequency. It is a research hotspot of the

current frequency estimation algorithm [6]-[7]. But the
algorithm is more sensitive to the initial parameter value, /
and it is difficult to balance the convergence rate and the r(n) = s(n) + &(n) ANF |8 ANt Sm)
long tracking precision. H(@)
To resolve the above problems, a novel adaptive frequency /
estimation algorithm based on interpolation FFT and Adaptive algorithm i«
improved ANF is proposed. In Section 2, the ANF is
introduced and analyzed. In Section 3, the proposed Fig.1. Structure of adaptive notch filter.

algorithm is elaborated, including the interpolation FFT
algorithm which is introduced to improve the short time As shown in Fig.1., when an observation signal r(n) gets

signal frequency estimation, and the improved ANF which through the ANF, sinusoidal signal s(n) can be filtered,

is used to monitor and track signal frequency for long time, . . ) . .
by designing an evaluation factor to adjust the ANF and the optimal estimation noise signal &(n) can be

parameters using the feedback control principle. In  Obtained, and then, by subtracting é(n) from the observed
Section 4, the proposed algorithm is validated by signal r(n), the optimal estimation value §(n) can be
simulations. Finally, Section 5 concludes. obtained.
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B. Problem analysis
1) Convergence rate

According to the principle of ANF, if the input signal’s a
priori is unknown, the initial notch bandwidth tends to be
larger, so that the signal frequency can be captured as soon
as possible. But if the initial notch bandwidth is too wide, it
will cause less filtered noise and lower accuracy of
frequency estimation. With the adaptive adjustment of ANF
parameters, the ANF will be gradually locked on the correct
frequency, the notch bandwidth will be gradually reduced,
the filtered noise will be higher, and the precision of
frequency tracking will be much higher. The process of
ANF from the beginning to locking on the correct frequency
can be regarded as a convergence process, and the frequency
estimation accuracy in the process is low.

In order to improve the precision of the frequency
estimation in the convergence process of ANF, some
frequency estimation methods can be used to improve the
accuracy in the convergence process.

2) Continuous tracking problem

When the ANF is used to track the unknown signal
frequency, to capture the signal frequency as quickly as
possible, the initial notch bandwidth often sets to be larger.
With the adaptive adjustment of ANF parameters, the
convergence factor approaches to 1, the notch bandwidth
approaches to 0, and the accuracy of the frequency
estimation will be higher and higher. When the notch
bandwidth approaches 0, if the signal frequency changes and
jumps out of the notch bandwidth, it will cause the notch in
false frequency, and then cause larger frequency estimation
error.

In the process of frequency tracking, along with the
continuous adjustment of ANF parameters, the notch
bandwidth will be gradually reduced. If the notch bandwidth
approaches 0, it will easily lead to the correct frequency out
of the notch bandwidth, so that the ANF cannot perceive the
change of the signal frequency, and then a larger frequency
estimation error will be caused, which can be regarded as
the tracking problem for long time.

To improve the frequency tracking estimation accuracy for
long time, when the notch bandwidth approaches 0, an
evaluation factor can be set up to monitor and adjust ANF
parameters in real-time, which aims to ensure the frequency
value in notch bandwidth range and prevent the ANF loss of
adaptive ability. All the aforementioned problems can be
improved by adjusting the notch bandwidth.

3. PROPOSED ALGORITHMS
A. Basic ideas

From the above analysis, it is difficult to balance the
convergence rate and the continuous tracking precision.
Therefore, a novel frequency tracking algorithm based on
interpolation FFT and improved ANF is put forward in this
paper. Firstly, interpolation FFT algorithm is used to
estimate the initial signal frequency, and the estimated value
is set as the initial frequency before the ANF is stable
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(assuming a stable point of the ANF at M), and then, the
improved ANF is used to estimate the signal frequency after
M. M is an empirical value which could be obtained by lots
of simulations, and it often sets among 500~1000.

B. Concrete measure
1) Convergence problem

In order to overcome the problem of the convergence rate
of ANF, the interpolation FFT algorithm is used to estimate
the short time frequency of the signal as follows.

Set the single frequency sine signal as follows

s(t)=Acos(2z f,t+6,) )

where A, f and g, denote the amplitude, frequency, and
initial phase of the signal, respectively. Generally, f
expressed as:

o 1S

f,=(k, +6)- 1, )
wherek, denotes positive integer, o denotes leakage errors
and |5|<05 , fq denotes frequency resolution and

fg=f, /N, f, denotes sampling frequency, N denotes
sampling number. The sampled signal can be illustrated as:

s(n) = Acos[2z(k, +6)-n/N+6,] (3)

The frequency spectrum s(k) can be obtained by DFT.

j{ﬁu—%(k—fﬂ )7[]

(k)= A-sinf z (k- f;T)]

- (4)
2sin[ (k- f,T)/N ]

where T is the sampling time, and f;="f,/N=1/T=Af .
Assuming K, :int[fOT] is the maximum amplitude point at
S(k). The maximum amplitude value A can be expressed
as:

_ NAsin(7z6)
B 276

IS (k)| (5)
The line of the relatively large amplitude next to k is

called second-rate amplitude value [9]. Assume the discrete
frequency index value isk,, the second-rate amplitude value

A, can be approximated as:

NAsin (75
A, =|5(kz)|:_2,,?1n_(|5|)) ©
g0 )
A 1-|s]



MEASUREMENT SCIENCE REVIEW, 17, (2017), No. 1, 48-52

a« A

=z 8
l+a A+A

]

According to the value of & , the estimated higher
accuracy frequency value of on can be obtained.

f, = (k, £]o]) Af ©)

In equation (9), the symbol is dependent on the position of
K, - If k, =k, +1, it gets plus sign. If k, =k, —1, it gets minus
sign.

2) Long time tracking problem

By using the negative feedback control principle, the
parameters of ANF can be monitored and adjusted in real-
time by setting an evaluation factor and the algorithm can be
illustrated as follows.

As shown in Fig.1,, the enhanced signal §(n) is

independent of the noise z(n) . If the ANF works normally,
the enhanced signal §(n) is significantly correlated with the
initial input signal r(n) . According to the correlation, an
evaluation factor h(n) can be designed to detect whether the

ANF is an effective tracking signal frequency or not. The
structures of the improved ANF are shown in Fig.2.
The value of h(n) can be obtained from the extra LMS

block algorithm by the following:

|

where g, is the step size, his deduced from the Wiener-
Hopf equation in [10].

&(n) =$§(n)—h(n)r(n)

(10
h(n) =h(n-1) + g &(n)r(n)

)

(11)
where g {s(n)e(n)} =0, E {e(n)} =0. E ()} =02 E{s’(n)}=A"/2-

If the ANF locks on the right frequency, then§(n) ~s(n),
and h converges to

A% ]2 N

= = (12)
AN l2+0’ N +207

50

r(n) e(m) . (O]
_ ANF 7 >
X s(n
hir) ‘=<) ( >
LMS

Fig.2. Structures of the improved adaptive notch filter.

If the ANF locks on the wrong frequency, then§(n) ~e(n),

substitute it into equation (11), and h converges to 0
since E{s(n)$(n)} =0. Therefore, the evaluation factor h(n) can

be used to judge whether the ANF effectively tracks the
signal frequency or not. If the h(n) falls below the set

valueT, , the ANF can resume the parameters to assure the

notch bandwidth contains the signal frequency again.
According to the above basic ideas, the improved ANF
algorithm is illustrated in Fig.3.

44 Input signal r(#1) ‘
s
v
‘Enha.ncedsignalf(??) ‘
.
‘ Evaluation factor /2 #) ‘
N
Y
4‘ Adjust the notch parameter ‘

H Estimated frequency afFi) ‘

Fig.3. Flow chart of the improve ANF.

The overall block diagram of the proposed technique is
summarized in Fig.4.

Ay (M) n=MM+1--N

Use the improved ANT

o estimate the
frequency after point M

-~

Input signal Use “.m intespolation FFT Lstimated frequency | Outputsignalfrequency
y l0eslimate (he frequency N : >
before the notch filter O=|Gr. e |
convergence at point M
o (mn=12--M-1 afn)n=1,2--N

Fig.4. Flow chart of the proposed frequency estimation algorithm.
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As shown in Fig.3. and Fig.4., the proposed algorithm
obtains fast frequency tracking, long time frequency
tracking and high accuracy estimation characteristics even
for the unknown signal.

4, SIMULATION ANALYSES

In order to verify the validity and the universality of the
proposed algorithm, the algorithm is applied in lattice
adaptive notch filter (L-ANF) [11], simplified lattice
adaptive notch filter (SL-ANF) [12], and SMM adaptive
notch filter (SMM-ANF) [13], respectively. In simulations,
the input signal model and ANF parameters refer to
references [11]-[13], and all the ANF parameters remain
unchanged. The proposed algorithm just introduces the FFT
algorithm at the beginning of the frequency estimation, and
adds an evaluation factor in ANF for long-time frequency

estimation, the parameters 1, — 0.05and z, = 0.008.

Fig.5. shows the estimated frequencies by original L-ANF
and the improved algorithm in this paper based on L-ANF.
Fig.6. shows the estimated frequencies by original SL-ANF
and the improved algorithm in this paper based on SL-ANF.
Fig.7. shows the estimated frequencies by original SMM-
ANF and the improved algorithm in this paper based on
SMM-ANF. In order to validate the universality of the
proposed method in this paper, the curves of Fig.5. to Fig.7.
are randomly generated.

As shown in Fig.5. to Fig.7., which include L-ANF, SL-
ANF and SMM-ANF, there are convergence process and
long precision problem when tracking signal frequencies.
Compared with the original algorithm, the improved
algorithm of frequency tracking curve is better and closer to
the true frequency. The proposed algorithm maintains higher
estimation accuracy in the whole process of frequency
tracking, which overcomes the influence of the convergence
process, and solves the problem of long time tracking. In
addition, we can see from Fig.5. to Fig.7., that the proposed
algorithm can be applied to many kinds of ANF, and all the
randomly generated curves maintain a good tracking effect,
which verifies the universality of the proposed algorithm.

True frequency
100.2 o, ’
,,,,,,,,,,, Improved L-ANF
100.1
N
I
=
2
[
=}
o
L
<
c
2
(7]
99.8
99.7

2 3
Sampling data/ n %10

Fig.5. Comparisons by L-ANF and proposed method.
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Fig.6. Comparisons by SL-ANF and proposed method.
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Fig.7. Comparisons by SMM-ANF and proposed method.

Testing 100 independent and random experiments, the
mean of square errors (MSE) of the three types of ANF is
compared and calculated according to the equation (13),
which is shown in Table 1. To avoid the influence of
convergence of the ANF algorithms, the signals after 1000th
point are intercepted to calculate the frequency.

50000

SE = 29000 i:1%1[6?)0) - (i)

(13)

As shown in Table 1., the MSE of the proposed algorithm
is smaller than the original algorithm, which also
demonstrates the superior performance of the proposed
algorithm.

Table 1. Comparisons of MSE acquired by three types of ANF.

MSE
ANF Original algorithm Proposed algorithm
L-ANF 3.72x10” 1.66x10°°
SL-ANF 3.57x10” 1.65x10°°
SMM-ANF 3.19x10” 1.64x10°°
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5. CONCLUSIONS

In order to solve the problem of convergence rate and long
time frequency tracking, a new frequency estimation
algorithm based on interpolation FFT and improved ANF is
proposed. Simulations show that the proposed algorithm
obtains the following characteristics:

1) Using interpolation FFT algorithm in the initial stage of
signal frequency estimation, which can improve the
convergence process of frequency estimation accuracy, at
the same time, the estimate value by interpolation FFT
algorithm can be used as the initial frequency, which could
speed up the convergence rate of the ANF.

2) Using the negative feedback control theory to design
the evaluation factor, it can effectively solve the problem of
long time frequency tracking of the ANF.

3) The proposed algorithm is more universal, which can
apply to other types of ANF.

For future research, we will focus on extending and
generalizing this type of algorithms to a more general
system identification scheme, and further research is under
discussion.
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