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THE 7TH INTERNATIONAL SCIENTIFIC CONFERENCE
“BALTIC APPLIED ASTROINFORMATICS AND SPACE
DATA PROCESSING"” (BAASP 2021)

Space science is fundamentally influ-
enced and empowered by computation and
information technology and this stimu-
lates its further technological develop-
ments. Astronomy, like many other fields,
is becoming exponentially data-rich. The
tasks of data management, acquisition and
mining become central to space research
activities, bringing together many technical
and methodological challenges. Information
technologies also provide the stage where
we collaborate and interact, and publish,
preserve, use and disseminate knowledge.
All the mentioned above makes emerging
a new branch of science — astroinformatics.

Recent challenges are directed to more
human-orientated, highly personalized and
trustworthy systems enabling their users to
cope with a large variety of frameworks,
technologies, data volumes and tools
needed to accommodate emerging scientific
applications. Therefore, one of the areas of
focus is quantitative and qualitative meth-
ods for exploiting, predicting, and under-
standing the value that information and
communication state-of-art technologies
bring to space science, astronomy, geodesy
and related fields.

The first BAASP conference in August
2012 was successful and it was decided to
make these conferences as a regular event.
After nine years, the BAASP 2021, the
seventh international scientific conference

“Baltic Applied Astroinformatics and Space
Data Processing (BAASP)” organised by
Engineering Research Institute “Ventspils
International Radio Astronomy Centre (ERI
VIRAC) of Ventspils University of Applied
Sciences (VUAS) was held on 23-24 Sep-
tember 2021 in Ventspils, Latvia.

The BAASP conferences are intended
as a collaboration platform for cross-bor-
der partnership and knowledge transfer
in the Baltic regions, as well as in Europe
for astronomers, astrophysicists, space
researchers, engineers, and experts in
related research disciplines in fields, such as
informatics, electronics, satellite technol-
ogy, geodesy and environmental sciences.

While the general scope of BAASP is
wide, the specific themes of the BAASP
2021 were astronomy, radio astronomy,
space sciences and technologies, instru-
mentation and data processing, from near
Earth space to cosmological distances. Part
of the presentations was also dedicated to
the modernization and improvement of
astronomical and radio astronomical instru-
ments. This year, scientists from Latvia,
Russia, Ukraine, Finland, Poland, Sweden,
the Netherlands, Italy, Egypt, India, Japan
and Greece presented their results. As a
result, the conference became not only the
European event.

Due to the existing epidemiological
constraints, BAASP 2021 took place online



using the ZOOM platform. Thanks to the
possibility of attending the conference
remotely, a significant number of partici-
pants from distant counties, such as Japan
and India, Greece and the Netherlands, took
part. The conference featured 38 presenta-
tions, including 32 oral presentations and
6 online posters. 117 participants used the
opportunity to register for the conference.
As the conference was organised during two
days, the total number of participants varied
from day to day: on 23 September — 63 and
on 24 September — 60 people participated.
It should also be noted that BAASP
2021 not only provided an opportunity to
get acquainted with the reports (recorded
presentations of the participants’ reports
are also available online in the VIRAC
YouTube channel' and BAASP 2021 con-
ference home page?), but also provided an
opportunity for its participants to estab-
lish new personal contacts. For example,
researchers from VIRAC were able to show
their new scientific results to the wider pro-
fessional auditory. It also was interesting
to hear the discoveries made by research-
ers from other institutes and observatories
around the world, with whom VIRAC had
been cooperating for several decades. For
example, the conference was attended by
representatives from the JIV-ERIC Institute
(Netherlands), Lund Observatory (Swe-
den), Odessa Astronomical Observatory
and the Institute of Radio Astronomy of the
National Academy of Sciences of Ukraine
(Ukraine) and the Nizhny Novgorod Insti-
tute of Radiophysics (Russia). The audi-
tory was impressed by the conversion of
old Ukrainian and Greek telecommunica-
tions antennas to radio astronomical tasks,
as well as the involvement of thousands of
Indian students in the processing of astro-

nomical data and the search for asteroids
(reported by representative of the Science
and Technology Department of the Govern-
ment of Rajasthan). During the conference,
the possibility of using artificial intelligence
for radio astronomical data processing was
also discussed.

The participants of the conference were
offered an unique opportunity to participate
in a virtual tour of the VIRAC radio tele-
scopes, and even climb to the highest point
of the radio telescope RT-32 — the primary
focus platform of the antenna, more than 50
m height, as well as visit the Soviet Army
underground tunnels and, even going back
to the past, to track how radio telescopes
changed over the last 15 years of modern-
ization. The record of this excursion is also
available on YouTube VIRAC channel®.

The BAASP 2021 was supported by
the project “Support for Preparation of
Ventspils University of Applied Sciences
International Cooperation Projects in
Research and Innovations (ATVASE, No.
1.1.1.5/18/1/009)”. We greatly appreciate
the efforts of Eva Meijere and Linda Udre
for their administration and technical sup-
port of the Conference.

Ivar Shmeld,

Chairman of the Scientific and
Local Organising Committee

Viadislavs Bezrukovs,

Vice-Chairman of the Local
Organising Committee

! https://www.youtube.com/channel/UCWNJkexYySp-Raq7dXJPLIQ/videos

2 https://www.virac.eu/en/baasp2021
3 https://www.youtube.com/watch?v=Cq1hWS-i7GU
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MICROWAVE OBSERVATIONS OF THE SUN WITH
VIRAC RT-32 RADIO TELESCOPE: THE EXPANSION
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Nowadays there is increasing interest in narrowing coronal areas with reduced brightness
temperatures (LTR — Low Temperature Regions) associated with local open magnetic fields
(S-web, “coronal partings”, “dark coronal corridors” ) as one of the eventual sources of slow
solar wind. Ventspils International Radio Astronomy Centre (VIRAC) performs routine spec-
tral polarimetric observations of the Sun with RT-32 radio telescope equipped with the multi-
channel (16 frequency channels) spectral polarimeter for the wave length range of 3.2—4.7 cm
(6.3-9.3 GHz) and both circular polarizations simultaneously. The analysis of relevant tasks
of clear and reliable observations and detections of LTR shows the necessity to improve noise
parameters, dynamic range and stability of the actual solar spectral polarimeter and to expand
its wavelength range. Taking into account these requirements, the low noise and thermally sta-
bilized solar spectral polarimeter was developed. The new multi-channel spectral polarimeter
is expected to observe right and left circular polarization of the solar emission in the wave-
length range of 2.1-7.5 cm (4.1-14.3 GHz) divided into 12 frequency bands. The dynamic
range was expanded to >36 db and the signal/noise ratio (referred to as quiet Sun brightness
temperatures) was enhanced to > 22-24 db.

The paper deals with some test observations of the newly developed solar spectral polar-
imeter and its feature analysis. Some eventual problems of solar physics which could be solved
with the spectral polarimeter are also discussed.

Keywords: Radio astronomy, slow solar wind, solar physics, spectral polarimeter.



1. INTRODUCTION

Microwave spectral polarimetric obser-
vations of the Sun still remain one of the
main trends in solar physics solving prob-
lems of an analysis of plasma parameters
and magnetic fields in the chromosphere and
lower corona. Since 2013, the RT-32 radio
telescope of Engineering Research Institute
"Ventspils International Radio Astronomy
Centre" (VIRAC) has a possibility to imple-
ment routine microwave spectral polari-
metric observations of the Sun in a “single
dish” mode [5], [6]. These observations are
performed using the multi-channel solar
spectral polarimeter (SP3) with a frequency
range of 6.3-9.3 GHz (3.2-4.6 cm) divided
into 16 frequency bands. The result of the
observational session of the Sun and the
further data processing represent the set of
16 simultaneous 2D Stokes I and V maps of
solar brightness temperatures with spatial
resolution of 3.9-5.2 arcminutes.

Nowadays there is increasing interest in
various coronal hole-like structures (“dark
coronal corridor”, “coronal lane”, “coronal
partings”, “s-web”) as the eventual sources
of slow solar wind [1]-[3], [8]. These areas
of interest are observed in X-rays and UV
as elongated narrow lanes between coro-
nal holes or peripheries of active regions.
Local or global coronal hole-like structures
have an evident association with local open

magnetic fields [2]-[4], [8], and the reduced
plasma densities and kinetic temperatures
persist in them due to plasma outflow. In
microwaves, coronal holes [7] and coronal
hole-like structures could be observed as
areas with reduced brightness temperatures
below the ordinary brightness temperature
of the quiet Sun at a corresponding wave-
length (Low Temperature Region — LTR)
[4], [8]-[10]. The known microwave obser-
vations of LTRs showed its low contrast,
and especially a unambiguous detection
of LTRs is a rather difficult task in terms
of solar radio astronomy. The analysis of
conditions of a coronal hole-like structure
of microwave emission and the experience
of previous solar observations with SP3
spectral polarimeter show a necessity for a
fundamental upgrade of the current spectral
polarimetric hardware, development of data
processing methods and overall improve-
ment of solar observation quality.

The paper provides the description of the
newly developed solar spectral polarimeter
(Low Noise Spectral Polarimeter ver. 4 —
LNSP4) with improved noise parameters
and expanded wavelength range of 2.1-7.5
cm, which is expected for further routine
observations of the Sun and especially for
LTR observations during the solar activity
in 2024 or 2025 at the latest.

2. SIMULATION OF MICROWAVE EMISSION

OF A “DARK CORONAL CORRIDOR"

In order to work out some requirements
for a new solar spectral polarimeter, which
could provide actual observations of char-
acteristic LTRs, a number of simple but
effective simulations of its microwave emis-
sion were done. The example of the cross-

section model of a straight “dark coronal
corridor” is presented in Fig. 1a. The mag-
netic field is simulated by two straight wires
below the photosphere of the Sun at the
ordinary width of “dark coronal corridor”.
Plasma parameters of the “corridor” could



be presented by two parts: a relatively dense
plasma of the quiet Sun outside and a rari-
fied plasma, which ordinarily permits coro-
nal holes inside the “corridor”. It is known
that photospheric magnetic field inductions

of LTRs are weak enough (<20-30 Gs) to
consider only the thermal free-free mecha-
nism of the microwave emission overall the
“coronal corridor”.
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Fig. 1. The model of the cross-section of the strait “dark coronal corridor” (a) and the dependence of the
expected reduction of its antenna temperature on the wavelength and the width of “corridor” in percent of the
quiet Sun antenna temperature observed with VIRAC RT-32 radio telescope.

The Obridko-Staude distribution of the
plasma electron density and kinetic tem-
perature over the height [15] were assumed
for the dense plasma of the quiet Sun part
along the sight line, and the Borovik model
of the atmosphere [7] for coronal holes was
used to represent the plasma inside the “cor-
ridor”. Results of the simulation of bright-
ness temperature distributions across the
“corridor” are mainly in accordance with
dependencies of quiet Sun and coronal hole
brightness temperatures on wavelengths
observed with RATAN-600 [7]. Figure
1b presents simulated dependences of the
expected LTR contrast (i.e., the reduction
of the observed antenna temperature below
the quiet Sun one in percent) observed with
VIRAC RT-32 radio telescope antenna on
microwave emission wavelength and char-
acteristic widths of the “dark coronal cor-
ridor”.

A number of simulations of the micro-
wave emission of characteristic “dark coro-
nal corridor” proved that the contract of
LTRs, i.e., the depression of LTR antenna
temperatures observed with the RT-32
antenna in a “single dish” mode, should
be expected about some percent (~ 2—4 %)
below the quiet Sun ones. Therefore, the
possibility of reliable observations of LTRs
in microwaves is limited by system noise,
its fluctuations and precise measurements
and absolute calibrations of actual bright-
ness temperatures of the quiet Sun.

Thus, the main requirements for the
new solar spectral polarimeter are the sys-
tem noise suppression (at least S/N ratio
better than 22—-24 db) and the implementa-
tion of the long-term stability of spectral
polarimeter parameters. The actual wave-
length range has to be expanded to at least
2.0-8.0 cm.



3. THE MAIN FEATURES OF THE LOW NOISE SPECTRAL POLARIMETER

The low noise spectral polarimeter was
developed, designed and produced in 2019
and 2020 according to a list of technical
requirements for future routine observa-
tions of the Sun with VIRAC RT-32 radio
telescope and taking into account the imple-
mentation of reliable detection and analysis
of LTRs with the contrasts about some per-
cent below quiet Sun brightness tempera-
tures. In March 2021, the spectral polarim-
eter was delivered to VIRAC and numerous
measurements of its parameters and test

observations of the Sun were performed till
the end of 2021.

The newly developed spectral polarim-
eter LNSP4 is expected to receive the solar
emission of right and left circular polariza-
tions in the frequency range of 4.1-14.3
GHz (2.1-7.5 cm) divided into 12 fre-
quency channels. The distribution of chan-
nel frequencies corresponds to the known
frequency grid of the RATAN-600 solar
spectral polarimeter for the possibility to
compare observations.

Fig 2. The multi-channel spectral polarimeter LNSP4 unit under tests in the laboratory (a) and the temporary
test installation of LNSP4 spectral polarimeter + wide band feed 2-18 GHz + Fresnel lens set onto
VIRAC RT-32 radio telescope antenna in the secondary mirror focal plane.

LNSP4 is controlled via the RS485
interface by its own set of commands. Mea-
surements of detected analogue signal of
the total channel power are implemented by
the same 16 bit ADC which was used for
SP3. The CPU unit implements the control
of LNSP4 regimes and provides the com-
munication of LNSP4 with the data acquisi-
tion and storage system.

The new spectral polarimeter has the
thermally stabilized hermetic case, and the
separate thermal stabilization system pro-
vides an internal temperature of +32-33 °C
under the wide range of external tempera-
tures of -30...+40 °C. The precise calibra-
tion noise generator with the wide adjust-

ment range is also installed.

The spectral polarimeter LNSP4 under
test in the laboratory is presented in Fig. 2a.
The main parameters of the LNSP4 and their
comparison with the SP3 ones is presented
in Table 1. One can see that LNSP4 has the
significantly enlarged signal/noise ratio (i.e.
the brightness temperature of the quiet Sun
referred to as RMS of a system noise track)
compared with SP3, an enhanced dynamic
range and common sensitivity (the input
total power starting the linear power detec-
tion for each polarization). Obviously, the
thermal stabilization of the case improves
overall parameters of LNSP4.



Table 1. The Main Parameters of the LNSP4 and their Comparison with the SP3

SP3 LNSP4
Frequency range 6.3-9.3 GHz 4.1-14.3 GHz
Number of channels 16 12
Band width 80-100 MHz 250-800 MHz
Polarization RCP+LCP RCP+LCP
S/N ratio (TquietSun/3*c*Tsysnoise) ~14-16 db >22-24 db
Dynamic range ~18-20 db >36 db
Sensitivity ~72 dbm <80-82 dbm
Sampling rate >80 sample/sec ~10 sample/sec
ADC resolution 16 bit 16 bit
Internal thermal stabilization no yes
Internal calibration noise generator no yes

4. TEST OBSERVATIONS OF THE SUN

Numerous test observations of the Sun
with LNSP4 and VIRAC RT-32 antenna
were performed to confirm the ability of
the new spectral polarimeter to obtain some
reliable and adequate observational data.
The temporary installation of the spectral
polarimeter set onto VIRAC RT-32 antenna
is shown in Fig. 2b. The set consists of the
spectral polarimeter LNSP4, wide band
feed Q-par 2—18 GHz for both circular
polarizations, the Fresnel lens prototype,
power supplies and the external data and
control unit. The Fresnel lens were used to
optimize the illumination of the wide band
and wide angle feed in the current mirror
system. This hardware set was integrated
into the antenna control system, the precise
time service and the data acquisition and
storage system were used for solar obser-
vations with the SP3 spectral polarimeter
before. The mechanical installation was
made with feed spatial offsets from the geo-
metrical axis of the antenna. It caused geo-
metrical distortions of the solar disk image
in the focal plane and a kind of chromatic
aberration which could be corrected with

linear methods. The permanent installation
of the LNSP4 spectral polarimeter as the
main solar instrument and its integration
into a radio telescope common receiving
system was expected after the reconstruc-
tion of RT-32 central cabin and the mirror
system adjustment in 2022.

Some long observations of the sky at
all LNSP4 frequency channels were made
to evaluate the sensitivity and the common
long-term stability of spectral polarimeter
parameters. The level of an artificial RFI
around the radio telescope was also evalu-
ated. The example of the record of RCP and
LCP antenna temperatures for 6.52 cm on
almost whole day is shown in Fig. 3. One
could make sure that the stability of param-
eters of the LNSP4 is much better than SP3
at a wide range of external temperatures
during the whole day. The sensitivity of the
spectral polarimeter is enough to note some
fluctuations of clear sky brightness tem-
peratures about ~5—10K. The level of RFI
is significant to disturb observations of the
Sun and has to be considered in future.
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Fig. 3. The record of the clear sky antenna temperature in the zenith at 6.52 cm for RCP and LCP with
VIRAC RT-32 radio telescope equipped by LNSP4.

A number of transit records of the Sun
for all channels of the spectral polarim-
eter were carried out. The solar disk came
through the antenna beam while the antenna
had the preliminary calculated immovable
position. Some vertical shift of the antenna
beam from the calculated position of the
solar disk optical centre was also performed.
The main goal of transit observations were
measurements of spectral polarimeter com-
mon gains, S/N ratio from channel to chan-
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nel, expected antenna temperatures of the
quiet Sun, the adjustment of the current
mirror system and the correspondence of
the measured HPBWs to calculated ones.
Some examples of transit records are shown
in Fig. 4. Two weak active regions are pre-
sented onto the Sun disk in both cases. The
common gain of the spectral polarimeter
and noise features are good enough to fix
out slight polarization of its and side lobes
of the antenna system.
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Fig. 4. Some record examples of Sun transit of antenna temperatures at 3.57 cm for Stokes I and V
implemented with VIRAC RT-32 radio telescope equipped by LNSP4. Points show the position of active
regions on the solar disk on the epoch of observations. The tracks of the antenna beam crossed the centre of the
optical solar disk. The relative size of the antenna HPBW is also shown.
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The most common task of microwave
solar observations for VIRAC is the con-
struction of 2D Stokes I and V maps after
the spatial scanning procedure of the solar
disk in the screen plane. The series of 2D
maps were obtained with the LNSP4 hard-
ware set as well. The scanning procedure
was represented by the spiral movement
of the antenna beam around the calculated
solar disk centre [11]. Further the map was
constructed after recalculations of observed
samples from a time-antenna position
domain to the screen plane by the regular-
ization with bilinear or modified Richard-

Stokes [, ch.07, 3.57 cm, 2021-10-07UT13:20:00

son-Lucy (MLM) methods [12]. Examples
of two simultaneous 2D Stokes I maps of
antenna temperatures referred to quiet Sun
ones at corresponding frequency for two
wavelengths are presented in Fig. 5. Maps
were constructed without the correction of
geometric distortions caused by the spatial
shift of the feed electrical axis from geo-
metrical one of the antenna. The analysis
of Stokes I map fine structures showed that
the quality of the obtained set of maps was
sufficient for LTR detection with wavelet
analysis methods.
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Fig. 5. The example of the 2D distribution of the antenna temperatures Stokes I for 3.57 and 6.52 cm over
the solar disk constructed after spiral scanning of the Sun with VIRAC RT-32 radiotelescope equipped with
LNSP4. The grid shows the position of the optical disk of the Sun. Points mark the position of active regions
on the epoch of observations. Relative size of RT-32 antenna HPBW is shown. Some geometrical distortions of
the 2D distribution are caused evidently by known RT-32 antenna misadjustments and spatial shifts of the feed
from the geometrical axis of the antenna (chromatic aberration).

5. DISCUSSION

Some solutions of prospective solar
physics tasks based on observations of cor-
onal hole-like structures performed by the
newly developed spectral polarimeter:

1. Clear and reliable observations and

11

especially adequate detection of coronal
areas with reduced brightness tempera-
tures in microwaves for its precise spa-
tial association with local open magnetic
fields [8].



2. Studies of a spatial distribution of plasma
densities and coronal temperatures in
coronal hole-like structures in chromo-
sphere and lower corona based on an
analysis of multichannel microwave
emission intensities [3].

3. Open magnetic fields magnetography
in coronal hole-like structures based

6. CONCLUSIONS

on known methods of the polarisation
analysis for free-free emissions [13] and
polarization inversion of the quasi-trans-
verse propagation of microwave emis-
sions [14].

4. Studies of origins and creation condi-
tions of slow solar wind.

The usage of the newly developed
multichannel low noise spectral polarim-
eter of 2.1-7.5 cm wavelength range offers
new possibilities to implement microwave
observations of the Sun and significantly
improves its adequacy. The permanent
installation of the spectral polarimeter
hardware set after the reconstruction of the
central cabin of the RT-32 radio telescope
allows performing regular routine observa-
tions of the Sun automatically.

The low noise ratio and the long-term
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1. INTRODUCTION

The main goal of the research is to
determine the lowest possible level of the
detection using the radio telescope 1.6 GHz
system of Ventspils International Radio
Astronomy Centre (VIRAC) and imple-
menting data processing methods with the
aim to successfully detect OH masers on
comets, which are weak in radio frequency
range in the near future. Previous studies
[1]-[4] have shown that the typical peak
source flux densities of the comet in 1.6 GHz
frequency band are in the range of 0.004 Jy
to 0.04 Jy, although the flux density of the
bright comets OH masers can reach 0.4 Jy
[5]. Using radio methods, opposed to opti-
cal methods, gives a possibility to clarify
comet behaviour near the Sun.

There are four known (1612.231,
1665.402, 1667.359 and 1720.530 MHz)
hyperfine transitions of OH at 18 cm wave-
length, which have been used for 40 years,
historically to observe comets, but only two
of them — 1665.402 MHz and 1667.359
MHz - are with potential for the weak
object detection because of the RFI in other
frequency bands. The 18 cm line is the
result of an excitation from resonance fluo-
rescence, whereby molecules absorb solar

2. EXPERIMENTAL

radiation and then re-radiate the energy.
The OH molecule absorbs the UV solar
photons and cascades back to the ground
state Lambda doublet, where the relative
populations of the upper and lower levels
strongly depend upon the heliocentric radial
velocity (the ‘Swings effect’) [6].
Theoretical estimations of the over-
all radio telescope 1.6 GHz system were
performed before the observation phase
and showed the possibility to detect weak
objects if the integration time was large
enough, but it was necessary to prove the
estimations using observations. It should
be noted that the radiation of comets has
a tendency to decrease, for example, the
comet OH brightness usually fades very
fast, and the comets are not the best choice
for the proof of the estimated calculations.
That is why the multiple interstellar OH
maser observations were carried out and
the choice of targets was done evaluating
the target brightness level. For example, the
targets with flux densities of around 0.3 Jy
and 2 Jy were chosen to simulate bright OH
maser on a comet with flux density of ~0.5

Jy.

Preparation of the Irbene RT-32 radio
telescope includes design and installation
of the dedicated low-cost L-band (18 cm
wavelength) receiver, capable of receiv-
ing hyperfine transitions of the interstellar
OH masers and the OH masers of comets.
A suitable receiver developed by VIRAC
team consists of a compact feed horn with
dual circular polarized channels and para-
bolic reflector, which together with exist-
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ing Cassegrain antenna forms a triple mir-
ror system. Room temperature low noise
amplifiers are used for both channels (right
and left circular polarization), which allows
us to achieve system noise temperatures
of less than 60 K. Estimated aperture effi-
ciency at 1.65 GHz is between 30 and 50 %,
which translates to RT-32 radio telescope
gains of at least 0.1 K/Jy [7]. The overall
estimated sensitivity SEFD is between 650



and 900 Jy depending on the elevation of
the antenna, and the weak object detec-
tion could be a challenging task. The main
activities to increase the overall sensitivity
were related to implementation of effective
methods during the data recording and pro-
cessing steps.

The theoretical estimations of the sensi-
tivity level of Irbene RT-32 1.6 GHz system
were carried out before the observations.
The main research goal was to adapt RT-32
radio telescope for comet OH maser detec-
tion, but at the beginning of the research
it was necessary to check RT-32 readiness
level for weak object observations using
more stable objects, for example, interstel-
lar OH masers. Weakness of the radio sig-
nal of a comet OH maser is the main chal-
lenging factor. The calculated results of the
noise floor dS vs. integration time showed
that the detection of the source with the flux
density below 0.4 Jy was possible by RT-32
antenna if integration time was larger than 8
hours and total power bandwidth (BW) — 10
KHz [8].

A spectrometer backend  based
on software defined radio USRP
X300/310+TwinRX is applied to record
data using 16 bit + 16 bit (real + imaginary
part) per sample [9]. For spectral data cali-
bration, the frequency switching method
[10] is currently used and the object is

3. RESULTS

observed in 4 phases: local oscillator with
noise diode on/off and reference local oscil-
lator with noise diode on/off. This allows
calculating the system temperature, which
together with position and degrees per flux
unit gives us a spectrum of spectral flux
density. To improve time resolution, data
are overlapped (in this case with a 66.1 %
overlapping coefficient which was chosen
for its effectiveness [11]), creating bins of
data, which must be processed using Fou-
rier transform with the addition of Black-
man-Harris windowing function. Each bin
results in an individual spectrum and, to
get the result, all spectrums are averaged.
To prevent numerous technical errors, it is
important to monitor the system tempera-
ture in order to check for anomalies in data.
Since data are still valid for the part where
the read system temperature is invalid, it is
possible to predict potential system temper-
ature values for a specific time moment. In
this system, it is implemented using wavelet
transformation, a low precision wavelet to
get the shape of the spectrum, and replacing
an incorrect value by the predicted value.
Data processing is implemented to col-
lect data using long integration time and
to calculate the spectrum of the object. To
decrease the noise level of the spectrum, the
multiple observation sessions were com-
bined.

To verify calculations of the estima-
tion model and to evaluate the RT-32 radio
complex sensitivity level, multiple observa-
tions of interstellar OH masers in 1.6 GHz
were performed. To check RT-32 readiness
level for weak object observations, the
observations of variable star R LMi (spec-
trum shown in Fig. 1), OH/IR star Ru Ari
(spectrum shown in Fig. 2), variable star U

16

Aur (spectrum shown in Fig. 3), OH/IR star
OH 138.0 +7.2 (spectrum shown in Fig. 4),
variable star V524 Cas were carried out.
Table 1 lists the observed objects and
their parameters. The first four columns
include the source name, source type and
J2000 equatorial coordinates. In the fifth
column, the observation lines are shown.
The sixth column contains the flux den-



tion ~3c or ~2¢ for weaker objects. The
eighth column gives the velocity of peak
flux density.

sity at the total intensity peak or peaks (if
the spectrum consists of multiple parts),
together with the noise level (15). The sev-
enth column shows hours needed for detec-

Table 1. The Obtained Results of Weak OH Maser Observations Using RT-32 and 1.6 GHz Receiver.

Line Flux density peak/s Hours needed
Name Type RA | Dec (MHz) (RMS level) in Jy for (.ietectlon V(LSR), km/s
with ~3¢
Variable
R LMi Star of | 0945 | 34 30 1665 3.22 and 1.95 (0.12) 2h -4.01,4.22
Mira Cet | 34.28 | 42.83 1667 2.92 and 2.16 (0.12) 2h -4.14, 4.63
type
Ru Ari OH/IR | 0244|1219 1665 0.60 (0.3) 12h (20) 22
star 45.50 | 02.89 1667 1.76 and 0.78 (0.5) 6h and 10h 25.00,22.25
Variable
U Aur Starof | 0542 | 3202 1665 0.43 (0.2) 22h (20) 3.47
Mira Cet | 09.06 | 23.58 1667 0.28 (0.2) 22h (20) 3.03
type
OH .
138.0 OH/IR | 0325|6532 1665 no detection (0.3) 16 h observed -
47 2 star 08.40 | 07.06 1667 1.72 and 0.6 (0.3) 6h and 16h -46.15, -27.63
Variable
V524 Starof | 0046 | 69 10 1665 no detection 26 h observed -
Cas Mira Cet | 00.13 | 53.63 1667 no detection 26 h observed -
type

Three out of five objects were detected
successfully in both frequencies, although
the SNR in the weaker signals was ~2c.
The characteristics of the spectra and the
obtained velocities were compared with
results from scientific publications [12]-
[14] and maser.db [15]. The obtained results
were verified and considered correct. Target
OH 138.0 +7.2 was detected only at 1.667
GHz, but the previous research showed that
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in other observatory observations the detec-
tion at 1.665 GHz was not clear. Although
variable star V524 Cas was not detected at
any frequency band, this could be explained
by the fact that the magnitude of the vari-
able star decreased compared to previous
observations in 1999, when the flux densi-
ties were 0.2 Jy (at 1665 MHz frequency)
and 0.1 Jy (at 1667 MHz frequency) [16].
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Fig. 1. Object — variable star R LMi. Frequency — 1665 MHz (left side) and 1667 MHz (right side). Polarisation
— left circular polarisation (in blue) and right circular polarisation (in orange).
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Fig. 2. Object — OH/IR star Ru Ari. Frequency — 1665 MHz (left side) and 1667 MHz (right side). Polarisation
— left circular polarisation (in blue) and right circular polarisation (in orange).
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Fig. 3. Object — variable star U Aur. Frequency — 1665 MHz (left side) and 1667 MHz (right side). Polarisation
— left circular polarisation (in blue) and right circular polarisation (in orange).
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Fig. 4. Object — OH star OH 138.0 + 7.2. Frequency — 1665 MHz (left side) and 1667 MHz (right side).
Polarisation — left circular polarisation (in blue) and right circular polarisation (in orange).

The results of the first observations of
variable Star of Mira Cet type R LMi showed
successful detection at both frequencies and
R LMi was chosen as a calibrator target for
other observations as well. Overall, the data
set of R LMi consists of 50 hours of obser-
vation data. The spectra of both data sets
are shown in Fig. 5, where the noise level
of the 2-hour dataset is ~ 0.52 Jy, but the
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noise level of the 50-hour dataset is 0.10 Jy,
which is promising to detect OH masers on
bright comets. Figures 6 and 7 show results
of the applied methodology if the radiation
of the observed target is weak. Results of
the 2-hour dataset processing are not clear
because of the high SNR, but usage of mul-
tiple data processing methods reduces SNR;
thus, the object can be detected.
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Fig. 5. Object — variable star R LMi, frequency — 1665 MHz, polarisation — left circular polarisation (left side)
and right circular polarisation (right side). Spectrum of the 2-hour dataset is shown in blue, spectrum of 50-
hour dataset — in orange.
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Fig. 7. Object — OH/IR star Ru Ari, frequency — 1665 MHz, polarisation — left circular polarisation (left side)
and right circular polarisation (right side). Spectrum of 2-hour dataset is shown in blue,
spectrum of 12-hour dataset — in orange.

Based on the processed observation
data and the corresponding results, it is con-
cluded that practically the sensitivity level
is 6.7 times larger than estimation in the
theoretical model. This can be explained by
receiver stability loss during the long-term
observations, in a pair with random drift of

system temperature. For example, to detect
targets with the flux density of ~0.4 Jy,
more than 22 hours are needed, for ~0.04 Jy
detection — more than 300 hours are needed,
which is cost ineffective to use radio tele-
scopes for the observations of comet OH
maser.

4. CONCLUSIONS AND FUTURE WORK

The developed flux detection threshold
estimation model, which is related to noise
floor dS vs integration time, shows that the
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detection of the source with the flux den-
sity below 0.4 Jy is possible using radio
telescope RT-32 complex if the spectral



channel bandwidth is small and integra-
tion time is large [8]. Practically, existing
RT-32 1.6 GHz receiver and data process-
ing methods allow identifying the weak
OH masers with emission being below 0.4
Jy. The expected increase in sensitivity of
RT-32 radio complex after planned mod-
ernization (by 2023) seems to be essential
to measure delay and frequency of inter-
ference using hyper-fine transitions of OH
molecules. This study combined with pre-
vious experience on acquiring and process-
ing data from the DA14 asteroid [17] (15
February 2013) offers a good starting point
for further development. The ultimate goal
is to achieve a fine OH maser location of the
comet approaching the Sun.

Also, more effective data processing
tools can be used, for example, weak OH
signal filtration from background noise
using the Karhunen—Loé¢ve Transform
(KLT) for detection and RFI identification,
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isolation, and removal. KLT provides the
ability to extract weak signals from back-
ground noise better than FFT. In several
examples, the FFT algorithm was unable to
detect signal from the noise with SNR =-23
dB, even though the KLT could achieve it
[18], [19]. Also practical studies show the
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and FFT usage where generated 60 Hz sig-
nals with different SNR levels were applied,
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Further research can deal with the com-
parison of radio and optical observations
for the same events on the same comets in
order to get further insight into the physics
of both interstellar OH masers and comets.
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We report the results of radar observations of a near-Earth object discovered on 17 Sep-
tember 2020, with the Pan-STARRS 1 telescope at the Haleakala Observatory in Hawaii. Ini-
tially, this object was considered an asteroid and even received the standard provisional des-
ignation 2020 SO by the Minor Planet Center. However, its Earth-like orbit and low relative
velocity suggested that the object may be of artificial origin, being the Centaur rocket booster
from the Surveyor 2 mission that was launched to the Moon on 20 September 1966. In the
period from November 2020 to March 2021, this object approached the Earth twice within one
lunar distance of the Earth. Radar observations were conducted on 30 November in bistatic
mode with the 70-m Goldstone Solar System Radar DSS-14 and 32-m radio telescope RT-32 at
the Svetloe Observatory, while the object was in the visibility window of two antennas at about
200 thousand km from the Earth. The main goal of the study was to determine the physical
properties of this object using radar astronomy to clarify its origin.

Keywords: Near-Earth objects, radar observations, spacecraft, space debris.

1. INTRODUCTION

On 17 September 2020, one unusual
near-Earth object was discovered by the
Pan-STARRS 1 telescope at the Haleakala
Observatory on the island of Maui. At first,
it was assumed that this is an ordinary as-
teroid approaching the Earth, so the object
received the standard designation 2020 SO

23

by the Minor Planet Center [1]. On 8 No-
vember 2020, the object was temporarily
captured by the Earth’s gravity and made
two large eccentric orbits around the Earth—
Moon system, leaving Hill’s sphere in
March 2021. During this interval, the object
twice approached the Earth on 1 December



2020 at 0.13 lunar distances (LD) and on 2
February 2021 at 0.58 LD. Figure 1 shows

the temporary orbit of 2020 SO around the
Earth from September 2020 to May 2021.

Earth
S Moon
00LF o3 s0
0 : [+ _F:/
&
0 .01

au

Fig. 1. The orbital trajectory of 2020 SO (solid line) relative to the Earth from September 2020 to May 2021 in
projection onto the ecliptic plane. The arrows show the direction of motion, while the dashed line represents the
orbit of the Moon.

However, the fact that 2020 SO had a
low relative velocity of ~0.6 km/s, and its
orbit around the Sun was very similar to
that of the Earth, led to doubts that it was an
ordinary asteroid. An analysis of additional
observations showed a significant effect of
solar radiation pressure on the 2020 SO tra-
jectory, confirming its low-density nature,
which was not typical of asteroids. The
assumption that 2020 SO was a remnant
of an old space mission was made by the
director of the Center for Near-Earth Object
Studies (CNEOS) at NASA’s Jet Propulsion
Laboratory Paul Chodas [2]. He found that
this object came close enough to the Earth
in late 1966, coinciding with the launch of

the Surveyor 2 mission.

The Surveyor 2 lunar lander was
launched from Cape Canaveral on 20 Sep-
tember 1966, on an Atlas-Centaur rocket.
Immediately after the launch, Surveyor
2 separated from its Centaur upper-stage
rocket booster, heading towards the Moon,
and the spent upper-stage ended up into
an unknown orbit around the Sun. Figure
2 shows Centaur upper-stage before being
assembled with the Atlas rocket and dur-
ing the launch of NASA’s Surveyor 2 moon
lander on top of the Atlas-Centaur rocket. It
was made of stainless steel and had a cylin-
drical shape with a height of 9.6 meters and
a diameter of 3.05 meters.

Fig. 2. Centaur upper-stage rocket booster (left) and launch of NASA’s Surveyor 2 moon lander a top of Atlas-
Centaur rocket (right). Credits: NASA.
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Over the past 20 years, at least four
human-made objects have received aster-
oid designations [3]-[6]. The ability to
distinguish between natural and artificial
objects is important, as countries continue
to increase research in space, and more
artificial objects are in orbit around the
Sun. Today radar astronomy is one of the
most precise methods to obtain information

2. RADAR OBSERVATIONS

about the dynamic and physical proper-
ties of near-Earth objects. The size, shape,
spin period and surface properties can be
obtained with radar observations. The prin-
cipal goal was to obtain the physical prop-
erties of near-Earth object 2020 SO using
radar astronomy to understand whether it is
a natural object or an old rocket body.

Radar observations were carried out
in cooperation with the Asteroid Radar
Research group from the Jet Propulsion
Laboratory. Observations involved the
70-meter diameter antenna (DSS-14) of the
Goldstone Deep Space Communications
Complex and the 32-meter diameter radio
telescope (RT-32) at the Svetloe observa-
tory. The parameters of the radio telescopes

Table 1. Radio Telescopes Used in the Observations

used in the observations are provided in
Table 1. Due to the close approach dis-
tances, the observations were carried out in
bistatic mode with transmission at DSS-14
and reception at RT-32. We used this mode
because the round-trip signal time (RTT) to
the target and back was about 1.4 s, which
was half the time it took to switch from
transmitting to receiving at DSS-14.

UT Date DSS-14 Svetloe (RT-32)
Geographical coordinates 35.4258° N, 116.8895° W 60.5343° N, 29.7794° E
Diameter, m 70 32

Aperture efficiency 0.64 0.56
Transmitter frequency, MHz / cm 8560/3.5 NA
Transmitter power, kW 440 NA

System temperature, °K. 18 52

We observed 2020 SO on 30 November,
while the object was in the visibility window
of two antennas at about 203 thousand km
from the Earth near to its closest approach
on 1 December. First DSS-14 transmitted
440 kW circularly polarized continuous
wave (CW) at a carrier frequency of 8560
MHz (3.5 cm) and then modulated the
transmitted carrier with a repeating pseudo-
random code using binary phase coding
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(BPC). RT-32 antenna received echoes
simultaneously in the same circular (SC)
and opposite circular (OC) polarizations as
transmitted, sampled them and recorded.
Table 2 lists the observing start and stop
times with the corresponding round-trip
signal times, length of the pseudo-random
code used, duration of each code element
(or baud) and the range resolution of cor-
responding setup.



Table 2. Masterlog of Radar Observations of 2020 SO

Start-Stop
UT Date hh:mm:ss — RTT Setup Code Thaua or
s us m
hh:mm:ss
04:56:15—
05:14:40 1.37 cw - - -
05:17:52—
05:21:47 1.37 BPC 127 10 1500
05:23:37—
30Nov 2020 53730 1.36 BPC 127 1 150
05:37:39—
05:50:52 1.35 BPC 127 0.125 19
06:05:00—
06:25:45 1.33 BPC 127 0.125 19

We used a monochromatic continu-
ous wave to measure the total power of the
echo, its frequency and Doppler broaden-
ing. The modulated carrier was used to
resolve the target in two dimensions — time-
delay (or range) and frequency (or Doppler

3. DATA PROCESSING RESULTS

shift) forming a range-Doppler radar image.
The range resolution along the line-of-sight
depends on the selected baud duration and
the frequency resolution depends on the fast
Fourier transform (FFT) length or integra-
tion time.

We cross-correlated the PBC echo time
series with a replica of the transmitted code
and applied FFT in each range bin to obtain
range-Doppler images (Fig. 3). A series of
images in Fig. 3 are arranged in chrono-
logical order and correspond to one of four
object rotational phases, repeating with
a period of about 9.5 sec. The integration
time of each image is a half second. Range
(distance from the observer) increases down
at 19 m per pixel and Doppler frequency
increases to the right at 10 Hz per pixel.

The radar images show that the entire
object fits within one range bin. This sug-
gests that the selected modulation mode did
not allow the object to be resolved in range,
since the size of 2020 SO did not exceed
19 meters. However, the frequency resolu-
tion allowed us to accurately estimate the
dimensions of this object.

If the transmitted signal is reflected
from a rotating target, one part of which
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is approaching the observer, and the other
recedes, then the signal is broadened due
to the Doppler effect. From the obtained
series of images, we estimated the Dop-
pler broadening, which varied from 100+10
Hz to 400+£10 Hz during the object’s rota-
tion phase. For a spherical object, the echo

bandwidth B is given by:
4D (¢)
B = T coS 6,

where D (¢) is the diameter (breadth) of the
object at rotation phase ¢; A is the transmit-
ted wavelength; P is its rotation period, and
6 is an angle between the observer line-
of-sight and the object’s apparent equator.
Considering the rotation period of P=9.5
sec and assuming § = 0° we obtained that
the size of 2020 SO varied from 2.6+0.2
m to 10.6+0.2 m depending on the rotation
phase. This indicates that the object has an
elongated shape with the ratio of 4:1.
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Fig. 3. A series of range-Doppler radar images of near-Earth object 2020 SO on 30 November 2020 showing
three complete rotations.

Considering the Doppler frequency as
a function of time, we applied FFT to the
10 second of CW echo time series to obtain
echo power spectra of 2020 SO (Fig. 4).
Echo power is plotted in standard devia-
tions of the background noise versus Dop-

20 — —

—
(=)

Echo power (std. dev.)

pler frequency. The frequency resolution Af
is 10 Hz. Zero frequency in the figure cor-
responds to the frequency calculated for the
object’s center of mass. Solid and dashed
lines show OC and SC spectra, respectively.

Af = 10.0 Hz

600 400 200
Doppler frequency (Hz)

A L l
0 200 400 600

Fig. 4. Continuous wave echo power spectra of 2020 SO obtained on 30 November 2020,
from 05:00:02 to 05:00:12 UT.
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Circular polarization of the signal is
reversed after reflection from the plane
surface and the maximum power of the
reflected signal is expected in the OC polar-
ization, though some of the signal, due to
multiple reflections or scattering from a
rougher surface is received in the SC polar-
ization. Therefore, a higher SC/OC ratio
indicates a greater degree of near-surface
wavelength-scale roughness or multiple
scattering. We estimated the circular polar-
ization ratio of ~0.31, which suggested that
the surface of 2020 SO had irregularities
responsible for multiple signal reflections
on a centimeter scale.

The signal-to-noise ratio (SNR) of the
received echo can be estimated as the ratio
of the received echo power P_to the stan-
dard deviation of the receiver noise AP
using the radar equation [7]:

Brx PthtxAer'\/—
~ At/B,
APnoise TsysR4

SNR =

4. CONCLUSIONS

where P, is the transmitted power, G, is
the transmitting antenna gain, 4 _ is the
receiving antenna effective aperture, T, s
is the receiver temperature, o is the radar
cross-section of the target, B and At are the
bandwidth and integration time of the echo
signal.

By integrating the OC continuous wave
echo power spectra in Fig. 4 and using data
from Table 1, we obtained the radar cross-
section of 0=17.6 m* The radar cross-sec-
tion is given by 0=64, where & is the radar
albedo and 4 is the projected area of the
target. Albedo indicates the radar reflec-
tivity of a surface compared to a perfectly
reflective isotropic scatterer. If 2020 SO is a
rotating cylinder that is 10 m long and 3 m
in radius, then its OC radar albedo can be
estimated at about 95 %, which indicates a
high reflectivity of its surface in the radio
range, typical of metals.

On 1 December, when 2020 SO made
its closest approach to the Earth, several
observatories reported the rotation period
of the object from photometric observations
to be 9.4 seconds [8], [9], and an amplitude
of about 2.5 magnitude suggests a 10:1
ratio between the maximum and minimum
dimensions of the object, which is in good
agreement with radar results.

In late November, a team from the Uni-
versity of Arizona performed spectroscopy
observations of 2020 SO using NASA’s
Infrared Telescope Facility (IRTF). They
compared the obtained near-infrared spec-
trum with the spectra of another old Centaur
D rocket, which had been in geostationary
orbit from 1971. It turned out that obtained
spectra are consistent with each other, thus
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finally concluding that 2020 SO is also a
Centaur rocket booster [10].

As a result of radar observations, the
rotation period of 2020 SO was deter-
mined to be only 9.5 seconds, which was
too fast for known asteroids. Obtained
range-Doppler radar images confirm that
the object has an clongated shape with a
length of about 10 meters and a width of
about 3 meters, which corresponds to the
size of Centaur upper-stage rocket booster.
Obtained circular polarization ratio of ~0.31
can be explained by the presence of surface
irregularities at centimeter scales. The radar
albedo of 95 % confirms that the surface of
2020 SO has a high reflectivity in the radio
range, typical of metals. Our results are
consistent with observational data obtained



in other ranges of the spectrum. We have
demonstrated the ability of radar astronomy
to distinguish between natural and artificial
near-Earth objects.
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1. INTRODUCTION

The radio astronomical observations
play a key role when we are studying the
universe. Quasars or active galactic nuclei
(AGN), pulsar and Sun are few sources,
which could be observed at radio frequen-
cies. The radio domain between 10 MHz and
1000 GHz is the only domain in the electro-
magnetic spectrum, apart from the optical/
infrared window, which can be observed in
theory with ground-based telescopes [1],
[2]. The observed radio astronomical sig-
nals are usually very weak, except signals
from the Sun, for instance.

The radio frequencies are allocated
between several services and users. Only a
minor part of frequency bands is allocated
to the passive service, especially to radio
astronomy services (RAS). For this reason,
it is very important to coordinate frequency
activities with other frequency users and
frequency administrations. On behalf of
all European radio astronomers, the Com-
mittee on Radio Astronomy Frequencies
(CRAF) of the European Science Founda-
tion (ESF) performs such work. In addition,
the radio observatories closely collaborate
with their local frequency administrations
on the issues related to frequency alloca-
tion. Apart from frequency allocation, usu-
ally radio observations have a protection
zone around them at least for some frequen-
cies or devices, e.g., ground radars. How-
ever, many European radio observatories
are close to settlement. For this reason, a
sufficiently large protective zone cannot be
achieved. Radio observatories are usually
quiet areas, where unnecessary radio trans-
mitters should be switched off.

Some radio astronomical observations
are made at bands without primary alloca-
tion to RAS. For instance, geodetic-VLBI
(Very Long Baseline Interferometry) obser-
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vations on S-band (2.21-2.35 GHz) are an
example of such observations. Currently, in
many locations S-band observations are not
possible due to increasing RFI, but this must
be accepted when operating on non-passive
service bands. Also, low-frequency solar
observations are mainly done at frequen-
cies, which are not allocated to RAS. How-
ever, solar radio observations are not so sen-
sitive to RFI. In general, frequencies below
15-20 GHz are full of various services, and
these services pose also greater risk to RAS.
At higher frequencies (> 30 GHz), there is
still a limited number of various services,
and radio astronomical observations are less
vulnerable to interference.

One of the main threats to radio astron-
omy is Out-of-Band (OoB) emissions that
are mainly caused by the harmonics of other
active service bands. In addition, the adja-
cent interference from bands next to RAS
band could cause interference. Figure 1
shows the sources of unwanted emission.
Naturally, in-band emission is the most
critical for the RAS. ITU-R (The Interna-
tional Telecommunication Union) Recom-
mendation RA 796-2 (Protection criteria
used for radio astronomical measurements)
forms an overall framework for the pro-
tection of RAS. The recommendation, for
instance, defines RFI power threshold lev-
els, which are allowed for the radio astro-
nomical observations in different modes.
Besides the spectrum management, another
important aspect is how different observato-
ries respond to the interference issue. Daily
decision making, for instance, regarding the
selection of electronic components, plays a
key role when addressing the interference
issue in the individual observatory.

Relatively new and major potential threat
to RAS is posed by new satellite services.



Hundreds of nanosatellites will be operating
on NGSO (non-geostationary satellite orbit).
In theory, satellite orbits could be calculated
beforehand, and radio astronomical observa-
tion could avoid those tracks. However, an
issue is getting difficult if there are hundreds

-

Active service
band

of satellites in the sky [3].

Various interference mitigation tech-
niques have been developed, starting from
high-conductive front-end filters to the soft-
ware processing, such as a waveform filter-

ing [4].

RAS Band

Adjacent intarference

Out of Band

In-band

Harmanics

Fig. 1. Out-of-Band emission and adjacent interference to the radio astronomical services (RAS).

Figure 2 presents a scenario of the
RFI emission entering the radio telescope.
Interfering emission could enter the radio
telescope either through direct or reflected
paths — hitting the main beam or sidelobes.

When operating a large dish antenna
and performing observations at high fre-
quencies, the beam size is rather small. For
instance, with a 14-metre dish and at the
observing frequency of 37 GHz, the beam
size is 2.4 arc min (40 millidegree). Also,
the sidelobes of currently used radio tele-
scopes are negligible small (ITU SA.509-2).

Chservatory’s own RF| sources

\
\
Signal chain

This works as a good front-end filter. There
are some technical solutions how to protect
the signal chain from interference caused
by observatories’ own devices.  Signal
paths (cables) should be properly shielded,
and the most sensitive equipment should be
placed on the shielded racks or rooms. For
instance, various data transmission should
be implemented using the optical link, if
possible. Many observatories are located
in the seacoast, mountains, or valley. These
natural geographical obstacles form a pro-
tective shield for radio observatories.

Fig. 2. Scenario of how the various RFI sources could enter radio astronomical
observations through various paths.



2. RFI SOURCES

Even if the other frequency services act
as a major threat to RAS, in many cases
a critical threat is posed by observatory-
based sources of RFI. The high-end com-
puting and high-speed electronics are most
obvious sources of wide-band interfering
emission. In addition, common LED based

Start 0Hz

lamps and other household -electronics
could cause harmful interference. Currently,
even domestic appliances are equipped with
the radio transmitter, e.g., Bluetooth. It has
been noticed that these interferences could
be strong and occupy a very wide band.

Stop 30 MHz

Fig. 3. HF spectrum on days when all electronic devices were switched off (red curve)
and observatory was in normal mode (yellow curve). At lower frequencies,
some intermodulation results are provided.

In March 2021, there was a long and
planned power outage in Metsdhovi Radio
Observatory of Aalto University, Finland.
On that day (24 March 2021), the HF
(High Frequency) spectrum was measured
when all observatory’s electronic devices
were switched off. The measurement was
repeated on the following day (25 March
2021) when observatory was again fully
operational. The measurement was carried
with G5RV multiband wire HF antenna and
R&S spectrum analyser (Spectrum Rider
FPH) was used as a backend. Figure 2 dem-
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onstrates that the HF emissions and propa-
gation conditions vary sometimes consider-
ably and the observatory itself creates a lot
of unwanted emissions, which increase, for
instance, the noise floor level. This could be
clearly seen at the frequency range between
20 and 30 MHz. To find out a more specific
interference source, it requires performing
detailed measurements by switching on
observatory devices one by one. This takes
times and, therefore, it is challenging to
implement in practice.



3. PRACTICAL EXAMPLE OF RFI

Mainly, due to energy saving reasons,
traditional bulb lamps were replaced with
LED (light-emitting diode) based lightning
solution in the past decade. In general, this
change has been positive. However, this has
brought new interference issues. The light
consists of LED and LED driver. The LED
driver is usually a reason for interference. It
has been noted in practice that if the driver
is not shielded properly, it causes interfer-

_Ref 1320 dBm

Stanl 1 kHz

Res B¥Wd 470 kHz VEWS 470 kH2

ence. Also, if the earth conductor is not con-
nected to the driver, it is a reason to suspect
the interference properties of the light. Fig-
ure 3 shows HF spectrum of certain LED
light. On the spectrum, it is possible to see
a wide band peak at the centre frequency
of 14.26 MHz (marker position in Fig. 3).
The peak maximum intensity is more than
20 dB above the noise floor level.
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Fig. 4. On the right, HF spectrum of certain LED light. In yellow, the noise floor level and in green, the
spectrum when light was on. On the left, measuring setup is shown. A simple near-field probe was in use in this
specific measurement.

The spectrum was measured with
the near-field EMC (electromagnetic
compatibility)-probe, and Agilent spectrum

4. RFI OBSERVATIONS

analyser (EXA — N9010A) was used as a
backend.

It is necessary to emphasise the impor-
tance of continuous RFI monitoring locally
in each observatory. Each observatory
should conduct radio environment obser-
vations regularly. The most usable inter-
ference monitoring system should cover
observatory’s whole observing bands. This
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usually means the bandwidth of several
tens of gigahertz. Such systems are tech-
nically challenging and rather expensive.
Also, the calibration of RFI measurements
is challenging. Observations must be cali-
brated properly so that interference signal
levels could be compared with the allowed



interference power level or density. Mea- The power readings could be converted to
surement values, for instance, from the flux units (S, in dBW/m*Hz) using the fol-
spectrum analyser are not sufficient. Other  lowing equation [5]:

measurement setup parameters are needed.

SdB = PSAdB - 1010g(Bs) - GRdB + kAdB - 3577, (1)

where P, is power in dBm read by a spectrum analyzer, B is a resolution bandwidth, G, ,

is a receiver system gain and k , is an antenna factor. The antenna factor could be defined
as follows:

ka,, = 20log(f) — Gap; — 29.79, 2

where f'is a frequency in MHz and G, is an antenna gain.

In many cases, for instance, VLBI EVN (European VLBI Network) commu-

observations, observation data are post-pro- nity, since it is a frequency of water (H20)
cessed in the correlator and observatories molecule line. Figure 5 shows frequency
are not fully aware of RFI, which is pos-  allocation on K-band in Finland. This is a
sible in data. Thus, the dialogue among all typical situation in almost every radio astro-
operators is very important. nomical observation on different observing

K-band (21.98-22.48 GHz) is an impor- bands.
tant radio astronomical observing band for

Hemete sersing soielibes (2441 24 GHe)

Fig. 5. Frequency allocation of 21.98-22.48 GHz in Finland.

In June 2021, preliminary interfer- SDRs had been earlier used successfully
ence measurements were made at K-band. for interference monitoring, e.g., [6]. The
Measurements were made with a 14-metre scanning was made at four different azimuth
telescope by Metsdhovi Radio Observa- directions (0°, 90°, 180°, 270°) and two dif-
tory of Aalto University and K-band VLBI ferent elevation angles (15°, 30°). Figure 6
receiver. As a back-end, a simple SDR-don- illustrates interference observations.
gle (Nooelec NESDR Nano 3) was in use.
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Fig. 6. Interference measurements at K-band on 7 June 2021.

It can be noticed that K-band is still
very free of continuous interference and,

5. SPECTRUM MANAGEMENT

thus, it is suitable for radio astronomical
observations.

Spectrum management is the first line
of defence against RFI, i.e., RFI is what
happens when spectrum management fails.
The radio spectrum is shared among sev-
eral radio communication services. For the
spectrum below 86 GHz, around 2 % is only
allocated to a primary basis for the radio
astronomy services. The situation improves
for the higher frequencies where RAS allo-
cations constitute around 15 % of the over-
all spectrum. Despite the fact that the radio
astronomy observations go beyond these
protected bands, it is important to preserve
those bands as the clean islands of RFI in
the radio spectrum. Also, those RFI-free
bands play an important role in calibrations
for the observations on the wider bands. For
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these reasons, it is very important to coordi-
nate radio astronomical activities with other
radio communication services to maintain
the protected bands free of RFI.

On behalf of European radio astrono-
mers, CRAF plays this coordination role.
CRAF represents the European RAS at
the International Telecommunications
Union (ITU) level and at the regional level
through the European Conference of Postal
and Telecommunications Administrations
(CEPT). CEPT covers 48 countries cooper-
ating to regulate radio spectrum and com-
munication networks. CRAF members also
follow the radio regulation implementation
at the national level, where every mem-
ber state has the sovereign rights to apply



its own regulations in accordance with the
international regulations. CRAF is a Sector
Member of the Radio Communication Sec-
tor of ITU and it has a formal observer sta-
tus within the CEPT. Such a status enables
CRAF to fully and independently contrib-
ute to the discussions at both levels, though
it does not give voting privileges. That is
why it is essential for CRAF to seek mem-
ber states’ support for its positions.

At present, CRAF has 26 members
from 22 countries in Europe, in addition to
South Africa. CRAF operates both at regu-

6. CONCLUSIONS

latory and technical levels. It also has an
educational role in making other, particu-
larly active radio spectrum users aware of
the sensitivity and consequent need for the
protection of radio astronomy frequencies.
CRAF has developed its own tool for com-
patibility studies “PYCRAF” that has been
widely used in defining the required protec-
tion for RAS, such as calculating the sepa-
ration distances around radio telescopes and
possible limits on power levels for emis-
sions from active radio services.

The protection of radio frequencies is
an important and critical task. It is a tech-
nical and administrative challenge at the
same time. It needs continuous RFI mea-
surements, simulations, and administrative
work together with other frequency users
and management bodies. Increasing activ-
ity, even higher frequency bands, will be
a threat to the scientific community that
uses radio frequencies. That is why all
work done for protecting RAS is impor-
tant. Also, the work done at observatories
is critical. Self-made interference is a real
threat to radio astronomical observations.
Common electronic devices include radio
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transmitters (e.g., Bluetooth), which could
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The connection between solar radio and soft X-ray emission has earlier been studied
at various radio frequencies. For instance, the intensity peak times during solar flares have
been compared between these two wavelength regimes. It has been reported that solar radio
emission peaks before soft X-ray emission during a flare. However, opposite results have
also been presented. In this study, we compare millimetre (8 mm) solar and soft X-ray
emissions (0.5-4 A and 1-8 A). The radio observations were made at Metsihovi Radio
Observatory of Aalto University in Finland between 2015 and 2019. The soft X-ray data
were observed with GOES-15 (Geostationary Operational Environmental Satellite). The
data show that the solar millimetre emission can peak either before or after soft X-ray peak
emission. In this study, we present two different scenarios, which could explain the peaking
time differences and behaviour. The first scenario proposes a tight connection between the
millimetre (8 mm) and soft X-ray emissions, the second one is for cases where the emission
mechanisms are more separate.

Keywords: Chromosphere, corona, instrumentation and data management, radio bursts,
radio emission.
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1. INTRODUCTION

The connection between radio and
X-ray emission during solar flares has ear-
lier been studied on wide wavelength range,
from metre (e.g., [1]) to millimetre (e.g.,
[2]) wavelengths. Millimetre-wavelength
data has been used in studies, which have
reported that the solar radio emission peaks
before the soft X-ray emission during flares,
e.g., [2], or the other way round, e.g., [3],
[4]. In addition, it has been reported that
the peak times also coincide, e.g., [4], [5].
The connection has also been studied sta-
tistically at frequencies below 17 GHz with
Nobeyama Radio Polarimeter, NRP [6],
compared against soft X-ray fluxes from the
GOES (Geostationary Operational Environ-
mental Satellites). 65 % of the flares with an
impulsive component were found to have
their impulsive radio emission reach a peak
value ahead of the soft X-ray fluxes and this
fraction was reported to increase with the
radio frequency.

Soft-X-rays are usually produced by
electrons with energies below 10 keV, and
microwaves by electrons in the range of 100
keV—1 MeV, and more precisely, millime-
tre wavelength emission by electrons with
energies of 0.5 MeV and even above [2].
The GOES soft X-ray data are most sensi-
tive to plasma at a temperature of approxi-

2. INSTRUMENTATION

mately 10 MK. The brightness temperature
of the Quiet Sun Level (QSL) at 8 mm is
8100 K + 300 K. It should also be noted that
the radio emission is produced by electrons,
whereas the soft X-ray emission has a large
contribution from lines of highly-ionized
atoms of elements heavier than hydrogen
[7].

In addition, it has been reported that the
soft X-ray data typically show only very
smooth variations in time [8], whereas the
millimetre emission in the impulsive phase
does not correlate with the soft X-ray emis-
sion and thus is unlikely to contain any sig-
nificant thermal bremsstrahlung component
[9].

It this study, we investigate the con-
nection between solar millimetre (8§ mm)
brightness intensity and soft X-ray intensi-
ties. In Section 2, we describe the instru-
ments and in Section 3 — the observations.
Results are presented in Section 4, and in
Chapter 5, we propose a scenario for the
formation of the solar millimetre and soft
X-ray emissions. Using this scenario, we
explain why in some cases the radio bright-
ness peaks before the soft X-ray intensity
peak and why in some other cases the other
way round.

Observations were carried out at
Metsdhovi Radio Observatory (MRO)
of Aalto University in Finland (Helsinki
region; GPS coordinates: N 60:13.04,
E 24:23.35). The solar radio maps were
observed at 8§ mm with the MRO 14-meter
radio telescope (RT-14). RT-14 is a radome-
enclosed Cassegrain-type antenna with
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a diameter of 13.7 m. The usable wave-
length range of the telescope is 13.0 cm—2.0
mm. During solar observing sessions, the
antenna is used for solar mapping (Figs. 1
and 2, middle panels), partial mapping, and
tracking of any selected areas on the solar
disk. The observing frequency was 37 GHz,
where the beam size of the telescope was



2.4 arc min marked as white circles in Figs.
1 and 2 (middle panels). The receiver is a
Dicke-type radiometer with a Peltier ele-
ment temperature stabilization and with
a noise temperature of approximately 280
K. The temporal resolution during observa-
tions is 0.1 s or lower. The data are recorded
in intensities. Solar radio maps can be
observed in both linear and logarithmic
scales and measured in both right ascension
and declination directions. The logarithmic
scale data are used only for strong solar
radio brightenings. The time between two
consecutive solar radio maps is around 140
seconds at fastest [10]-[12].

The soft X-ray data were received from

3. OBSERVATIONS

GOES (Geostationary Operational Envi-
ronmental Satellites) on two different chan-
nels: 0.5-4 A (XS) and 1-8 A (XL). The
data were captured at 0.5 Hz sampling. The
soft X-ray emission of solar flares comes
mainly from the bright coronal loops at the
highest temperatures normally achieved in
the flare process. Used channels respond to
temperatures above 4 MK. The soft X-ray
emissions of solar flares come mainly from
the coronal loops at the highest tempera-
tures normally achieved in the flare process.
GOES satellites have been measuring solar
soft X-ray irradiance since 1975 with their
X-ray sensor (XRS) [13].

The solar radio observations were made
between June 2015 and May 2019, which
included 35 millimetre flaring events in
total. The solar radio brightness intensity
profile was reconstructed on basis of con-
secutive solar radio intensity maps. The
time gap between two consecutive solar
radio maps is around 140 seconds at fast-
est. All individual maximum brightness
intensity values were taken from the same
radio brightening. In the upper plot of Fig.
1, we show the radio brightness intensity
profile on 20 August 2015 and soft X-ray
(for bands: 0.5-4 A and 1-8 A) profiles

from the same day. In the middle plot, the
radio brightness intensity map on 20 August
2015 is shown. The active region, NOAA
12403, which produced the solar flare, can
be seen in the southern hemisphere. In addi-
tion, AIA 171 A maps are shown in Fig. 1.
In the lower panels, AIA 171 A map dur-
ing the X-ray peak time is shown (left) and
AIA 171 A map during the radio bright-
ness intensity peak time is shown (right). In
Fig. 2, similar information from the active
region NOAA 12673 on 9 September 2017
is shown.
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Fig. 1. In the upper panel, 8 mm radio brightness intensity profile and X-ray profiles (0.5-4 A and 1-8 A)
on 20 August 2015. In the middle panel, 8 mm radio brightness intensity map from the same day. The radio
brightness intensity peaked at 05:29 UT (longer dashed blue line). Shorter wavelength X-ray band (0.5-4 A)
peaked at 5:23 UT and longer X-ray band (1-8 A) at 5:27 UT. In the lower panels, AIA 171 A maps during the
peak times (soft-X ray and radio brightening) are shown. The red box in the lower left panel shows the rapid
energy release, which could indicate a magnetic reconnection.
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Fig. 2. In the upper panel, 8 mm radio brightness intensity profile and X-ray profiles (0.5-4 A and 1-8 A) on 7
June 2017. In the middle panel, 8 mm radio brightness intensity map from the same day. The radio brightness
intensity peaked at 11:09 UT (longer dashed blue line). Shorter wavelength X-ray band (0.5-4 A) peaked at
11:03 UT and longer X-ray band (1-8 A) at 11:04 UT. In the lower panels, AIA 171 A maps during the peak
times (soft-X ray and radio brightening) are shown. The red arrow in lower panel shows the rapid energy
release, which could indicate a magnetic reconnection.

The first event presented here (20 August
2015, Fig. 1) shows that radio intensity peaks
after the soft X-ray peak intensity. The sec-
ond example (7 June 2017, Fig. 2) is the
opposite. Especially the second radio event
is relatively strong, the maximum brightness
intensity being around 180 % relative to the
Quiet Sun Level (QSL). In the first event
(Fig. 1), shorter wavelength (0.5-4 A) X-ray
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peaked first. In the second example, both
X-ray fluxes peaked simultaneously. For each
observed radio event (35 in total), the peak
time was defined. Similar analysis was also
performed for both soft X-ray 0.5-4 A and
1-8 A fluxes. X-ray flux curves are formed
on samples, which are taken at a sampling
rate of 0.5 Hz. In Chapter 4, a comparison
between the peak times is presented (Fig. 4).



4. RESULTS

We studied a connection between radio times. In Fig. 3, a correlation between §
brightness and X-ray intensities. In addi- mm radio brightness and X-ray flux (1-8 A)
tion, we investigated delays between radio intensity maxima are shown. The R? coef-
brightening and X-ray flux peak occurring ficient is 0.67.
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Fig. 3. Correlation between 8mm radio brightness and X-ray flux (1-8 A) intensity maxima.
The blue dots are real measurement results and red dots are fitted points (with a linear fitting). R-square (R?)
value of the fitting is 0.67.

Figure 4 shows delays between radio X-ray intensity peak. Furthermore, there is
brightening and the X-ray flux peaking  no connection or correlation between the
times. It can be noticed that radio brightness radio brightness intensity and delays.
intensity can peak before or after the soft
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Fig. 4. Delays between radio brightening intensity peak time and soft X-ray peak times. Black lines indicate a
possible error of radio brightness intensity peak time due to the fact that the time gap between two consecutive
solar radio maps is around 140 seconds. The Y-axis indicates delays between XS (0.5-4 A) soft X-ray band and
radio brightening intensity peak times. The colour bar indicates delays between XL (1-8 A) soft X-ray band
and radio brightening intensity peak times. The outlier point of the data set is shown in the separate plot.
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Figure 5 shows connection between soft
X-ray 0.5-4 A and 1-8 A peak fluxes and
radio brightness intensity peak delays. It

1000

can be noticed that delays are rather similar
in both soft X-ray bands.
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Fig. 5. Intensity peak time delays between soft X-ray bands (0.5-4 A) and (1-8 A). Black lines indicate a
possible error of radio brightness intensity peak time due to the fact that the time gap between two consecutive
solar radio maps is around 140 seconds. The outlier point of the data set is shown in the separate plot.

5. CONCLUSIONS AND FUTURE WORK

The emission at § mm originates from
the upper chromosphere. Soft X-ray emis-
sion, instead, originates from the corona.
Thus, it can be expected that millimetre
emission should peak before the soft X-ray
emission, if the accelerated electron is com-
ing from the photosphere level. It has been
shown that source of the strong soft X-rays
is a location where the magnetic reconnec-
tion occurs [14]. The two examples pre-
sented here show that the soft X-ray emis-
sion peaked when the rapid energy release
was detected in AIA 171 A image.

In Fig. 6, we present a possible scenario
for the solar flare formation from millimetre
and soft X-ray emissions’ perspective. The
high energy particles are rising in the flar-
ing loop from the photosphere to the higher
atmospheric layers. These rising high ener-
getic particles are seen as a solar flare at
millimetre wavelengths. A source of strong
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soft X-ray intensity is located on top of
the flaring loop when magnetic reconnec-
tion occurs. AIA 171 A images support this
interpretation because strong energy release
happened on the time when soft X-ray
intensity peaked. We can assume that it is a
sign of the magnetic reconnection and it can
appear either before or after radio intensity
is peaking. Below are listed two scenarios
which could explain the time differences
between millimetre and soft X-ray emission
intensity peaks.

* Scenario 1: Soft X-ray emission peaks
before millimetre emission (or simul-
taneously) — Magnetic reconnection
occurs on top of the flaring loop (source
of strong soft X-ray emission) — High
energy electrons are moving towards
lower atmospheric layers — Millime-
tre emission is seen when electrons are
crossing to chromosphere.



* Scenario 2: Soft X-ray emission peaks
after millimetre emission — The high
energy particles are rising in the flaring
loop from the photosphere to the higher
atmospheric layers — Millimetre emis-
sion is seen when they are crossing to
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chromosphere — Magnetic reconnec-
tion (soft-X-ray emission) occurs inde-
pendently, and it does not cause down-
streaming electrons which could be
seen at the millimetre range.

Fig. 6. A solar flare model according to CSHKP
(Carmichael, Sturrock, Hirayama, Kopp and Pneuman) scenario and figure is adapted from [14].

This also means that it depends whether
millimetre or X-ray emission peaks first.
This can also be seen in Fig. 4. The radio
millimetre brightness and soft X-ray inten-
sities peak within 4-6 minutes on average
(Fig. 4) and their peak intensities follow
similar trends (Fig. 3). It has also been ear-
lier reported that the soft X-ray source has
starting heights of 0.6 x R [15], which
means coronal heights. However, because
the intensities seem to correlate, it could
mean that the emission mechanisms have
something in common.

A majority of the radio brightening
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The article introduces two new designs of flux switching permanent magnet alternators
with a radial and an axial arrangement of the inductor relative to the magnetic flux switch. The
study presents the results of 3D magnetic flux modelling along with the outcomes of physical
experiments. In the course of laboratory experiments, the results of theoretical estimations

are compared with actual physical performance parameters. The results are presented in the
form of power and output voltage curves in relation to the frequency and load current. The
study proposes the practical application of the alternators based on the magnetic flux switch-
ing principle in the development of a bicycle generator. Laboratory test models are made of a

laminated steel using a waste-free technology.

Keywords: Bicycles, magnetic fields, modelling, permanent magnet machines.

1. INTRODUCTION

The current global trend towards the
use of environmentally-friendly alternative
energy sources for autonomous low-power
loads re-ignited interest in machines capa-
ble of converting low-speed movement into
electrical power.
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Traditionally, for more than 100 years
[1], [2], a permanent magnet synchronous
machines, with 3.0 (W) power and output
voltage 6.0 (V), attached to the bicycle
frame near the wheel, were used as a power
source for a lighting lamp to facilitate bicy-



cle riding at night. The torque was transmit-
ted from the tire tread on a bicycle wheel to
the generator output shaft via a friction gear,
which inevitably reduced the efficiency of
energy conversion.

Over the past decades, the design of
bicycle generators had been constantly
improving and in the second half of the last
century a number of companies began to
develop generators with a fixed armature
winding and permanent magnets, which
were structurally connected to the bicycle
wheel.

At the beginning of the 2000s, genera-
tors with claw-shaped poles, built into the
hub of the front wheel, appeared on the
market [3]-[5], making this type of devices
widespread. At the same time, the generator
placement inside of the wheel hub creates a
number of problems for connecting the load
to the armature winding terminals, which is
closed by a rotating body inside of the hub.

More recently, new forms of the vernier
hybrid permanent magnet machines [6], [7],
which are based on the principle of vari-
able-reluctance have come in sight. Along
with simple design, these machines offer a
compact direct drive solution for low-speed
and low power applications.

A similar principle of variable reluc-
tance is used in permanent magnet machines
with magnetic flux switching. This type
of machines has been first considered by
Rauch and Johnson [8], and can be viewed
as an evolution of an inductor generator.

2. BASIC RELATIONS

The study results of magnetic flux switch-
ing machines are presented in [9].

Flux switching machines have a num-
ber of properties that allow them to be used
for converting mechanical energy into elec-
trical energy in devices where the armature
winding with a fixed permanent magnet can
be located radially or axially relative to the
movable magnetic flux switch [10]-[12]. In
this case, a mechanical drive can perform
rotational or cyclic movement relative to
the stationary part and, in the view of the
authors, could be used as an alternator for
bicycles.

The authors of this study used the mag-
netic flux switching principle for the devel-
opment of a new bicycle generator design.
The proposed approach made it possible to
combine in one device the supporting struc-
tures of the frame and bicycle wheels to cre-
ate an inductor-type generator.

The use of a magnetic flux switching
device as a generator made it possible to find
solutions that provided certain advantages
in comparison with placing the generator
inside the wheel hub. In the process of the
current research, related to the development
of the magnetic flux switching type perma-
nent magnet generator design for a bicycle,
various options for placing an inductor with
a fixed winding and a magnet relative to the
rotor were considered. Specifically, models
with a radial and an axial arrangement of a
permanent magnet relative to the armature
winding were considered.

In the process of choosing the design of
a brushless alternator, the design of which
could be adapted for installation on a bicy-
cle, a number of technical solutions were
developed [13]-[17]. In order to study and
evaluate the physical properties of the pro-
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posed machine design, a laboratory model
was manufactured.

The calculation of the size of the mag-
netic circuit of the experimental model in
the design process was performed using the
basic relations adopted for the design of the



inductor machine [18].

The toothed rotor in the considered
device acts as a magnetic flux switch. In
this case, the number of teeth Z on the rotor
determines the frequency of flux pulsations
in the magnetic core of the inductor.

The magnetic circuit was made in the
form of two open magnetic cores (OMC)
with teeth at the ends, which were shifted
by a distance:

T] =[k+%)-‘l‘2,

where k=1, 2, 3 ... the number of pairs of
teeth for each OMC.

(1

The teeth are separated from the rotor
by an air gap — 6.

The teeth on the rods of the OMC,
between which the magnet is located, are
offset by

2

In the considered device, the number
pair of poles corresponds to the number of
teeth on the movable part of the magnetic

TZZZ'T.

flux switch Z. The pole division 7 in electri-
cal degrees is linked to the rotor with the
number of poles p by Eq. (3):
360°
T= .
2-7Z

3)

When the rotor rotates, the fluctuation
of the magnetic flux occurs in OMC with a
flux switching frequency in the teeth and is
determined according to Eq. (4):

n-z

=—= 4
60 @

f

where n — the rotation speed, rpm™.

Asaresultofthemagnetic flux magnitude
fluctuations with a frequency f between the
maximum @ and minimum ®__ values,
an electromotive force (EMF) arises in the
armature winding with the number of turns
W, whose value is determined by Eq. (5)
[18]:

-0
2

E:4’44.W'f.(q)max min) (5)

3. MODELLING AND AN EXPERIMENTAL STUDY
OF A GENERATOR WITH RADIAL INDUCTOR PLACEMENT

To assess the efficiency of the pro-
posed magnetic flux switching generator,
an experimental model of the magnetic
core of the inductor was made of laminated
steel with one magnet, two windings and a
toothed rotor, the teeth of which are located
along the entire circumference with a uni-
form pitch.

A fragment of an experimental sample
of a generator with a radial arrangement
of the inductor is shown in Fig. 1, which
illustrates the location of an inductor with a
magnet between two OMC made from lam-
inated steel with two windings in relation to
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the toothed rotor.

Figure 2 shows the simulation of the
magnetic field distribution in the OMC
using ElCut software for physical field
modelling for one of the possible positions
of the teeth, where the paths of the closure
of the flux with the maximum intensity are
highlighted in yellow and those with the
minimum intensity are highlighted in blue.

The main parameters of the model:
dimensions of the magnet 19.5 mm x 12.7
mm X 6.35 mm; the number of turns of
armature windings W =2 x 110 turns; thick-
ness of laminated steel package is 12.7 mm,



the number of teeth on the rotor Z = 40.
The results of the laboratory trials of the
experimental generator model are presented

Fig. 1. An experimental model of a generator with
a radial arrangement of the magnet and armature
windings above the rotor teeth.

in Fig. 3 as output power P, (W) in relation
to the frequency of voltage f, (Hz).

Fig. 2. Modelling of the distribution of magnetic flux
in a magnetic core with a radial arrangement of the
magnet and armature winding for one position of the
teeth.
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Fig. 3. Output power of the generator P, (W) against the frequency of voltage f, (Hz)

for the light bulb load (U =

An incandescent lamp with a rated
voltage of U = 6.3 (V) and a current of / =
0.34 (A), which corresponds to a resistance
of R = 18.5 (Ohm), was used as a load for

6.3 (V), I=0.34 (A)).

the generator. The maximum power of the
experimental model was P =2.56 (W) at the
voltage of U= 7.12 (V).

4. MODELLING AND AN EXPERIMENTAL STUDY
OF A GENERATOR WITH AXIAL INDUCTOR PLACEMENT

With the axial arrangement of the per-
manent magnet inductor and OMC with
armature windings, it is possible to develop
a design, in which the OMC are located
opposite of the teeth on the moving rotor,
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which act as a magnetic flux switch [19],
[20]. In this case, the windings are located
on both parts of the OMC, and the teeth

only provide switching of the magnetic flux
in the rods.



The layout of the windings W, and W,
on the rods of the OMC and their position
relative to the toggle switches Z fixed in
the grooves on the magnetic flux switch are
shown in Fig. 4.

The direction of the magnetic fluxes
®, O, O, O, corresponds to the polarity
of the N-S permanent magnets located on
the outer rods of the OMC. The direction
of the magnetic fluxes @, ®,, ®, for one
permanent magnet is presented in Fig. 5.
The values of magnetic fluxes from perma-
nent magnets @, ®, through commutation
during the movement of the rotor do not
change and are equal to:

Q) =D, + D5, (6)
The magnetic flux switch is made of

a non-magnetic material, for example, of
plastic in the form of a tape, which can be
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Fig. 4. Diagram of the axially arranged OMC with
windings relative to the direction of the rotor rotation
and the direction of magnetic fluxes.

Figure 7 shows the 3D model of the
magnetic field intensity (T) in the air gap
when the maximum of magnetic flux

is closed through the toggle switches
located opposite of the four middle rods 3,
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made as a linear rotor or shaped as a ring
and placed on the edge of a disc. In this
case, the design of the device would not
have axial symmetry.

The analysis of the density distribution
of magnetic fluxes in OMC was carried out
by 3D modelling of the magnetic field using
EMWorks software.

In the generator model under investiga-
tion, the number of pairs of teeth for each
of the OMC equals £ = 2. In this device,
the axial arrangement of the inductor made
of laminated steel relative to the toggle
switches is used. The toggle switches placed
around the circumference and permanent
magnets are located on the external rods of
OMC and are connected by bridges.

The 3D model of a generator with the
representation of the magnetic field density
distribution in the rods of OMC is shown in
Fig. 6, where the given palette of intensity
(T) makes it possible to estimate the degree
of saturation of magnetic circuit sections.

(rn___[ O S I e e Wtbz

Wi o g W2

Fig. 5. Diagram of the direction of magnetic fluxes
created with permanent magnets in OMC, located
opposite of the toggle switches fixed in the grooves
of the plastic strip of the magnetic flux switch.

4, 5, 6 covered by the coil. In this position,
the minimum of magnetic flux

D i = D@3 +Dg» ©)

is closed through the rods 1, 2, 7, 8 where
permanent magnets are placed.



Fig. 6. Design of the investigated model with the
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Fig. 7. The 3D model of the distribution of the

representation of the magnetic field density distribution magnetic field in the rods of OMC at the boundary

in the rods of OMC and the palette of its intensity (T).

Figure 8 shows theoretical estimates
of the distribution of the magnetic field in
OMC for rotating of rotor at angle 7,. A step
of displacement of the toggle switches of the
magnetic flux switch equals 0.2 degrees and
makes it possible to calculate the magnetic
flux magnitude changes in the outer 1, 2, 7,
8 and in the inner 3, 4, 5, 6 teeth shown in
Fig. 7.

The test samples of OMC are made of
laminated steel type 23ZH90 with a thick-
ness of 0.23 mm using waste-free technol-
ogy for manufacturing cores by winding.
The dimensions of the model are designed
for mounting it on a bicycle frame using a
steel or plastic disc as a rotor connected to
the wheel with an outer diameter of 140 mm
and a thickness of 2 mm.

Figure 9 shows one section of OMC with
two pairs of teeth and the outer core size of
2.07 mm x 22.9 mm x 18.0 mm % 9.7 mm
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Fig. 8. Magnetic flux changes in the air gap of the generator
in the outer 1, 2, 7, 8 and in the inner 3, 4, 5, 6 tecth of the
OMC rods for the angle of rotor displacement 7.

with the air gap and the palette of its intensity (T).

and the inner one of 2.07 mm x 12.7 mm x
16.0 mm x 9.7 mm.

The dimensions of the four NdFeB
(N48) magnets are § mm x 15 mm x 4.5 mm.

The coil body in Fig. 10 with overall
dimensions of 70 x 43 x 35 mm for an arma-
ture winding and one pair of OMC is made
using a 3D printing technology. A strip for
a movable magnetic flux switch, shown in
Fig.11, is made using the same technology.
This allows positioning the ends of the rods
with high accuracy in relation to the toggle
switches located in the grooves of the plastic
strip of the magnetic flux switch 15 mm wide
and 4.0 mm thick.

The winding of the experimental model
consists of two coils with a wire of 0.41
mm in diameter and with the number of
W=W,+W,=215+215=430 turns. Wind-
ing resistance R = 2.6 + 2.6 = 5.2 (Ohm),
inductance L = 34.1 (mH).

Fig. 9. One section of OMC with two pairs of
teeth from laminated steel, size scale in mm.



The arrangement of the generator model
on a bicycle frame is also shown in Fig. 11,
where the inductor is fixed on the seat of
the disc brake mechanism, and the plastic
strip of the magnetic flux switch with the
number of toggle switches equal to Z=p =
86 is made in the form of a ring and is fixed
on the steel disc.

The values of magnetic fluxes in the
teeth of OMC for two positions of the mag-
netic flux switch are given in Table 1. In
the first position, the toggle switches are
located opposite the teeth 3, 4, 5, 6 that cor-

Table 1. Values of the Maximum @ and Minimum @ .
1 max min

Toggle Switch Displacement of ;T2

responds to the maximum value of the mag-
netic flux ®@_ . In the second position, the
toggle switches have a displacement of ST2
that corresponds to the minimum value of
the magnetic flux ®@__ .

In the considered design, the magnetic
flux tied with the windings W,, W, is equal
to the sum of the fluxes presented in Table
1. The results of the magnetic flux values
obtained for the corresponding type of mag-
nets and the size of the OMC allow estimat-
ing the value of EMF in the windings, which
occurs as a result of this flux variations.

Magnetic Fluxes in the Teeth of OMC with the

Magnetic flux
Tooth number - —
Maximum flux (@, ) Minimum flux (@ )

3 1.88 10 6.63 10°
4 1.74 107 6.82 10°
5 1.74 10 6.5210°¢
6 1.88 10 6.54 10°
Total 7.24 10° 2.6510°

The EMF value for a test model with
the number of turns of armature winding

can be calculated using Eq. (5):

(7.24-2.65)-107°
E =4,44-430-300-

The results of these calculations show
that the chosen dimensions of the magnetic
circuit and magnets are sufficient to induce
the specified EMF value by switching the
magnetic flux in the windings of the gen-
erator.

The test sample allows determining the
actual technical characteristics of the gener-
ator with an axial arrangement of the induc-

=13.14 (V).
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W = 430 at a frequency of flux fluctuation
=300 (Hz) and the size of the air gaps

(10)

(11)

tor and estimating the potential for its use
as a power supply source for bicycle elec-
tronics devices. Thus, the simulation results
can serve as a reliable basis for designing a
generator with specified characteristics.
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Fig. 10. Coil body with OMC with two pairs of teeth made
of laminated steel with armature winding and dimensions

size in mm.

The results of the experimental model
testing are presented in the diagrams in the
form of approximated curves in Figs. 12
and 13, displaying the output voltage U,
(V) depending on the load current 7, (A)
and power P, (W) at different frequency of
voltage f, (Hz).

An oscillogram of a sinusoidal alternat-
ing voltage across the armature winding
of an inductor without load for one of the
stages of the experimental study is shown
in Fig. 14. The curve of the output volt-
age U, (V) without load depending on the
frequency of voltage f, (Hz) is presented in
Fig. 15.

As can be seen from the analysis of the
curves obtained as a result of the experi-
ment, the maximum generator power signif-
icantly increases with increasing frequency.

R R AR R R T e SRR R L .

L

Fig. 11. Placement of the axial generator
inductor on the bike frame and the plastic
strip of the magnetic flux switch with toggle
switches on the steel disc.

The experimental results are in close
alignment with the numerical solutions
obtained during the simulation. The value
of the EMF estimated for frequency f =
300 Hz using Eq. (11) equals £ = 13.14
V, while the value of output voltage with-
out load at this frequency, obtained from
the experimental model, shown in Fig. 12
is equal to U = 12.0 V. Thus, experimen-
tal and simulation results differ by less than
10 %. The deviation can be attributed to the
uncertainty with the parameter values of the
permanent magnets and to difficulties with
ensuring a stable air gap of 0.2 mm in the
experimental setting. In further studies, the
characteristics of the magnets and the width
of the air gap could be considered with bet-
ter accuracy.
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Fig. 12. The output voltage curves U, (V) against the

load current 7, (A) at different frequency of
voltage f, (Hz).
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Fig. 13. The power curves P, (W) against the load
current /, (A) at different frequency of
voltage f, (Hz).



Fig. 14. Oscillogram of the voltage waveform on the

armature winding of the generator without load for

one of the stages of the experimental study.

5. DISCUSSION
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Fig. 15. The output voltage curves U, (V) at the
armature winding of the generator without load
versus the frequency of voltage 7, (Hz).

In the course of the study, an original
design of a permanent magnet generator
with magnetic flux switching and an axial
arrangement of the inductor has been devel-
oped and tested. The results of the study
show that the proposed technical solution
has good prospects to be used as a power
source for charging bicycle electronic
devices.

Furthermore, it has been shown that
such generators can be manufactured using
a waste-free technology for strip of OMC.
This technology significantly reduces the
production costs of OMC.

The considered generator is charac-
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The article introduces the results of studying the magnetic field distribution in the alterna-
tor inductor with an axial arrangement of open magnetic cores (OMC) and external closure of

magnetic fluxes. The study compares the efficiency of using magnetic fluxes from permanent
magnets (PM) on the example of two model variants of inductors with OMC developed by the
authors. The analysis of the density distribution of magnetic fluxes in OMC was carried out by
3D modelling of the magnetic field using EMWorks software. It has been shown that such gen-

erators can be manufactured using a waste-free technology for strip of OMC. This technology
significantly reduces the production costs of OMC. By modelling the distribution of magnetic
fluxes in the OMC of the inductor, the results of experimental studies and analysis of the cre-
ated device show that the capacity of generator can be varied by changing its dimensions and

the number of the toggle switches on the rotor. This allows the alternator to be adapted to the
load requirements — power banks and bicycle electronics.
Keywords: Bicycles, magnetic fields, modelling, permanent magnet machines.

1. INTRODUCTION

Current global trend towards the use of
environmentally-friendly alternative energy
sources for autonomous low-power loads
re-ignited interest in machines capable of
converting low-speed movement into elec-
trical power. Axial flux switched reluctance
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machines exhibit unique characteristics that
specify their superiority over other topolo-
gies in specific applications. A number of
researchers have studied the efficient design
and constructed structures in different types
of these machines [1], [2].



More recently, new forms of the ver-
nier hybrid permanent-magnet machines
[3], [4], which are based on the principle
of variable-reluctance have come in sight.
Along with simple design, these machines
offer a compact direct drive solution for
low-speed and low-power applications.

A similar principle of variable reluc-
tance is used in PM machines with magnetic
flux switching. This type of machines has
been first considered by Rauch and Johnson
[5], and can be viewed as an evolution of
an inductor generator. The articles [6]-[9]
present the results of studies of magnetic
flux switching machines by a number of
authors.

The authors of this study used the mag-
netic flux switching principle for the devel-
opment of a new bicycle generator design.
The proposed approach made it possible to
combine in one device the supporting struc-
tures of the frame and bicycle wheels to cre-
ate an inductor-type generator [10]-[12].

The use of a magnetic flux switching
device as a generator has made it possible
to find solutions that provide certain advan-
tages in comparison with placing the gen-
erator inside the wheel hub. In the process
of the current research, related to the devel-
opment of the magnetic flux switching type
PM generator design for a bicycle, various
options for placing an inductor with a fixed
winding and a magnet relative to the rotor
have been considered.

The characteristic feature of alternative
energy sources is the uneven movement of

mechanical energy, which can be converted
into electrical energy. In this regard, to
increase the efficiency of electric machines,
gearbox is used, which adapts the perfor-
mance of alternators and drive mechanisms.
However, in most cases, the most effective
appliances are the ones that do not contain
the gearboxes. This becomes possible with
the use of special types of direct drive elec-
tric machines, the designs of which allow
for adjustment to the actuating mechanism.

The authors of the article propose a new
design of an electric machine as an autono-
mous power source for bicycle electronics
devices. In the process of searching for the
necessary design solutions and the possibil-
ity of their optimization, several versions of
alternators of a new type with certain tech-
nical characteristics have been developed.

The constructional characteristics of
machines of this type make it possible to
manufacture the movable part of the mag-
netic flux switch in the form of a strip con-
nected to the drive. In this case, a strip
made of non-magnetic material can per-
form cyclic reciprocating movements or be
placed on the circumference of a disk that is
connected to a rotating shatft.

In the considered case, the actuating
mechanism is a bicycle wheel, from which
the strip of magnetic flux switch is driven.
In the process of choosing the design of a
brushless alternator, the design of which
could be adapted for installation on a bicy-
cle, a number of technical solutions were
developed [13]-[18].

2. THE ALTERNATORS WITH EXTERNAL MAGNETIC FLUX CLOSURE

a) Design of Model I

The design of the brushless energy con-
verter shown in Fig. 1 contains a station-
ary magnetic core of an inductor with an

armature winding and a PM, as well as a
magnetic flux switch in the form of a strip,
which makes a rotational movement. Since



the axis of rotation of the actuating mecha-
nism is located below the inductor, then to
connect the strip to the actuating mecha-
nism, the magnetic core of the inductor
is made with external closure of the mag-
netic flux above the movable magnetic flux
switch.

The magnetic circuit of the alternator
inductor, proposed by the authors in the
design [19], contains two groups of open
magnetic circuits made of laminated sili-
cone steel, on the rods of which armature
windings are located. The external mag-
netic circuit of the inductor is made in the
form of a magnetic bridge made of struc-
tural steel, which forms a magnetic circuit
that connects the PM with OMC.

Fig. 2a shows the diagram of the
arrangement of rods of OMC, where arrows
denote the direction of magnetic fluxes in
each of the rods. The main magnetic flux
@ from a PM passes through the magnetic
bridge and is divided into fluxes in the rods
of OMC, while the sum of the magnitude of
these fluxes satisfies Eq. (1):
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Fig. 1. Design of the arrangement of armature
windings on the OMC, PM and magnetic bridges
relative to the strip of the movable magnetic flux

switch, Model I.

When analysing this design, the ways of
closing the magnetic leakage fluxes from a
PM are not considered.

The magnetic toggle switches in the
grooves of the strip of the magnetic flux

D=0, + D, + D3+ Dy €))

The magnetic fluxes @, @, in the outer
rods of OMC are not associated with the
armature winding, at the same time the
magnetic fluxes D, D, in the inner rods
of OMC are connected with the armature
winding. The magnitude of these fluxes is
determined by the magnitude of the mag-
netic resistance of the corresponding sec-
tions of the air gap. Thus, the magnitude
of these fluxes depends on the position of
the magnetic toggle switches relative to the
teeth at the ends of the rods of OMC.

The circuit for closing the main mag-
netic flux @ and its fraction @, from a PM
with poles N-S in the form of a contour line
is shown in Fig. 3. The figure illustrates
a section of an inductor with an armature
winding, consisting of coils W, W, located
on the rods of OMC, and magnetic toggle
switches in the grooves of strip of the mag-
netic flux switch, made of non-magnetic
material.

Fig. 2. The illustration of the magnetic circuit design

of inductor with an armature winding and rods of

OMC, which are separated from the strip of magnetic
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flux switch by air gaps, for &, and k, = 1, Model I.

switch are located with a uniform step 7,
equal to 360 electrical degrees. The teeth at
the ends of the rods of the OMC are sep-
arated from the strip of the magnetic flux
switch by air gaps J, and 9,



Figure 4 shows a segment of the mag-
netic circuit of an inductor with an armature
winding and an OMC with the number of
pairs of rods equal to two, separated from
the strip of the magnetic flux switch by an
air gap 9,. The distance between the pairs of
rods in each OMC corresponds to Eq. (2):
1=k + 1)) )

The distance between the rods of adja-
cent OMC corresponds to Eq. (3):
T, =k, T,. 3)

In Egs. (2) and (3) k,and k,= 1,2 ... are
functional coefficients, while k, determines
the width of the slot where the armature

windings are located, and k, corresponds to
the number of rods.

Permanent
. magnet
e b Magnztic
3 e bridge
W2
™~ |
Silicon steel q Magnetic flux Silicon steel

magnetic open
COTCS

togele swirches magnetic open

COTes

Fig. 3. The contour line of the circuit of closure
of the main magnetic flux @ and its fraction @,,
coupled with the windings W, W, of the inductor,
from a PM with poles N-S in the inductor of the
alternator, Model 1.

The toothed rotor in the considered
device acts as a magnetic flux switch. In
this case, the number of teeth Z on the rotor
determines the frequency of flux pulsations
in the OMC of the inductor. In general, the
Z value can be considered as the number
of teeth located on a strip of magnetic flux
switch of length L, so the distance between
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During the movement of the strip of the
magnetic toggle switches, there is a syn-
chronous change in resistance in the exter-
nal and internal rods of OMC. In accordance
with this change, the values of the magnetic
fluxes in the rods change according to the
sinusoidal law, but in antiphase. Thus, for
the sum of all magnetic fluxes, Eq. (4) is
valid:

b1+ O, + P3+P, = ® = const. 4)

Consequently, the main resulting mag-
netic flux @ in the magnetic bridge remains
constant, which makes it possible to manu-
facture it from structural steel.

The calculation of the size of the mag-
netic circuit of the experimental model in
the design process was carried out using the
basic relations adopted for the design of the
inductor machine [20].

Tz

T

Ti T2

Fig. 4. The illustration of the magnetic circuit
segment of inductor with an armature winding and
rods of OMC, which are separated from the strip of

magnetic flux switch by air gaps, for k, = 1 and
k,= 2, Model 1.

the teeth is calculated by Eq. (5):

)

When the magnetic flux switch moves
at a speed V, the frequency of the magnetic
flux pulsations is determined by the switch-



ing number per unit of time; therefore, the
fluctuation of the magnetic flux occurs in
OMC with a flux switching frequency in
the teeth and is determined according to Eq.

(6):
(6)

wherez — the number of magnetic toggle
switches on the strip of the magnetic flux
switch;

b) Design of Model II

The manufacturing of OMC using tape
winding technology contributes to a number
of new properties in the alternator design.
The proposed manufacturing technology
is significantly simplified and becomes a
waste-free technology. However, the rods
of OMC and their teeth, made of laminated
silicone steel sheets, are located perpendic-
ular to the movement of the moving strip of
the magnetic flux switch.

Silicon steel magnetic

open caores
Silican steel

magnetic bridge

Permanent magnets

Movable non
magnetic strip

Permanent
magnets

n — the frequency of cyclic oscillations or
speed of rotation, rpm™.

As a result of the magnetic flux magni-
tude fluctuations with a frequency f between
the maximum @ and minimum @  val-
ues, an electromotive force (EMF) arises in
the armature winding with the number of
turns W, whose value is determined in Eq.

(7):
(D, —D

2

max min )

E=4,44.W-f. (7)

In this case, the width of the teeth is
determined by the thickness of the sheets
and their number, which makes them flex-
ible and allows them to be positioned at dif-
ferent angles. Thus, the design of the induc-
tor allows it to be adapted to operate with a
magnetic flux switch, which may be linear,
curved or closed in a ring, as shown in Fig.
1 and Fig. 5 [19], [21].

Silicon steel
magnetic bridge

N

Silicon steel
magnetic open cores

Magnetic flux toggle
switches

Fig. 5. The model of the arrangement of OMC, PM and magnetic bridges relative to the strip of the movable
magnetic flux switch, Model I1.

Due to the axial arrangement of the
laminated silicone steel sheets, the mag-
netic circuit consisting of two groups of
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OMC separated by air gaps and a mov-
able magnetic flux switch can be combined
using magnetic bridges. Moreover, in the



structure shown in Fig. 5 for £, = 1 and
k, = 1, the magnetic fluxes from the PM are
directed in the radial direction and are dis-
tributed in the rods of the OMC, as shown
in Fig. 6.

In the considered design (Model I1), PM
are located on the side surface of laminated
silicon steel sheets of the rods of OMC. The
direction of the magnetic fluxes ®, @, for
PM and the magnetic fluxes @,, @, O, O,
corresponds to the polarity of the N-S PM
located on the side rods of the OMC.

Magnetic fluxes from PM in the rods of
OMC are divided into two directions, which

Fig. 6. Axial arrangement of the OMC with windings

relative to the movement direction of the strip of magnetic
flux switch. The direction of magnetic fluxes, for k, = 1

and k,= 1 is shown by arrows (Model II).

In the design of OMC with the number
of rods equal to two (k, = 2), PM are located
on steel spacers, which serve to distribute
magnetic fluxes over the rods of OMC, as
shown by the arrows in Fig. 8. In this case,
the fluxes @ » D, from PM in the rods of
OMC of one section are divided into four
flows in the rods:

¢1=¢2+¢12 +¢3+¢’3, (10)

¢4=‘D5+¢),5 +¢6+¢),6- (11)
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corresponds to Egs. (8) and (9):

D, =D5+Dg. 9)

The distribution of magnetic fluxes
in sheets of laminated silicone steel of mag-
netic bridges for the case of closing mag-
netic fluxes @, @, @, for one pair of PM
is shown in Fig. 7. In this case, during the
movement of the strip of the magnetic flux
switch, the magnitude of the magnetic flux-
es in the magnetic bridges remains constant.

o e ?] N
ﬁ \‘ |ﬁ|= . :ﬂ ®:
L/ ﬂ%“t /)

Fig. 7. Direction of magnetic fluxes @ » D,
@, in silicone steel of magnetic bridges and in
the rods of OMC, separated by air gaps and by

stripe of magnetic flux switch (Model II).

As one can see, the magnetic fluxes
in the rods of OMC can be conditionally
divided into shunting magnetic fluxes @,
@, @/, @' and working magnetic fluxes
@, @, @, @', which are connected with
the armature windings W, W, and partici-
pate in EMF indication.

The polarity of the PM mounted on the
steel spacers and the direction of the magnetic
fluxes in the laminated silicone steel rods and
magnetic bridges are shown in Fig. 9.



The considered inductor designs with
an external closure of the magnetic flux
expand the application scope of the axial
flux switching PM alternator. In the pro-
posed model, it is possible to place the strip
of the magnetic flux switch on the disk con-
nected to the rotary mechanical drive.

The use of an external magnetic circuit
leads to the fact that the magnetic fluxes
in the inductor are closed in two mutually
perpendicular planes, which makes it pos-
sible to design new options of placement
of OMC. At the same time, the study of the

1112\\ W\ 1 p » s

! D'
@z >
®I

F.~.x.x]
e

Fig. 8. The illustration of direction of magnetic fluxes

from PM in rods of OMC with the number of rods equal

to two for one inductor section for k, = 1 and k, = 2

(Model II).

properties and estimation of the operating
characteristics of these machines introduce
a certain difficulty, since in the classical
theory of electrical machines, taking into
account their axial symmetry, it is sufficient
to consider the flat pattern of the distribu-
tion of magnetic fluxes in the magnetic core.

To study the properties of the consid-
ered alternator designs, reliable results can
be obtained only by analysing the volumet-
ric picture of the magnetic field. In modern
conditions, this can be done using computer
simulation.

Fig. 9. The illustration of direction of magnetic
fluxes created by PM in OMC, located opposite
of the toggle switches on the strip of the magnetic
flux switch for k, = 1 and k,= 2 (Model II).

3. MODELLING OF THE MAGNETIC FIELD
DISTRIBUTION IN THE INDUCTOR

The analysis of the density distribution
of magnetic fluxes in OMC was carried out
by 3D modelling of the magnetic field using
EMWorks software. In the generator mod-
els under investigation, the number of pairs
of teeth for each of the OMC equals &, = 2.
The 3D models of the alternators with the
representation of the magnetic field density
distribution in the rods of OMC and in the
air gap are shown on Figs. 10-13, where the
given palette of intensity (T) makes it pos-
sible to estimate the degree of saturation of
magnetic circuit sections.

Practical studies of the characteristics
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of alternators and modelling of the mag-
nitude of magnetic fluxes were carried out
using OMC made of laminated steel type
237ZH90 with a thickness of 0.23 mm. Fig-
ure 14 shows one section of OMC with two
pairs of teeth and the outer core size of 2.07
mm x 22.9 mm x 18.0 mm x 9.7 mm and
the inner one of 2.07 mm % 12.7 mm x 16.0
mm X 9.7 mm. The size of the air gaps J,=
0,= 0.2 mm.

The dimensions of the PM from NdFeB
(N48) for Model I are 22.9 mm % 25.4 mm %
3 mm and for four magnets of Model II are
8.1 mm x 12 mm X 4.5 mm. The winding



of the experimental models consists of two
coils with the number of turns equal to W =
W, + W,=215+215=430. Winding resis-
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Fig. 10. The design of the investigated model with
the representation of the magnetic field density
distribution in the rods of OMC and the palette of its
intensity (T), (Model I).
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Fig. 12. The design of the investigated model with
the representation of the magnetic field density
distribution in the rods of OMC and the palette of its
intensity (T), (Model II).

Figure 15 shows the rated value of the
magnetic field in the outer 1, 2, 7, 8 and in
the inner 3, 4, 5, 6 teeth of the OMC (see
Fig. 8) for displacing the magnetic flux
switch of Model Il by an angle t_with a step
of 0.2 degrees.

To compare the performance of Model
I and Model 11, the results of calculating the
magnitude of the magnetic flux correspond-
ing to the two positions of the strip of the
magnetic flux switch were used.

In the first case, the magnetic toggle
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tance R = 2.6 + 2.6 = 5.2 (Ohm), induc-
tance L = 34.1 (mH).

Fig. 11. The picture of the distribution of the
magnetic field in the rods of OMC at the boundary
with the air gap and the palette of its intensity (T),

(Model I).
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Fig. 13. The 3D picture of the distribution of the
magnetic field in the rods of OMC at the boundary
with the air gap and the palette of its intensity (T),

(Model II).

switches are positioned against rods 1, 2,
7, 8, which correspond to the minimum
value of the working magnetic flux @ in
the rods 3, 4, 5, 6 of OMC. The examples
of visualization of the magnetic flux distri-
bution in the OMC for this position of the
stripe of magnetic flux switch for Model |
are presented in Figs. 10 and 11.

In the second case, when the strip of
the magnetic flux switch is displaced by a
value of T, the magnetic toggle switches are
located against rods 3, 4, 5, 6, which cor-



respond to the maximum value of the work-
ing magnetic flux @ in these rods. The
examples of visualization of the magnetic

flux distribution in the OMC for this posi-
tion of the strip of magnetic flux switch for
Model II are presented in Figs. 12 and 13.

bty

Flux . (Wh [10])

[

Fig. 14. One section of OMC with two
pairs of teeth from laminated steel, size
scale in mm.

The results of the magnetic flux values
obtained for the corresponding type of PM
and the size of the OMC allow estimating
the value of EMF in the windings by Eq.
(5), which occurs as a result of flux varia-
tions at a frequency of flux fluctuation =
300 (Hz).

D, + @'+ Dy + Dy @, + DS+ DD
e e 2 -
% / \\ //,.
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" _:
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40

Fig. 15. Magnetic flux changes in the air gap of the alternator in
the outer 1, 2, 7, 8 and in the inner 3, 4, 5, 6 teeth for the angle
of rotor displacement t_for k, = 1 and k,= 2, (Model II).

The rated values of magnetic fluxes in
the teeth of OMC for two positions of the
magnetic flux switch for Model I and II are
given in Table 1. To compare the efficiency
of these two models, Table 1 shows the val-
ues of the weights of OMC with a magnetic
bridge and the weights of PM.

Table 1. The Rated Values of Magnetic Fluxes in the Teeth of OMC
for two Positions of the Magnetic Flux Switch for Models I and 11

. Magnetic flux of teeth @ = 107 & L %n s %o
— -5 ‘min > = =
% Magnetic flux of teeth @ 107, Wb Wb E S g R
=
3 4 5 6 |Total| 3 | 4 | 5 | 6 |Total| ¥ kg Kg
1 140 | 1.26 | 1.25 | 1.40 | 5.31 | 0.22 | 0.21 | 0.21 | 0.22 | 0.86 12.74 0.20 0.013
11 1.88 | 1.74 | 1.74 | 1.88 | 7.24 | 0.66 | 0.68 | 0.65 | 0.66 | 2.65 13.14 0.12 0.013

The results of these calculations show
that the chosen dimensions of the OMC and
magnets are sufficient to induce the speci-
fied EMF value by switching the magnetic
flux in the windings of the generator.

The test sample allows determining the
actual technical characteristics of the gener-
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ator with an axial arrangement of the induc-
tor and estimating the potential for its use
as a power supply source for bicycle elec-
tronics devices. Thus, the simulation results
can serve as a reliable basis for designing a
generator with specified characteristics.



4. DISCUSSION

In the article, the novel designs of alter-
nators with PM have been presented and
their properties have been discussed and
evaluated. The proposed design is charac-
terised the ability of alternator to be con-
nected to the bicycle wheel, which serves
as a mechanical drive for the mentioned
generator.

The authors have proposed two options
for the design of alternators with OMC
using external magnetic flux closure from
PM. It should be noted that in the design of
Model 11, the arrangement of PM directly
on the rods of OMC leads to a decrease in
the weight of the magnetic circuit with the
same weight of PM.

The results of the study show that the
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The article studies magnetic field distribution in the alternator inductors with an axial
arrangement of open magnetic cores (OMC) and an external closure of the magnetic flux. The
study compares the efficiency of magnetic flux utilization for four models with different modi-
fications of the geometry of the magnetic circuit of inductors. The analysis of the density dis-
tribution of magnetic flux in OMC is carried out by 3D modelling of the magnetic field using
EMWorks software. Based on the experimental study of the properties of the base model, the
influence of the configuration of the magnetic circuit of the inductor on the efficiency of the
alternator is shown. The results are presented in the form of tables and diagrams characteris-
ing changes in magnetic fluxes and electromotive force (EMF) in relative units. The results
provide the grounds for assessing the potential and possible limits of optimization with respect
to the size of air gaps and dimensions of the magnetic flux toggle switches. The study indicates
that the proposed alternator can be adapted for various load requirements and optimized for
various applications, such as charging power banks and powering bicycle electronics. The
study also demonstrates that for such generators, OMC can be manufactured using a waste-
free strip production technology.

Keywords: Bicycle electronics, magnetic field distribution, modelling of magnetic fields,
permanent magnet machines.
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1. INTRODUCTION

Current global trend towards the use of
environmentally-friendly alternative energy
sources for autonomous low-power loads
re-ignited interest in machines capable of
converting low-speed movement into elec-
trical power. Axial flux switched reluctance
machines exhibit unique characteristics that
demonstrate their superiority over other
topologies in specific applications. A num-
ber of researchers have studied the effi-
ciency of the design and constructed struc-
tures in different types of these machines
(1], [2].

More recently, new forms of the vernier
hybrid permanent magnet machines [3], [4],
which are based on the principle of vari-
able-reluctance have come in sight. Along
with simple design, these machines offer a
compact direct drive solution for low-speed
and low-power applications.

A similar principle of variable reluc-
tance is used in permanent magnet machines
with magnetic flux switching. This type
of machines has been first considered by
Rauch and Johnson [5], and can be viewed
as an evolution of an inductor generator. The
articles [6]-[9] present the results of studies
of magnetic flux switching machines by a
number of authors.

The authors of this study used the mag-
netic flux switching principle for the devel-
opment of a new bicycle generator design.
The proposed approach made it possible to
combine in one device the supporting struc-
tures of the frame and bicycle wheels to cre-
ate an inductor-type generator [10]-[12].

The magnetic circuit of the alternator
inductor, proposed by the authors in [13],
[14], is produced using the strip technol-
ogy of manufacturing of OMC and one-
sided external closure of the magnetic flux.
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Figure 1 shows the design of the magnetic
circuit, which includes fixed OMC, PM,
magnetic bridges and the MFV. In turn, the
MFV consists of a non-magnetic strip, in
which the MFTS are embedded. Further in
the article, the authors consider this design
as a base model for comparison.

Previous works on this topic [15], [16]
present the results of the studies of an axial
flux switching permanent magnet alterna-
tors, the design of which is intended to work
with a rotary motion drive. In these devices,
OMC are manufactured using strip technol-
ogy. In this case, the teeth at the ends of the
rods of the OMC are located perpendicular
to the movement of the MFV. This approach
opens up new possibilities for the optimiza-
tion of the toothed zone of the inductor by
changing the number of sheets of laminated
silicone steel in the teeth.

At the same time, the rods, formed
in the form of a stack of laminated steel
sheets, are flexible, which allows the angle
of inclination of the teeth to be changed in
relation to the direction of movement of
the MFV. Thus, the use of the technology
proposed by the authors allows designing a
complex geometry of the magnetic circuit
of the alternator and adapting it for place-
ment on a fixed drive housing. In this case,
magnetic flux fluctuations are formed by
linear or rotational movement of the MFV.

This article presents the study results
of properties of several new designs of the
magnetic circuit of the alternator inductor
with an axial arrangement of the OMC. The
comparison of the considered design solu-
tions was carried out using the simulation
of the distribution of magnetic fluxes in the
rods of OMC.
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Fig. 1. The model of the arrangement of the OMC, PM and magnetic bridges relative to the
MFV — movable non-magnetic strip with embedded MFTS.

The study results are presented in the
form of diagrams and expressed in relative
units for comparison with the base model.
This allows evaluating the potentials and

2. MODELLING THE DESIGN OF

limits of changing the size of air gaps and
dimensions of the MFTS, as well as opti-
mising the design of the alternator and
improving its performance.

AN ALTERNATOR INDUCTOR WITH OMC

Let us consider some possible options
for the location of magnetic cores and mag-
nets relative to the moving MFV. In this
case, the initial requirements for the devel-
opment of the design of alternator structures
follow from the conditions of its operation
as a power source for bicycle electronics.
It appears that generators dimensions and
shape depend on the place of installation on
the frame and the possibility of connecting
to the bicycle wheel.

For example, Fig. 2 shows the place-
ment of a prototype of an alternator induc-
tor on a bicycle frame and an MFV instead
of a disc brake attached to the rear wheel. In
Fig. 2, one can see that the alternator induc-
tor is fixed and this greatly simplifies the
connection of the terminals of its armature
winding to the voltage converter unit, which
serves to match the output voltage with the
input of bicycle electronics. However, the
problem lies in the limited space for plac-
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ing a part of the magnetic core between the
movable MFV and the spokes of the wheel.

The main dimensions of the alternator
are determined in accordance with the rated
power and voltage value at the output arma-
ture winding. However, there is no proven
methodology for designing such a device in
accordance with the specified requirements
and characteristics. Therefore, to calculate
the magnetic circuit, the method of 3D
modelling of the magnetic field using the
EMWorks software has been used.

Initial calculations of the magnetic cir-
cuit made it possible to determine the main
dimensions and design of the developed
device. Alternators were designed in such a
way so that their shape would allow solving
the problem of placing OMC on a bicycle.
Some of the possible design alternatives
that have an asymmetrical arrangement of
OMC relative to the MFV are shown in
Figs. 3 and 4.



Fig. 2. Placement of the inductor of an axial flux switching PM alternator on a bike frame and location of a
movable MFV on the rear wheel brake disc.

Figure 3a shows the design options
for the magnetic circuit of the inductor
using the example of Model I and Model
II, where OMC are located, respectively,
perpendicular and parallel to the direction
of movement of the MFV. Figure 4a shows
Model III and Model 1V, in which the OMC
are parallel with respect to the direction of
movement of MFV.

The study of the properties of the pre-
sented alternator design options was car-
ried out by modelling the distribution of the
magnetic field in the inductor with a one-
sided asymmetric arrangement of OMC.
The calculations were performed for two
positions of MFTS, shifted by 180° electri-
cal degrees.

In the considered special designs of
alternators, it has been ensured that the
armature winding is located on the rods of
OMC, through which the working magnetic
flux is closed. At the same time, in the lim-
ited space between the disc with MFTS and
the spokes of the bicycle wheel, only the
magnetic flux contactor will be located.

In the figures shown, position 0° corre-
sponds to the value of the minimum work-
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ing magnetic flux @ ., and position 180°
corresponds to the value of the maximum
working magnetic flux ®@__ . In this case, on
a scale tied to the colour palette in Figs. 3,
4 it is possible to estimate the magnitude of
the magnetic flux density for the sections of
the magnetic circuit shown in the following
figures: (b) in the inductor; (¢) in the MFTS;
(d) in the OMC and (e) magnetic flux den-
sity in the magnetic closure, view from the
side of the air gap.

As a result of the magnetic flux fluc-
tuations with a frequency f between the
maximum @ and minimum ®__ values,
an EMF arises in the armature winding
with the number of turns ¥, whose value is
determined in Eq. (1) [17]:

-
2

((D max min )

E=444.W . f- (1)

The results of the study of the models
performed on the basis of the assessment of
the values of the working magnetic fluxes,
taking into account the dimensions of their
OMC and PM, are given in Table 1. In this
case, the EMF value is calculated for the



flux switching frequency f = 300 Hz and
corresponds to the number of turns of the
armature winding wire, which can be laid
in the OMC for each model. For compari-
son, the table shows the weights of PM and
OMC and the ratio of their weights.

The above results suggest that the con-
sidered modifications of alternators can be

Model 1
Position 180°

Position 0°

b)

()
~

d)

e)

used as a basis for designing devices with
special requirements for the external dimen-
sions and geometry.

At the same time, as can be seen from
the comparison of the design of the mod-
els, the efficiency of the alternators largely
depends on the size and geometry of the
OMC and PM.

Model II

Position 0 Position 180°

- Magnetic Flux

Density

0.01 0.25 0.48 072 096 120 m

Fig. 3. The 3D modelling of the magnetic field in the alternator with one-sided asymmetric arrangement of
OMC relative to the MFV for two positions of MFTS, offset by an angle of 180°:

a) magnetic circuit design of the inductor with perpendicular (Model I) and parallel (Model 1) OMC
placement; and magnetic flux density b) in the inductor; ¢) in the MFTS; d) in OMC, and e) in the magnetic
closure, view from the side of the air gap.



Model 111 Model IV
Position 0 Position 180° Position 0° Position 180°

a)

b)

o
~

d)

e)

N E T p—

Density

0.01 0.25 0.48 0.72 096 120 m

Fig. 4. The 3D modelling of the magnetic field in alternator with one-sided asymmetric arrangement of OMC
relative to the MFV for two positions of MFTS, offset by an angle of 180°:

a) magnetic circuit design of the inductor with parallel OMC placement (Models III and IV); and magnetic
flux density b) in the inductor; c) in the the MFTS; d) in OMC, and e) in the magnetic closure, view from the
side of the air gap.

Table 1. The Results of Modelling the Values of the Working Magnetic Fluxes for the Considered Alternator
Models: The Maximum @ and Minimum @ . Magnetic Flux, EMF, the Weights of PM and OMC

:g Magnetic flux | Magnetic flux EMF. V Weight of the | Weight of the Thf': ratio of the
s |, 10-5Wb D . 10° Wb ’ PM, 103 kg OMC, 103 kg | weights

I 4.75 16.3 7.55 9.7 72.2 0.1382

I 432 8.60 9.60 7.1 58.0 0.1225

11 4.19 9.87 8.88 6.4 61.6 0.1048

v 3.03 9.18 6.77 6.5 47.5 0.1368
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3. THE INFLUENCE OF MFV ON THE PROPERTIES OF AN ALTERNATOR

To explore the influence of the design
on the efficiency of alternator with OMC,
the model shown in Fig. 1 was selected. As
a research tool, the method of 3D modelling
of the distribution of magnetic field using
SolidWork software with the EMWorks
package was used.

The study of the characteristics of the
alternators and physical modelling were
carried out using OMC made of laminated
steel type 23ZH90 with a thickness of 0.23
mm. Figure 8 shows one section of the OMC
with two pairs of teeth and the outer core
size of 2.07 mm x 22.9 mm x 18.0 mm X
9.7 mm and the inner one of 2.07 mm x
12.7 mm X% 16.0 mm x 9.7 mm. The size of

\\

L
0.00 0.20 0.40 0.60 0.80 1.00

Fig. 5. The design of the investigated model with the
representation of the magnetic field distribution in the rods
of OMC and the palette of its flux density in Tesla (T).

The rated values of magnetic fluxes in
these teeth of OMC for two positions of
the MFTS shifted by 0° and 180° electrical
degrees are given in Table 2, where the val-
ues of the weights of OMC with magnetic
bridges and the weights of PM are shown.
The table also provides the EMF values cal-
culated using Eq. (1) as a result of examin-
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the air gaps 6,= 6,= 0.2 mm.

The dimensions of the PM from NdFeB
(N48) are 8.1 mm % 12 mm x 4.5 mm. The
armature winding of the experimental mod-
els consists of two coils with the number of
turns equal to W =W, + W,=215+215 =
430. Winding resistance R =2.6 +2.6 = 5.2
(Ohm), inductance L = 34.1 (mH).

The distribution pattern of the mag-
netic field in the inductor for the position of
MEFTS equivalent to 180° is shown in Fig.
5. In this position, as can be seen in Fig. 6,
in the teeth 3, 4, 5, 6 of the magnetic rods
on the side of the air gap, the magnetic flux
has the maximum value.

- Magnetic Flux

Density
m

Fig. 6. The 3D picture of the distribution of
the magnetic flux in the rods of the OMC at
the boundary with the air gap.

ing the experimental sample.

As the MFV moves, the reluctance of
the air gap between the teeth of the OMC
and the MFTS cyclically changes. As a
result, the magnetic flux associated with the
armature winding placed on the rods 3, 4, 5,
6 changes according to the harmonic law.



Table 2. The Rated Values @ and @ . of Magnetic Fluxes in the Teeth 3, 4, 5, 6 of OMC for Two Positions
of the MFTS Shifted by 0° and 180° Electrical Degrees, and Rated and Experimental EMF Values

Weight
E <3
Magnetic flux of teeth @ 105 Wb | Magnetic flux of teeth @ , 10° Wb m E 2
. max min _O N 15} [5)
Magnetic core PM 2 o? ) =
< K s O (=¥
2 | H s
3 4 5 6 Sum 3 4 5 6 Sum 14 V| 10%kg | 10°%kg
1.88 | 1.74 | 1.74 | 1.88 | 7.24 | 0.66 | 0.68 | 0.65 | 0.66 | 2.65 |13.1|12.0| 120 13

Figure 7 shows the rated value of the
sum of magnetic fluxes @, in the outer 1, 2,
7,8 and @, in the inner 3, 4, 5, 6 teeth of the

8.0

OMC (see Fig. 6) for displacing the MFTS
by an angle of 180° electrical degrees.

70 P - —
7. = S \\
£ 4 X /|
- /
=
E s \
5y \, /
= 40 N /'(
a N b
2 10 o
& ~ o
z N
220 -~
10
00

0 [cli] 120 180 240

The angle of displacement, deg

3040

Fig. 7. Change of the magnetic fluxes (@, and ®,) in the air
gap of the alternator in the outer 1, 2, 7, 8 and internal 3, 4, 5, 6
teeth in relation to the displacement of the rotor.

The results of experimental studies dis-
cussed in [15] show that the employed 3D
model together with EMWorks software
allow estimating the values of magnetic
fluxes in the inductor with high reliability.
Thus, the study of the influence of the shape
modifications of alternator on its power char-
acteristics can be carried out in comparison
with the base model, which is used as a phys-
ical experimental sample. The calculation
results provide the grounds for performing
design optimizations, which would lead to an
increase in the efficiency of the considered
alternator model.

As the first step, let us consider the effect
of the size of the MFTS on the EMF value.
The elongated rectangular shape of these
elements to a certain extent depends on the
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360

Fig. 8. One section of OMC with two
pairs of teeth from laminated steel, size
scale in mm.

method of their attachment in the strip of
the MFV, which is made of a non-magnetic
dielectric material such as glass fibre. Figure
9 shows the relative change in the EMF value
for three modifications of the MFTS fasten-
ing using protrusions and grooves at the ends
of elements.

In this study, the shape of the MFTS with
grooves at the ends, as presented in Fig. 10,
has been adopted as the base version. The
dimensions of this package made of laminated
silicone steel are as follows: thickness b_—2.1
mm; height 2 — 10 mm; width /. — 4 mm.

As can be seen, the change in shape led
to a decrease in the EMF value for modifica-
tions I and III. Thus, in further calculations,
the MFTS will be used, which have a modifi-
cation shape of 1.
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Fig. 9. The EMF value in relative units for three
modifications of the MFTS of the alternator.

The critical dimensions that determine
the properties of an alternator include thick-
ness b_and width /_ of the MFTS package,
as well as the size of the air gap o between
the teeth of the OMC and the MFV. The
choice of the value of these parameters has
a significant impact on the efficiency of the
device and ultimately determines its power
and output voltage. To estimate this impact,
it was necessary to create the number of

1.05

h.

)

I~/

Fig. 10. The dimensions of MFTS: package
thickness b_, height /_and width /.

models where selected parameters under
investigation were altered. For each of these
modifications, the values of magnetic fluxes
and EMF were compared to the base ver-
sion of the device.

Figure 11 shows the modelling results
of the magnetic flux for the position of the
MEFTS at 0° and 180° electrical degrees and
corresponding EMF for MFTS package
thicknesses b_from 1.3 to 2.3 mm.

|
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= 1/ 0.90
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~ 097 L
£ .96 0.96 |
—_ 4
S o5 |\ Vi
g
= \ 093 / - [D"Iik.‘t
i)
2 .03 - min
0.91 / -m- EMF
0.91
0.8y
1.2 1.3 1.4 1.5 1.6 17 1.8 1.9 2 2.1 2.2 2.3 2.4

Thickness b., mm

Fig. 11. The magnetic fluxes @ and @ and corresponding EMF in relative units for
MFTS package thicknesses b_from 1.3 to 2.3 mm.
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The change in the values of the mag-
netic fluxes @ and @ in this case has
a nonlinear character, which leads to the
appearance of an extreme zone, where the
difference in the amplitudes of the magnetic
flux has a maximum value. This, in turn,
affects the EMF value, which increases by
2.2 % as the thickness b_of the MFTS pack-
age becomes close to 1.5 mm. It is appar-
ent that the MFV of this design will reduce
the overall weight of the MFTS and will not
result in a decrease in EMF.

The influence of change in MFTS pack-
age width /_ to the magnetic flux for two
package thicknesses b_1.5 mm and 2.1 mm
is shown in Fig. 12. The performed calcula-
tions show that the size of the width / of
the MFTS also has a significant effect on

1.07

the ratio of the values of the magnetic fluxes
® —and ®  and, as canbe seen in Fig. 13,
is reflected in the EMF value.

It can be noted here that the efficiency
of the alternator increases when the MFTS
package width /_becomes close to 5.0 mm
with its thickness b_ of 1.5 mm. For the
MEFTS package dimensions, the EMF value
increases by 9 % compared to the base
design of the device.

One of the obvious ways to reduce the
reluctance of magnetic circuit is to reduce
the size of the air gap 8. For the model
under investigation, in which the size of the
air gaps is 6, = 6,= 0.2 mm, an increase in
this value leads to a decrease in the mag-
netic flux and, accordingly, a decrease in the
EMF value.
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Fig. 12. The magnetic fluxes ® and @ _ in relative units for MFTS package width /_ from 3.5 to 5.5 mm,
for two package thicknesses b_ 1.5 and 2.1 mm.

The modelling results of the magnetic
flux for a variable air gap & are shown in
Fig. 14. This figure shows the magnetic
fluxes @ and @ . and the corresponding
EMF values for the MFTS package with
thickness of 2.1 mm and the width of 4 mm.
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As can be seen in Fig. 14, a decrease in the
size of the air gap 0 leads to a significant
increase in EMF; however, the bounds of
this change are limited by the quality of the
surface finish of the strip of the MFV.



EMF, ru.

.08
1.06

1.04

,_
o]
(]

1.08

—

/ ‘
107 107

\% \\5

LV

AN

100

1
0.99 7 __,..t/

0.98

o= h_= 1.5 mm
- D.=2.1mm

MFTS package thickness

32 34 36 38 4 42 44 46 48 5 52
Width 1, mm

5.4

Fig. 13. The EMF values in relative units for MFTS package width /_from 3.5 to 5.5 mm,
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Fig. 14. The magnetic fluxes ® _and @  and corresponding EMF in relative units

for two package thicknesses b_ 1.5 and 2.1 mm.
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0.3

for air gap & from 0.05 to 0.3 mm for MFTS package thickness b_2.1 mm and

width /. 4 mm.
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4. DISCUSSION

The authors have proposed several new
designs of alternators with PM and axial
arrangement of OMC. The proposed device
is characterised by its ability to change the
configuration of the arrangement of the
OMC of the inductor relative to the MFV.
This allows adapting the design of the alter-
nator for mounting it on the bicycle frame
and coupling the moving part with the
wheel.

The estimation of parameters of the
proposed design solutions has been carried
out using 3D modelling of the distribution
of magnetic flux in the rods of OMC and
on the basis of experimental samples. The
study results, shown in the form of graphs,
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Artificial intelligence is widely spreading in all modern technologies. Such a very power-
ful methodology can have important applications in radio astronomy technology, for instance,
in the new DBBC4 VLBI backend development project and in the low frequency array AntArr
under development on the Etna slopes in Italy.

In the present paper, we describe the method currently adopted for those projects and some
possible applications, which could provide substantial new features in this decade to the radio

astronomy science and technology.

Keywords: Artificial intelligence, DBBC, radio astronomy, radio interference.

1. INTRODUCTION

When programmable computers were
widely deployed, people were curious to
know whether these machines might behave
as intelligently as humans. Today, artificial
intelligence (Al) is a field with many practi-
cal applications and active research topics.
We look to intelligent software to auto-
mate routine labour, understand speech or
images, make diagnoses in medicine and
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support basic scientific research in any field.

The main ability of a computer is to
solve problems which are intellectually
difficult for human beings but relatively
straightforward for a programmed calcula-
tor when the problem to be solved can be
described by a list of formal, mathematical
rules. The challenge for artificial intelli-
gence is solving tasks that are easy for peo-



ple to carry out but hard for programmers
to describe formally, those problems that
humans solve intuitively, like recognising
spoken words or faces.

The approach is to permit computers
to learn from experience and understand
the world in terms of a hierarchy of con-
cepts, with each concept defined in terms
of its relation to simpler concepts. Getting
knowledge from such experience avoids the
need for humans to formally specify all of
the knowledge that the computer requires
to perform a task. Building a hierarchy of
rules allows the computer to learn compli-
cated relations formed by simpler intellec-
tual relations. The knowledge is formed by
levels, or layers, whose depth is related to
the complexity of the hierarchy. This is in
some way why it is called Al Deep Learn-
ing (DL) and can be considered equivalent
to the alternative naming convention Artifi-
cial Neural Network (ANN).

Al can make use of a variety of tools
nowadays available mature enough to be
adopted in the many scientific fields where
it was not traditionally adopted. Such tools
include software solutions with languages
already widely used in scientific work, and
hardware platforms which are every day
offered from the main manufacturer to oper-
ate as computer accelerators, then operat-
ing as a central unit or at the edge between
sensors and calculation phase. A number of
hardware solutions permit the operation in

2. AI CONCEPTS

real time, opening a wide spectrum of pos-
sible applications.

Al in radio astronomy is today of great
interest and investigation by several groups
around the globe for a number of tasks,
such as radio object classification, pulsar
detection, complex network of telescopes
control, RFI mitigation, Fast Radio Burst
detection (FRSB), radio anomaly detection.

The application of Al methods and tech-
niques could help find solutions to a more
severe problem of radio interference miti-
gation. Radio observations are affected by
the strong contribution of terrestrial human
activities at any frequency observed in radio
astronomy, even in those bands which have
been more immune until now. Telecommu-
nications with the high demand for broad-
band connections are limiting the possibil-
ity to detect the many orders of magnitude
lower cosmic signals.

On such themes we concentrated the
first applications in the development of
the suitable techniques to be applied to the
‘AntArr’ and ‘DBBC4’ projects, because
both of them could get a great benefit from
them. In the paper, we describe two meth-
ods under development which provided
promising results. Such methods are oper-
ated on a hardware platform running in real
time and can find applications in different
environments or instruments apart from
those which we developed them for.

In order to simplify the description of
the methods used in this paper we would
like to recall some basic Al concepts and
this could start by the main comparison
between a traditional mode to use a com-
puter through a fixed defined program to
perform a task and, as a completely differ-
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ent approach providing the ability, making
use of dedicated techniques, to allow the
computer to acquire its own knowledge in
order to be able to perform that task. Such a
level of capability is what is meant when we
talk about Machine Learning [1].

There are a number of learning algo-



rithms depending on the task to be handled,
and still depending on the algorithm to be
adopted a fundamental importance is to be
associated with the learning data type. The
proper selection of a dataset to be used to
get the machine actually able to learn makes
a relevant difference in terms of simplifica-
tion and efficiency.

Deep learning solves the problem of
data representation to be used for learning
making use of rules that are expressed in
terms of other simpler data formats.

As stated above, deep learning allows
the computer to relate complex concepts
out of simpler concepts. A fundamental
deep learning model is the feedforward
deep network or ‘multilayer perceptron’. A
multilayer perceptron is just a mathematical
function relating some set of input values to
output values. This function is formed by
composing many simpler functions.

A complex task could often be divided
into more simple tasks and so deep learn-
ing resolves this difficulty by dividing the
desired complicated task into more afford-
able nested tasks, each described by a dif-
ferent layer of the model [2]. The input is
presented at the visible layer, so named
because it contains the variables that we
are able to provide to the network, then a
series of hidden layers extract increasingly
abstract features. These layers are called
“hidden” because their values are not known
or visible in the given data: the model has to
determine what is useful to determine the
relationships in the delivered data.

Deep learning is a specific kind of
machine learning making use of a learning
algorithm. In our development, we consid-
ered the linear regression algorithm. The
challenge for a regression ANN is to be
able starting from the training data to find
patterns that generalize to new data. Often
machine learning algorithms have settings
called hyperparameters that must be deter-
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mined external to the learning algorithm
itself and so we could require it to make
use of such additional parameters. Machine
learning in such a sense is essentially a form
of applied statistics on the use of computers
to estimate complicated functions.

A machine learning algorithm is an
algorithm that is able to learn from data.
For a regression task the computer program
is asked to predict a numerical set of values
given some input. In order to solve this task,
the learning algorithm is asked to provide a
function, which is similar to classification,
except that the format of output is different.
A large experience and applications have
been gained in the field of ANN classifica-
tion and so we could even make use of such
experience for our applications.

Convolutional neural networks (CNN)
are a specialized kind of neural network for
processing data that are organised in a grid-
like topology. Those can include time-series
data, which can be thought of as a 1D vector
reporting samples at regular time intervals
or a 2D matrix when more than a single set
of time series samples is considered, like
those received by a linear array of antennas,
or still image data, which can be thought of
as a 2D matrix of pixels. Convolutional net-
works have been widely used in practical
applications and their name indicates that
the network employs some sort of convolu-
tion mathematical operation. Convolution is
a type of linear operation, so convolutional
networks are simply neural networks that
use convolution in place of general matrix
multiplication in at least one of their layers.

In general, the convolution is an opera-
tion on two functions of a real valued argu-
ment. Typical convolutional neural net-
works do make use of further specializations
in order to deal with large inputs efficiently,
but these are not always strictly necessary
from a theoretical perspective, but can be
much more efficient. In our development,



we make use of preprocessing before the
convolutional layer in order to accommo-

3. EXPERIMENTAL APPLICATIONS

date a large set of data in a more compact
matrix.

We describe here two applications of
Al to radio astronomy activities and the
two methods which can be applied to both
applications. For sake of simplicity, in the
description we associate to each application
one of the two methods.

AntArr is a low frequency (main 327
MHz, broad range 10 — 1500 MHz) antenna
array project under development on the Etna
volcano slopes in support of VLBI studies,
entirely financed by the INAF (National
Institute for Astrophysics) spin-off HAT-
Lab srl, a company developing and manu-
facturing VLBI backend systems, which
are widely adopted in the VLBI community
for astronomy, geodetic and space science
radio astronomy observations.

RFI for such an antenna array is an
important limitation in particular at low fre-
quencies where the synthesized beam of the
antenna array easily detects the strong radio
interference emissions from the array side
lobes.

An antenna array consists of two or
more antenna elements that are spatially
arranged and electrically interconnected to
produce a directional radiation pattern. The
interconnection between elements can pro-
vide a fixed phase (or delay for broadband
applications) to each element and then can
form a phased array. In optimum and adap-
tive beamforming [3], the phases and the
amplitudes of the feed network are adjusted
to optimize the received signal.

The geometry of an array and the pat-
terns, orientations, and polarizations of
the elements influence the performance of
the array. Adaptive beamforming (Fig. 1)
has been considered in order to make use
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of the null steering toward the worst case
RFI directions with the aim to mitigate their
effect in quasi-real time. Antenna arrays
using adaptive beamforming techniques can
reject interfering signals having a direction
of arrival different from that of a desired
signal.
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Fig. 1. The schematic functionality view of an
adaptive antenna array.

A number of adaptive algorithms [4]
have been considered and their latency time
has been evaluated with their implementa-
tion in a computer software based platform:
Direct Matrix Inversion (DMI), Least Mean
Squares (LMS), Recursive Least Squares
(RLS), Linear Constraint Minimum Vari-
ance (LCMV), and Minimum Variance
Distortionless Response (MVDR) [5]. All
of them are data dependent, so require
observed data samples to converge, and
computationally complex to operate in a
real-time environment, but one of them is



widely adopted for its good convergence
and ability to deal with a number of inter-
ference sources at the same time.

In order to evaluate performance and
latency time, a linear array of 8 antennas
(Fig. 2) has been considered with the sup-
port of a real-time RFI direction tracker,
which is a set of antennas independent of
the array performing as a complex detector
to determine the RFI levels and their angu-
lar position. This permits to have in real
time the knowledge of the worst case RFI
presence and direction of origin informa-
tion to be used for the mitigation algorithm.

A preliminary simulation has been
realised by considering the 8-element linear
array with a collection of data received by
each of the array element when the main
beam of this array is pointing to a desired
collection of sources in the sky with the
constraint to minimize the RFI contribu-
tion, making use of the selected adaptive
array beamforming algorithm.

Fig. 2. Conceptual view of a linear 8-element
antenna array.

The simulation evidenced a large
latency in the calculation, which would not
be practical for real-time implementation
and then a DNN was considered as a candi-
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date to accomplish the mitigation function-
ality with the aim to achieve a much lower
latency when realised on a hardware plat-
form. On the other hand, we need to take into
account that the hardware platform makes
use of SoC (System on Chip) programma-
ble devices, which have large part of their
functionality realized through very high
performance programmable logic (FPGA)
with support of efficient on chip processors,
so the overall functionality can be shared
between such parts to obtain optimized per-
formance in terms of utilised resources and
latency. The direct implementation of the
adaptive beamforming algorithm MVDR is
not efficient for its mathematical complex-
ity to be performed by a FPGA architecture
while very different and convenient can be
to perform the functionality making use of
a DNN (Deep Neural Network) which was
then considered and evaluated to perform
such a task to mitigate the RFI contribution
for the antenna array.

A simulation study has been performed
with a large variety of DNN topologies in
order to determine a suitable architecture in
terms of dimension and number of layers.
The neural network under evaluation has
been trained with a very wide dataset rang-
ing on a broad range of steering directions
(main beam in the source direction) and
unwanted RFI directions where the signals
needed to be attenuated. All the DNN con-
sidered had the constraint to be deployable
on a hardware FPGA SoC platform so to be
able to operate in real time.

We need to recall that the AntArr proj-
ect [6], [7] under realization is a bi-dimen-
sional uniformly spaced phased array with
amplitude and phase in the single element
which can be controlled before its contribu-
tion to the array. The beamforming is real-
ized by an adaptive network whose goal is
to optimise the SNR in the direction of the
pointing where the source is to be observed,



minimising the sidelobe contribution in the
interference worst case directions. Those
directions are determined in real time using
a complex (I-Q) RFI antenna configuration.
Then the simulated study determines the
condition for the real-time network opera-
tions, so that a pre-trained network can be
adopted to ‘draw’ an optimized antenna
array final beam with an appropriate main
beam and sidelobes.

Training with real data will be imple-
mented in far-field regime (> 5 km) mak-
ing use of a campaign of observations with
real RFI and array orientation rotating with
respect to the zenith and in near-field regime
(< 500 m) making use of weak transmitters
on board of a small drone positioned in a
variety of positions in the sky above the net-
work.
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The simulated training was imple-
mented on a dedicated software platform
making use of last generation powerful
GPUs performing high-end performance
parallel calculation.

The selected trained network showing
the best performance was implemented in
the hardware platform making use of SoC
devices, where the network was synthe-
sized in maximum part in FPGA (hard-
ware) and for the rest in software running
inside processors part of the SoC device
for real-time performance. The finalized
trained network will be tested in a mono-
dimensional AntArr version (one arm)
before extending the functionality to the
entire array. Figure 3 schematically shows
this process.

Etna Antenna Array
~G - 1500 MHz

o JI1H "
il | s

Fig. 3. DNN implementation in AntArr.

The second application we describe is
related to the development of the DBBC4
backend. The DBBC4 is a new project for
the latest generation of the DBBC VLBI

87

backend family. The project started at the
end of 2021. It will last four years. Figure
4 shows the schematic functionality of the
system [8].
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Fig. 4. DBBC4 schematic view.

This new backed system for VLBI » Compatibility with previous DBBC
observations has the following target per- generations

formance:

* Input bandwidth up to:
8 x 28 GHz = 224 GHz aggregate in digital
front- or backend

* New concept with legacy features
(DBBC2, DBBC3)
New functionalities at the current state
of the art technology

* Applications: BRAND, EHT, ngEHT,

plus 8.x'4 GHz =32 GHz aggregate in ancil- EVN, IVS etc.
lary digital frontend

Total full aggregate =256 GHz

The system includes for the first time in
a VLBI backend an Al dedicated hardware

*  Output data rate up to: 1 Tbps @ 2-bit,  module (A-EYE) for implementing embed-

2 Tbps @ 4-bit, 4 Tbps @ 8-bit ded artificial intelligence functionalities.

*  Modes: DSC (full band for data trans- Figure 5 shows the evolution of the
fer), OCT (wide bands), DDC (tuneable DBBC family systems where one can see
narrow bands) how in two decades the input bandwidth

e Additional functionalities: Burst-mOde, has been increased 500 times (from 512
Al-mode, Net-to-Memory/Disk capa- ~ MHz to 256 GHz) and the output data rate

bility

4000 times (from 1 Gbps to 4 Tbps).
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Fig. 5. DBBC family evolution in the input bandwidth and data rate.
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There are a number of planned Al
implementations in the DBBC4 and the first
one is aimed at mitigating the RFI effects on
the observed VLBI data. More applications
are defined and will be introduced during
the project development.

An adaptive network is adopted whose
goal is to optimise the SNR in presence of
impulsive or periodic RFI. A pre-trained
DNN is used with the duty to recognise the
presence of impulsive or periodic RFI in
the observed noise and to act as a trigger
to operate modifications to such data, which
are expected to improve the SNR.

A simulation run similarly to what
described for the AntArr project is under-
way and will be the object of a dedicated
paper. The best network architecture deter-
mined through simulation will be used for
the implementation to be done in real time.

Training is carried out by evaluating
a large number of pre-trained commercial

T Traimed ne
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GPU

(il

B
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Fig. 6. DNN implementation in DBBC4.

4. RESULTS AND DISCUSSION

DNN on a dedicated software platform
making use of last generation powerful
GPUs performing close to real-time perfor-
mance.

The selected trained network showing
the best performance has been implemented
in a hardware platform making use of SoC
devices, where the network is synthesized
in maximum part in FPGA and for the rest
in software for real-time performance.

The on-field training is planned to be
implemented in far-field regime (> 5 km)
with a campaign of observations with real
RFI and in near-field regime (< 500 m)
making use of weak transmitters on board
of a commercial drone positioned in a vari-
ety of positions in the sky.

The finalized trained network after hav-
ing been tested in simulation and in single
dish regime will be tested in VLBI observa-
tions. Figure 6 shows a schematic view of
this process.

We discuss here the results of the
simulations performed in the AntArr case,
which, as already indicated, are valid and

&9

can be even applied to the DBBC4 imple-
mentation. In particular, this can find appli-
cations to the development of PAF (Phased



Array Feed) compatible with the Al Con-
troller (A-Eye).

Results for the case described in the
DBBC4 section will be reported in a dif-
ferent paper, but similarly to the previously
indicated results even this solution is appli-
cable to the AntArr implementation.

Initial constraints in the neural network
topology and dimensions have been set in
order to be able to fit what was developed
in the hardware platform used for the simu-
lations (Xilinx Zynq UltraScale+ MPSoC
ZCU102) [9], [10]. Such choice involves
limitations for the specific device, but
offers also the opportunity to evaluate the
resources required to perform the planned
activities. The board used is considered suf-

ficient for the tasks we tested and can be
used as a base for any further development.
The board consists of a 16 nm XCZU9EG
MPSoC (Multiprocessing Platform Sys-
tem on Chip) device with 1156 pins, 600K
logic cells, 32 Mb memory, 2520 DSP
slices. On the board, there is a variety of
interfaces, 4GB 64-bit DDR4 and 512MB
16-bit DDR4 RAM modules in support of
the internal processors (a quad-core Arm®
Cortex®-A53, a dual-core Cortex-R5F real-
time processors, and a Mali™-400 MP2
GPU). Figure 7 shows the architecture of
the SoC device. We used such a device for
the simulation and on-field testing, but the
final configuration for the application will
be selected at a later stage.

Processing System
Spplicaion Processmg Uinit

High-Speed
Cannechyity

DispiayPart v1.2a
USE S0
SATA 3.1

PCIe® 1.0/ 20
F5.-GTR

| [Gereral Conneclivity|
ShE
USE 20

Graphics Processing Unit
ARM Mai™-400 MP2
Piel

Georeiy
Processar

Frocessor 4 |28

Memary Management Lini

Furniclivris

Fiashanned Dk

Cuad SPTNOR |

MAND

SDVeMMC

‘Vohage! emp
Monitze

Clacking & Deb
TrustZanz ] =

Programmable Logic

| Sioiage & Signal Frocessing |

LiliraFAM

I

High-Spaed Conreciuly

Fig. 7. Architecture of the SoC device used in this application.

A large number of DNN types have
been evaluated considering layer type and
number of elements per layer. The proce-
dure will be described in detail in a sepa-
rate document because of a large number
of partial results related to different topolo-
gies which could be of interest to other
developers. Dataset creation for training,
validation and test was also the object of
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a large number of implementations, which
deserved additional considerations to be
reported. A particular care was found to
be required in the data pre-processing to
be provided as input dataset. It should be
taken into account as the network in order
to implement the functionality requires to
be aware of the sampled data received by
the antennas in the array. Such a number



of data would imply an internal to the net-
work capacity to handle sequences of time
sampled data, which could be not practical
when the period of samples required could
be long (in our case 10° for each antenna).
This suggested preprocessing the data so to
have a fixed number of elements as input to
the network in spite of the number of sam-
ples used. Several methods were tested and
in the end a cross-correlation matrix was
adopted.

A number of routines was generated in
order to: a) create the dataset for the train-
ing, for the validation and for the network
test; b) calculate the performance of the
original adaptive array to be compared with
the network under test in terms of SNR
(signal level at the main lobe direction with

respect to the RFI suppression at the null
direction) for training, validation and test
set; ¢) generate what was required to com-
pile and upload the network on the hard-
ware platform and to test the performance
in terms of latency with respect to the net-
work running on the simulation computer;
d) generate array beam plot and histograms
to evaluate the results.

The network which will be used for the
real data application is still not fully deter-
mined in the number of additional to the
first hidden layers. The architecture shown
in Fig. 8 is the one providing the best results
in simulation which are reported here and
so will be used as a base structure for real-
time implementation.

HIUBDEN
LAYLR

Fig. 8. DNN architecture used for the application.

The training phases have been imple-
mented with many datasets, varying the
number of samples in time, array angles of
steering, RFI directions. Each network was
tested during the training with a validation
dataset and finally with a wide test set.

Figure 9 shows a representative result:
two array patterns, the lower one as a result
of the algorithm adopted for the training
(MVDR) and the upper one coming from
a validation set. It can be seen that the net-
work fits very well the adaptive array beam,
providing excellent behaviours in terms
of gain of the steering direction and deep
attenuation in the RFI direction. The gen-
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eral testing behaviour for a complete run-
ning set of 30000 input dataset elements is
shown in the histogram of Fig. 10: the val-
ues of attenuation in the RFI direction with
respect to the main beam where the array is
pointing. It can be seen that the average dis-
crimination is in the order of 42 dB, similar
to the adaptive algorithm used as a base for
training.

In order to perform valid training and
get good performance from the network, the
power of the RFI should be kept at the same
order of magnitude of the operative condi-
tions. In presence of better RFI level condi-
tions, the network will improve or behave



as expected with the training, while when
subject to worse or greatly worse condi-
tions the network will still be able to oper-
ate even if with gradually worse capacity to
properly predict and mitigate the RFI. Fig-
ure 11 shows the network prediction deg-
radation, which affects the network learn-
ing when the interference power increases

with respect to the level used for the train-
ing as calculated by simulation introducing
different RFI noise conditions. We need to
point out that this degradation is related to
the training process goodness and not to the
behaviour of the network when trained and
properly adopted for the expected RFI noise
level.
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Fig. 9. Array pattern comparison between adaptive algorithm (lower) and DNN (upper).
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Fig. 10. Attenuation (dB) in the RFI direction with respect to the main beam in a test set of 30000 different cases.
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Fig. 11. Network prediction degradation as a function of the RFI increment with
respect to the level adopted during the training.

Finally, the latency in the prediction
was estimated for the implementation of
the convolutional network in the hardware
platform in comparison with its implemen-
tation in a pure software version. This eval-
uation for the comparison was done in PC
platforms, even of a high level. The table
reports the results showing that the imple-
mentation in MPSoC is very efficient, able
to perform a large number of corrections
per second (e.g., for tracking a moving RFI
source) with very good RFI attenuation
values, comparable with the mathemati-
cal adaptive algorithm whose implementa-
tion is poorly efficient in the MPSoC plat-
form. This solution is also very convenient
in terms of power requirement, which is
a valuable feature for a system having to
operate continuously.

Table 1 provides the latency times for a
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standard last generation PC, high-end last
generation PC and MPSoc adopted solu-
tion. It can be seen that with the adopted
DNN the latency time is about twenty times
faster in the hardware platform, with the use
of a fraction of its available resources, with
respect to the PC purely software calcula-
tion and this allows performing more than
330 predictions per second implemented
in a very dimensionally small device eas-
ily integrable to any hardware platform. It
is worth noting that the results obtained are
related to the analysed linear array, which
can be extended to a longer and even bi-
dimensional array with increased dimen-
sion of the convolutional network. The
latency with a higher number of elements
and dimensions is not expected to increase
proportionally due to the network computa-
tion massively parallel.



Table 1. Latency Times for a Standard Last Generation PC,

High-End Last Generation PC and the MPSoc Solution

Platform Processor Frequency | Latency (ms) | Predictions/s
PC INTEL CORE 17

only software 8665U 2.1 GHz 65 154

PC .

only software AMD Ryzen Threadripper 3970X 4.0 GHz 54 18.5
MPSoC

mainly hardware, XILINX XCZU9EG MPSoC 220 MHz 3 3333

in part software

5. CONCLUSIONS AND FUTURE ACTIVITIES

The use of artificial intelligence appli-
cations is nowadays possible with real-time
performance for the presence on the market
of technologies, which greatly simplify the
implementation and permit to obtain very
valuable solutions to problems we could
not imagine to easily handle even ten years
ago. We have presented two possible appli-
cations to the radio astronomy technology
placing an emphasis on one of them. The
activity described in the mentioned appli-
cations has placed the base for real-time
implementation after having used simu-
lated data to study a class of deep neural
networks with many different architectures
in order to determine a possible best one
for on-field applications. The method to be
adopted even for such a step with not sim-
ulated data has been described; a detailed
description of the results has not been the
aim of this paper and will be the object of
another report.

The second type of application has been
mentioned, which is under development
in parallel with the one described. In this
case, instead of dealing with RFI mitigation
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The article investigates the properties and potential of compressed hydrogen as one of
the most promising energy carriers in order to facilitate the development of energy storage
capabilities and lay down a stable foundation for the future of a sustainable energy sector. The
study considers the use of hydrogen, compressed at high pressure from 50 MPa to 100 MPa, at
refuelling stations to supply electric cars. The technical properties of modern hydraulic com-
pressors used for hydrogen accumulation in high pressure buffer containers are considered.
The study shows that the design of hydraulic compressors in terms of their technical character-
istics optimally corresponds to the primary requirements for their use as booster compressors
at refuelling stations. The authors conclude with the proposal of an enhanced design of the
hydraulic compressor with the use of fluid flow counters in a control system of a hydrogen
compression cycle. The proposed technical solution provides for continuous monitoring of
the hydrogen compression process that increases the reliability of control system operation.
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1. INTRODUCTION

Currently, European countries are focused
on finding the ways of increasing the share
of hydrogen energy in their energy balance,
driven by the desire to reduce consumption
and dependency on fossil fuels. Hydrogen
has the potential of making a significant con-
tribution to the three most important tasks
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concerning the energy use: to achieve sustain-
able economic development of the European
Union, reduce greenhouse gas emissions and
improve air quality [1], [2].

In recent years, the use of hydrogen
energy in transport and the concept of a
hydrogen economy have benefited from a



new wave of strong political support. At
the same time, rapidly evolving technolo-
gies have increased the feasibility of using
hydrogen as a driver for the future carbon-
neutral energy system. At the heart of this
initiative, there is the desire for energy secu-
rity and independence. At the same time, the
European Union has set an ambitious goal to
become the first climate neutral continent by
2050, which is in line with the guidelines of
the European Commission [3].

John Moore, the CEO of Bloomberg
New Energy Finance (BNEF), at the Asian
Clean Energy Summit on 30 October 2021
in Singapore made a prediction that by
2030, green-hydrogen with the price of just
over $2/kg would start competing with coal
and natural gas as an energy carrier in steel
production, and by 2050, at $1/kg it would
become more profitable than gas in the world
markets and compete with the cheapest coal,
keeping CO, emission at zero. In his opinion,
due to hydrogen there will be a kind of final
electrification of the world industry [4].

In the real-life environment, hydrogen
production can be organised by using a
wide range of technologies. Depending on
the production method, hydrogen is conven-
tionally labelled green, blue, pink and grey,
and specialised terms - safe, sustainable,
low-carbon and pure - are also used [5].
Hydrogen, the most widely spread element
in the universe, on Earth is found mostly
in a bound state. However, the technical
capability to produce it by decomposing

water with an electric current makes it pos-
sible to create and store the reserves of this
gas, which has a high energy density and
is considered to be an ideal fuel. The utili-
sation of renewable energy sources, which
are practically inexhaustible, for hydrogen
generation allows establishing a continu-
ous, sustainable, ecologically clean energy
production cycle. Thus, “green” hydrogen
is one of the most promising approaches to
future energy storage.

Green hydrogen is considered to be the
most environmentally friendly and will be an
important part of the future 100% sustainable
energy system [6]. In the production of green
hydrogen, the main emphasis is on the use of
wind and solar energy. As a result, a process
chain for the production of hydrogen is cre-
ated by electrolysis of water without emis-
sion of carbon dioxide into the atmosphere.
Thus, the process of water electrolysis can
potentially be carbon free if renewable or
nuclear electricity is used [7], [8].

Overall, the development of efficient,
cost-effective, competitive and safe tech-
nologies for the production and use of
hydrogen is the main area of research for
the future hydrogen energy industry. The
conversion of hydrogen energy into electric
current without burning it makes it possible
to use this energy source to power the elec-
tric vehicles. Currently, there are already
examples of successful implementation of
hydrogen technology for cars and trucks.'

2. PROPERTIES OF COMPRESSED HYDROGEN

In general, the cost of hydrogen is deter-
mined by the energy cost of its production,
but for its widespread use in stationary and
mobile systems, a number of issues relating
to its storage and transportation should also

be addressed [7]. Transportation of gaseous
hydrogen is a very expensive operation,
because hydrogen density is low, about
0.09 kg/m? under standard conditions of
temperature and pressure [9]. The density

! “Volvo AB and Daimler Trucks team up in a hydrogen fuel cell joint venture” (link).

2 Toyota Mirai 2022 edition (link).
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of hydrogen should be increased by com-
pression and accumulated in a reservoir for
storage and transportation to its ultimate
use location.

The research results presented in [10],
[11] allow us to estimate the influence of
the compression process on the change of
energy properties of hydrogen. Figures 1-3
show how the energy density (kWh/L),
stored in compressed hydrogen, depends
on temperature and pressure. Analysis of
the curves in the temperature range from 20
°C to 80 °C shows that the hydrogen den-
sity increases exponentially with increasing
pressure and tends to decrease with increas-
ing temperature.

The graphs clearly show that as the

pressure increases, the energy density of
hydrogen increases almost linearly only up
to 80 MPa. A further increase in pressure
is not accompanied by an adequate increase
in energy density and is impractical. This
increases the cost of the equipment used to
compress hydrogen, while the performance
of the vehicle is not significantly improved.

Derived curves shown in Figs. 1-3
enable us to estimate weight and energy
density of compressed hydrogen contained
in a typical 145-litre Toyota Mirai* tank
with 70 MPa and 20 °C. In this case, energy
density is 1.28 kW/L and, consequently, the
value of hydrogen storage is equal to 185.6,
kWh and gas weight is 5.6 kg.
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Fig. 1. Hydrogen density as a function of temperature at pressure from 5 MPa to 100 MPa.
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Fig. 3. Energy density of compressed hydrogen as a function of pressure at temperature of 20 °C.

Pressurised storage of gases, includ-
ing hydrogen, is a rather mature technol-
ogy. However, the use of hydrogen tanks
in vehicles coupled with the challenge of

using very high pressures, requires strict
regulations backed up by safety and perfor-
mance studies.

3. USE OF COMPRESSED HYDROGEN AT REFUELLING STATIONS

In order to use hydrogen at refuelling
stations, the necessary infrastructure must be
in place to store and prepare the hydrogen for
injection into the vehicle fuel tank. For this
purpose, hydrogen pressurised at 50 MPa to
100 MPa is used. Accordingly, refuelling sta-
tions must be provided with the appropriate
equipment, which should only be operated
by specially trained personnel [12].

However, due to leakages, the ability to
store hydrogen at these high pressures for a
long time is limited. Respectively, booster
compressor capacities and buffer tanks for
high pressure hydrogen must be installed at
refuelling stations [13].

Compressed hydrogen is transported
by road transport in containerised hydro-
gen tubes. For example, Linde® — a leading
industrial gas and engineering company, for
this purpose uses trailers shown in Fig. 4.

In practice, large trailers with tank pres-
sures of 25 MPa or less, per tube, with a
total hydrogen weight of 560 kg are used
for long-term storage and transport; one of
its examples is shown in Fig. 5.

Fig. 4. Containerised hydrogen tubes mounted on
a trailer for the transport of hydrogen in central
Europe (Co. Linde) [14].

3 Linde Engineering. High-performance hydrogen refuelling technologies. (link).
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Fig. 5. Example of a large trailer
with tank pressure of 25 MPa,
per tube, with a total weight of

560 kg of hydrogen [15].

Articles [7], [16] review different con-
temporary technologies of hydrogen com-
pression, their working principles, advan-
tages and limitations. It should be noted that,
from a wide variety of compressors, the ones
with a liquid piston have the lowest energy
consumption, as only this technology is able
to provide a quasi-isothermal compression
process.

The liquid piston is not a new concept,
as the earliest known application dates back
to 1906. This solution was used in an inter-
nal combustion engine for pumping water,
known as the Humphrey pump [17]. The
Humphrey pump followed the Atkinson cycle
and demonstrated efficiencies of between
5% and 10 % [18].

The liquid piston gas compression con-
cept uses a column of liquid to directly com-
press gas in a fixed volume chamber. The use
of a liquid piston eliminates gas leakage from
the compression chamber and eliminates the
friction of the mechanical sliding seals present
in the cylinders of mechanical compressors.

The use of liquid as a piston provides

for a significant increase in efficiency of gas
compression. Using a simplified model, it
has been demonstrated that this concept can
increase the compression efficiency from
70 % to over 83 % [19].

It should be pointed out that the gas com-
pression process is accompanied by high heat
generation and the temperature of the gas has
an effect on the working fluid. In fact, the
fluid and the gas are compressed together,
but since the fluid has a higher density and
a higher heat capacity, the heat generated
during compression is effectively absorbed
by the fluid and the surrounding walls of the
compression chamber.

Once the compression cycle is complete,
the heated fluid is moved from the compres-
sion chamber to the heat exchanger, where
it is cooled. As a result, hydraulic compres-
sors have an advantage over reciprocating
compressors in terms of cooling, as there is
no need for external heat exchangers on the
compression chambers. This reduces the
weight of the compressor and the cost of the
entire system [7].

Hydrogen  compression  technology
using a hydraulic compressor has been suc-
cessfully implemented in Linde appliances,
which offers fully integrated systems for use
in booster compressor stations. For example,
the Type 1C50/60 Ionic Compressor, with a
connected load of 186 kW, produces up to 56
kg/h of hydrogen compressed to 50 MPa and
pumps it into a buffer tank. The unit can be
operated at ambient operating temperatures of
-20 °C / +40 °C, and the inlet pressure to the
system can vary from 0.6 MPa to 20 MPa.*

4. ALTERNATIVE DESIGN OF HYDRAULIC COMPRESSOR

A schematic diagram of a refuelling sta-
tion using hydrogen at inlet pressure from

0.6 up to 25 MPa, either brought by trailer
or generated by electrolysis at the station

4 1C50/60 Tonic Compressor. Compressor module for gaseous hydrogen refuelling station, datasheet. Linde Engineering (link).



itself, is shown in Fig. 6. The proposed con-
cept is especially attractive when combined
with the use of green hydrogen produced
by electrolysis, fed from wind turbines,
solar panels or the electricity grid. Using
the booster hydraulic compressor, the low-

pressure hydrogen is raised to the required
70 MPa for cars and 35 MPa for trucks and
pumped into the buffer storage tanks. The
high-pressure hydrogen is then filled into
the vehicle tanks via a dispenser.

. H; gas storage
Road trailer delivery at 25 MPa

0
oo B
PV generation
_5\\
Cé"—
¥
=

Wind generation

H, gas storage
at 0- 3.5 MPa

Grid connection

High pressure hydrogen buffer storage
&

70 MPa dispenser

High pressure hydrogen buffer storage
&
35 MPa dispenser

Fig. 6. Schematic diagram of the delivery, storage and preparation of compressed
high-pressure hydrogen for use in refuelling stations.

The authors developed an alternative
solution of hydraulic compressor design,
whose structural scheme is shown in Fig.
7 [20]. It is assumed that the device is
designed for use as a booster compres-
sor in a refuelling station system that uses
hydrogen brought in by a truck in tubes or
produced locally by electrolysis of water in
limited quantities. For example, an Enapter
electrolyser can produce up to 500 L/h or
1.0785 kg H, at 20 °C and 3.5 MPa.’

The proposed device contains a tank
H, for low pressure hydrogen storage, two
operating cylinders V, and V, of the first
compression stage, an operating cylinder V,
of the second compression stage and a buf-
fer cylinder V, for high pressure hydrogen
storage, connected to each other by pipe-
lines.

> AEM Electrolyser EL 4.0, datasheet. Enapter (link).

to load

Fig. 7. Schematic diagram of the connection
between the working cylinders and the hydrogen
tanks in the hydraulic compressor.



Hydraulic compression system consists
of a tank T, with working fluid and high-
pressure liquid transfer pump P, connected
by pipelines to the operating cylinders V,
V, and V.. The level of working fluid in the
cylinders and, consequently, the gas com-
pression ratio, is controlled by fluid flow
counters D, D,, D,. The flows of hydrogen
and working fluid are switched by the servo-
controlled valves S to S .. The optical fluid
flow control sensors D, — D, help control
the flow of working fluid in pipelines, while
cylinders V, V, and V, are filled with
hydrogen. The pressure level in the pipe-
lines is controlled by pressure gauge D_, D,.

The arrows in the diagram (Fig. 7) show
the direction of flow of working fluid from
tank T, through pump P, and the direction
of hydrogen flow from storage H, to buffer
cylinder V, after performing a compression
cycle in operating cylinders V —V..

The valves are switched on according
to a specified algorithm, which implements
the following cycle of hydraulic compres-
sor operation. At the initial state, all valves
are closed, and the pump is switched off.
The first step is to open the valve, e.g.,
S,, through which hydrogen from tank H,
enters operating cylinder V, and then the S,
valve is closed.

The next step is to switch on the pump P,
and open valve S_, through which working
fluid from the tank T, flows into the operat-
ing cylinder V, by pipeline and through the
fluid flow counter D,. The amount of work-
ing fluid entering the operating cylinder V,
is measured by fluid flow counter D, and
corresponds to a given degree of compres-
sion of hydrogen in this cylinder. Simulta-
neously with this process valve S, opens
and hydrogen from tank H, flows into oper-
ating cylinder V| and then valve S, closes.

When cylinder V, has been filled with a
certain volume of working fluid, valve S_ is
closed and valves S, and S, are opened. The

102

compressed hydrogen flows through valve
S, into operating cylinder V, of the second
compression stage, at the same time working
fluid flows through valve S, and fluid flow
counter D, into operating cylinder V,, where
hydrogen compression occurs. During this
time, the transfer of compressed hydrogen
from the operating cylinder V, to the operat-
ing cylinder V, is completed, so valve S; is
closed and valves S, and S, are opened.

During this period, hydrogen from tank
H, through open valve S, presses working
fluid from operating cylinder V, into tank
T, through fluid flow counter D, and optical
sensor D,. At the same time, a certain amount
of the working fluid will remain on the walls
of the operating cylinder due to its viscosity.

The signal to close valves S,, S,
will come after the optical sensor D, has
detected that the flow of working fluid in
the pipeline has been interrupted. During
this cycle, fluid flow counter D, operates
in reverse mode, which allows determining
the volume of fluid remaining in the oper-
ating cylinder and dispense working fluid
in the next cycle. At the end of the cycle,
the operating cylinder V, is filled with low
pressure hydrogen and prepared for a new
compression cycle.

Working cycle of hydrogen compres-
sion in operating cylinder V  occurs in
antiphase with respect to the working cycle
of cylinder V,. After closing of valve S,
valves S, S, are opened and compressed
hydrogen from cylinder V| flows into oper-
ating cylinder V,, but cylinder V, is filled
with working fluid.

In the next step, simultaneously with
the start of hydrogen compression in cyl-
inder V,, valve S, is closed and valves S,
S|, are opened. This allows filling cylinder
V, with hydrogen and draining the working
fluid from the cylinder. Hydrogen from tank
H, through open valve S, squeezes working
fluid from operating cylinder V| into tank



T, through flow counter D, and optical sen-
sor D,. A signal to close valves S, S/ will
come after the optical sensor D, determines
that there is an interruption of the working
fluid flow in the pipeline. The fluid flow
counter D, works in the same way as fluid
flow counter D,.

After several repetitive cycles, the
hydrogen pressure in operating cylinder V,
reaches its maximum and becomes equal to
the pressure in the cylinders V, V,. After
this all valves are closed and valves S, S,
are opened, through which working fluid is
supplied to operating cylinder V, and com-
pressed hydrogen enters buffer cylinder V.
The degree of compression of hydrogen in
cylinder V, is regulated by supply of work-
ing fluid, the volume of which is determined
by the fluid flow counter D..

Valves S,, S, are closed after hydro-
gen has been removed from cylinder V,,
from which the working fluid is removed
via fluid flow counter D, and optical sen-
sor D,. This occurs after opening valve S
and repeating the cycle of filling cylinder
V, with compressed hydrogen from cyl-
inders V|, V.. The S, valve is closed on a
signal from optical sensor D, and the fluid
flow counter D, operates in the same way as
counters D, D,.

This completes the pressure booster
cycle and the accumulation of hydrogen in

5. DISCUSSION

buffer cylinder V,. The compressed hydro-
gen is supplied via valve S ; to the dispenser
of the refuelling station.

Valve S | serves for bypass of work-
ing fluid flow from pump P, outlet in cases
when valves S, S, S, are closed, while
pump P, is still switched on. This allows the
working fluid removal from cylinders V —
V, to be completed without stopping the P
pump.

The peculiarity of the considered
compressor design is the use of fluid flow
counters to determine the boundary of the
compression cycles, so the hydrogen com-
pression ratio is carried out without the use
of fluid level sensors installed in the operat-
ing cylinders. The signals used to generate
switching commands for the valves can be
adjusted according to the operating algo-
rithm and current status of the system.

As a result, the reliability of the device
is increased, as the control system is con-
tinuously informed about the degree of fill-
ing of the operating cylinders with working
fluid. At the same time, the information
provided by the safety loop makes it pos-
sible to avoid emergencies in the event that
certain sensors are misguided. In this case,
the cyclic process can be restored without
returning to the initial state of the device
and draining the working fluid into the tank
T, from the working cylinders.

In order to achieve mass usage of hydro-
gen in vehicles, an adequate infrastructure and
network of hydrogen refuelling stations are
needed. The core element of any such filling
station is a booster compressor that can ensure
the high pressure of hydrogen up to 100 MPa
required for refuelling.

The technical features of the hydraulic
compressors are optimally adapted to the
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basic requirements for use as booster com-
pressors in refuelling stations.

The hydraulic compressor concept pro-
posed by the authors can serve as one of the
key components in the technological chain
that starts with the hydrogen production by
the means of electrolysis of water and con-
cludes with the fuel dispensation at a refuel-
ling station.



The technical solution of controlling the
operation cycle of the hydraulic compressor
using fluid flow counters proposed by the
authors provides for continuous control of
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