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The features and capabilities of remote sensing of earth covers by means of signals of navigation satellites are pre-
sented. The methods of reflectometry of the surfaces of earth covers and radioscopy of forest canopy are described. The
options for using the signals of GLONASS, GPS systems are considered. Test measurements of interference diagrams
were carried out on 5 test platforms from heterogeneous soil surfaces: salt marshes and asphalt; water surfaces of sa-
line and freshwater bodies in summer, including ice cover of small thickness in the period of autumn freeze-up. The
method of radioscopy helped obtain the data on the spatial and temporal characteristics of attenuated signals of the
GLONASS and GPS satellites in the pine forest. Estimates of the linear attenuation coefficients of the signals passing
through a forest canopy with a coordinate reference were made. The results obtained are the basis for the development
of methods and technologies for continuous monitoring of the characteristics and state of earth covers by means of sig-
nals of navigation satellites for solving a wide range of applied tasks.

Keywords: signals of navigation satellites, attenuation and reflection, remote sensing of the Earth, earth covers.
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IIpeocmagnenvt 0COOEHHOCMU U B03MONCHOCU OUCTHAHYUOHHOZO 30HOUPOBAHUA 3MHBIX NOKPOBOE € NOMOWBIO
CUSHANIO8 HABULAYUOHHBIX CHYMHUK08. Onucanvl memoovl pe@reKmomempuy no8epxXHOCmell 3eMHbIX NOKPOBO8
U paouonpoceeuusanus 1ecHo2o nonoed. Paccmompenvl eapuanmol uchoavsosanusn cuenanos cucmem IJIOHACC,
GPS. Ilposedenvl mecmosvle usmepenus unmeppepeHyuoHHbIX OUazpamm Ha 5 mecmosuix niowaokax om 2emepozeH-
HbIX HOYGEHHBIX NOBEPXHOCHEI. CONOHYAKU U ac@anbm, 600HbIE NOBEPXHOCMU CONEHBIX U NPECHBIX 8000EMO8 8 NeMHUl
nepuoo, 6KII0YAs 1€0080€ NOKPblMUe Maiol MoaWuHbl 8 nepuod ocenne2o nedocmasa. Memooom paduonpoceeuusa-
HUs NOJYUeHbl OAHHbIE O NPOCMPAHCINEEHHO-8PEMEHHBIX XAPAKMEPUCIMUKAX 0CIA0NeHHbIX cueHanos cnymuuxog 1J10-
HACC u GPS 6 cocrogom necy. Coenanvl oyeHKY 3HaAUeHUull KOIQDDUYUeHmMo8 N02OHHO20 0CIaDIeHUs NPOXOOAUWUX He-
Ppe3 eCHOU NOI02 CUSHANIO8 ¢ KOOPOUHAMHOU npuesasKoil. Tlonyuennvle pe3ynrvmamyl A61AI0MCA OCHOBOU PA3GUMUS Me-
Mo008 U MEXHONO2ULl HENPEePbIGHO2O MOHUMOPUHSA XAPAKMEPUCIMUK U COCMOAHUSL 3eMHBIX NOKPOBO8 C UCHOTb30GAHU-
eM CUCHAN08 HABULAYUOHHBIX CNYMHUKOS 01 PeUleHUs WUPOKO20 CReKMpPa NPUKIAOHBIX 3A0aY.

Krniouesvie cnosa: cuenanvi HABUCAYUOHHBIX CHYMHUKOS, ocnabnenue u ompaosicerue, ()ucmaHuuoyﬂoe 30H0up06ayue
3€Mflu, 3€MHble NOKPOBbl.
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Introduction. Signals of the global navigation satel-
lite systems (GNSS) are hi-tech and allow in a continuous
wave mode to recover electrophysical parameters of envi-
ronments which they interact with during propagation,
along with coordinate measurements, almost in a real
time. The GNSS have a significant resource for monitor-
ing earth covers — the coherent and polarized pulse radio
signals of multifrequencies passing the near-carth space
of the ionosphere and atmosphere reflected and scattered
by the surface of earth covers. The radiometry of changes
of the signal characteristics transformed by environments
allows recovering these environments’ electrophysical
characteristics significant for practice. They are coeffi-
cients of reflection from the boundary line of earth
surfaces, phase delays and transmission coefficients
of volume environments — ionosphere, atmosphere, vege-
tation, snow and ice covers [1-3].

Actually navigation satellite systems allow imple-
menting the global radiometer at operating frequencies of
the functioning and completely deployed GPS and
GLONASS groupings. The periods of revolution of the
GLONASS and GPS satellites make up to 11 h 16 min.
and 11 h 57 min. accordingly. The receiving equipment
registers about 10 scanning series of the signals trans-
formed by the studied object within one hour. The fre-
quency of registered changes of the parameters is 1 Hz
[4]. The recovery of temporary changes of environment
characteristics of earth covers is theoretically possible in
time intervals with discreteness of 1 second. Space local-
ization of these changes is limited by the accuracy of co-
ordinate measurements of the functioning navigation sys-
tems.

The specifics of interaction of GNSS signals with the
objects of sounding is defined by the parameters of prob-
ing radiation and electrophysical characteristics of earth
covers. This fact requires the development of both special
receivers and methods of processing of experimental data,
and models of interaction of a pulse coherent radio emis-
sion with various environments of earth covers.

GNSS - reflectometry. The method works as a
bistatic radar device: a system where a transmitter and a
receiver are spaced-apart by a considerable distance. This
definition can be expanded to a system where one re-
ceiver can monitor simultaneously the diversity of bistati-
cally scattered signals from a set of different transmitting
sources. The scheme of formation of an interferential sig-
nal is presented in fig. 1. The signals registered by the
receiver from different devices with angular data of lateral
angle ¢ and elevation angle above the horizon 6 create an
interferential field in the receiving point:

E*=E;|1+7* +2rcos AmhsinG , (1)
’ A

where / is the height of the antenna; 0 is an arrival angle
of the electromagnetic wave coming from the navigation
satellite; 7 is a reflection coefficient (for linear and circu-
lar polarization).

The interferential field in the receiving point is created
by forward signals from the navigation satellite transmit-
ter and reflected from soil, water and snow-and-ice sur-
faces.

The information on a variation of characteristics
of GNSS forward signals on the channel of the transmitter
and receiver in an empty space, depending on the time,
angle of altitude and azimuth is necessary for processing
the primary data about scattered and reflected signals by
the earth surface. The changes in the state of GNSS sig-
nals polarization and amplitude which occur during the
interaction with environments surface and volume as well
as considering the variations of forward signals character-
istics allow to recover correctly effective values of
a number of parameters, significant for monitoring. They
are reflection coefficients of earth surfaces to determine
the thickness and terrain of snow and ice covers, humidity
of soil and grassland vegetation [2; 5-12].

Test measurements and platforms. A series of test
measurements of the interferential diagrams (IDs) is car-
ried out for earth covers: soils, saline and freshwater bod-
ies, ice. There is a platform (“an antenna field”) on the
territory of the hospital of Krasnoyarsk Scientific Center
(KSC) where the surface of the soil is with small varia-
tions of a terrain and sites with essential distinctions in
composition and reflective characteristics of navigation
satellites signals within the range of L1, fig. 2.

The scene of carrying out the measurements is pre-
sented in fig. 2, a. The use of GLONASS satellites dem-
onstrated on the polar diagram of fig. 2, b would allow
receiving IDs of the area of effective scanning with vari-
ous sites: the soil with grassland vegetation, the soil cov-
ered with asphalt and the compacted motor road ground.

The test registration of IDs was carried out on this
platform for the purpose of identification of selective op-
portunities of the GNSS-scatterometry method in diagnos-
tics of characteristics of surface soil and vegetation state.
The receiving dipolar antenna focused vertically was
located at a distance of 6 meters from the asphalt platform
and a traffic-compacted motor road. The elevation
of the antenna phase center was 4.2 m. The coordinates of
the receiving antenna were 54°29'36.1" N, 90°08'29.8" E,
the absolute altitude (the Baltic Sea level altitude)
was 398 m. The registration was carried out by MRK-32
receiver. The session duration was 2 h. 23 min. Moderate
rain was registered within 20 minutes at the closing
stage.

The IDs, created by GLONASS navigation satellites
9, 10 and 11 are presented in fig. 3. These IDs contain the
characteristic sites connected with reflection from the
horizontal asphalt platform, the traffic-compacted road
and a natural soil with grassland vegetation. The rehabili-
tation of the soil humidity and its characteristics are pos-
sible on the basis of specialized dielectric models.

Amplitude characteristics are registered on IDs with
a frequency of 1 Hz and are followed by the record of
angular coordinates of the navigation satellite. These data
allow determining coordinates of the platform which
reflects a signal and local reflective characteristics
of the soil surface. The values of reflection coefficients
are connected with granulometric and mineral composi-
tion of the soil, humidity and existence of vegetation.

There was held a registration session of IDs of salt
Lake Shira surface and waterside soil. The antenna was
located on the shore in the vicinity of the water surface.
The lakeshore has a flat terrain with a grade of about 10°,
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with rare grassland and shrub vegetation. The soil type
is saline. The registration scene of IDs and the polar dia-
gram of satellites trajectories of sequential scanning of
water and soil surface are presented in fig. 4.

The dipolar antenna focused vertically was used. It
was located at the distance of 3.2 meters from the border
of the water surface. The elevation of the antenna phase

Direct wave

{

center was 4.5 m from water level. The coordinates of the
receiving antenna were 54°30222.9" N, 90°08'55.9" E, the
absolute altitude was 338 m. The registration was carried
out by MRK-32 receiver. The session duration was 3 h.
10 min. Fig. 5 presents IDs containing characteristic sites
connected with the reflection from the surface of water
and waterside soil.

Direct wave

Fig. 1. The scheme of formation of the interferential signal at the receiving antenna

Puc. 1. Cxema popMupoBanusi UHTEPPEPCHIIMOHHOTO CUTHAIA HA TPUEMHOIN aHTCHHE

GLOMASS 4
GLONASS 9
GLONASS 10
—GLONASS 11
GLOKASS 19
GLOKASS 20

Fig. 2. Experimental platform of “antenna field”:
a — is an Interferential diagrams (ID) measuring scene on the test platform of the soil of the KSC hospital; b — is a polar diagram
of the angular coordinates of effective scanning satellites of the “antenna field” test platform

Puc. 2. DxcnepuMeHTaIbHAS MIIOIIAAKA «aHTEHHOE TOJIe»:
a — clueHa u3MepeHuid nHTepgeperionHoi auarpammel (1/1) Ha TecToBoii miomaake noussl craiponapa GULL KHLI; 6 — nomnsipras
JarpamMmma yriloBbIX KOOPJMHAT CITyTHUKOB 3()()eKTHBHOIO CKAHUPOBAHHS TECTOBOM ILIOIIA/IKU «AaHTEHHOE I10JIe»
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Fig. 3. ID of the test soil platform, soil sites:
GLONASS 9 — mostly horizontal asphalt platform; GLONASS 10 — mostly grassy soil with a rough terrain;
GLONASS 11 — equivalent parts of the road and soil with a rough terrain

Puc. 3. ]I TecToBO# IUI0IIA KU IOYBBI, Y4aCTKH TOYBBIL:
I'NIOHACC 9 — npeuMyIecTBeHHO TOpU30HTaNbHAs acdanbroBas miomanka; [JIOHACC 10 — npenMyIecTBEHHO TpaBsSHUCTAs I109Ba
¢ mepoxoBateiM penbedom; [JIOHACC 11 — skBUBasIeHTHBIE YaCTH AOPOTH U MOYBHI C IIEPOXOBATHIM pebehomM

T GLOMASE 1
——LOMASE I
S—OLORASS B0

= OLOMASS 3
GLCRUAES 11

Fig. 4. Test platform “Lake Shira”:
a — is a registration scene of IDs on the shore of salt Lake Shira; b — is a polar diagram of the angular coordinates
of GLONASS satellites of the test platform of “Lake Shira”

Puc. 4. TectoBas miomanaka «o3. Llupan:
a — ciena perucrtparuu 1J1 Ha G6epery coneHoro o3epa Illupa; 6 — monspHas uarpamMma yrioBbIX KOOPAHHAT
crryTHUKOB [ JIOHACC TectoBoii muomaaku «o3. Hlupay»
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Fig. 5. IDs of the test platform:
GLONASS 21 — water site and shore; GLONASS 22 — mainly water surface;
GLONASS 10 — soil with a rough terrain and reasonable gradient

Puc. 5. ]I TecTOBOM MIOIIAKHU:
I'JIOHACC 21 — yuactoxk Bozsl u 6eper; [JIOHACC 22 — npeuMyiecTBeHHO BOIHASI TIOBEPXHOCTb;
T'JIOHACC 10 — nouBa ¢ 1m1epoxoBaThIM penbe)OM U YMEPEHHBIM YKIOHOM

The nature of spatiotemporal dependence of IDs is
caused by significant difference of reflection coefficients
and the terrain of the surficial reflecting water and soil
layer.

The registration session of a surface of a fresh lake in
the vicinity of Krasnoyarsk was held. The dipolar antenna
focused vertically was located at the distance of 7 meters
from the border of the water surface. The elevation of the
antenna phase center was 4.4 m from water level. The
coordinates of the receiving antenna were 56°03'49.9" N,
92°43'46.0" E, the absolute altitude was 170 m. The regis-
tration was carried out by MRK-32 receiver. The session
duration was 3 h. 13 min. The registration scene
of IDs and the polar diagram of satellites trajectories
of sequential scanning of water and soil surface are pre-
sented in fig. 6, 7.

The nature of spatiotemporal dependence of IDs is
caused by significant difference of reflection coefficients
and the terrain of the surficial reflecting water and soil
layer. Unlike the registration session on Lake Shira, the
waterside of the fresh lake had flatter terrain and a layer
of grassland and shrub vegetation.

12

There was held a registration session of an ice surface
on the fresh lake in the vicinity of Krasnoyarsk with ice 4
cm thick. The registration scene and the polar diagram of
angular coordinates of navigation satellites with the tra-
jectories of effective scanning are presented in fig. 8.

The dipolar antenna focused vertically was located at
the distance of 9 meters from the border of the water sur-
face. The elevation of the antenna phase center was 4.4 m
from water level. The coordinates of the receiving an-
tenna were 56°03'50.0" N, 92°43'45.9" E, the absolute
altitude was 170 m. The registration was carried out by
MRK-32 receiver. The session duration was 2 h. 55 min.

Real part of complex dielectric capacity of fresh water
at frequencies of 1-2 GHz and temperatures near zero
is about 80, the one of ice is about 3. The presence
of an ice layer essentially reduces the reflection coeffi-
cient of navigation satellites radio signals from the border
of air-ice and additionally results in the interferential
effect of a multilayer structure of the borders of air-ice
and ice-water [12]. The IDs, created by GLONASS navi-
gation satellites 18, 24 and GPS navigation satellite 21 are
presented in fig. 9.
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Fig. 6. Sequential scanning of water and soil surfaces:
a — is the registration scene of IDs on the shore of a freshwater lake in the vicinity of Krasnoyarsk;
b —is a polar diagram of the angular coordinates of GLONASS satellites of the test platform on the shore
of a freshwater lake in the vicinity of Krasnoyarsk

Puc. 6. IlocienoBaresibHOE CKAHUPOBAHUE BOJHON U IIOYBEHHOH NTOBEPXHOCTEMH:
a — cueHa peructpauun MJI Ha Gepery npecHoro osepa B OKpecTHOCTH I'. KpacHosipcka; 6 — mosspHas JuarpaMma
yrioBeIX koopauHaT ciiyTHHKOB ' JIOHACC tecToBoii miomaaku Ha 6epery IpecHoro o3epa
B OKpecTHOCTH T. KpacHosipcka
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Fig.7. IDs of the test platform:
GLONASS 23 — shore site with natural soil; GPS 15 — mainly water surface; GPS 21 — shore and water surface

Puc. 7. ]I TecToBO# IOMIaIKK:

I'JIOHACC 23 — yuactok Gepera ¢ ectecTBeHHOU 1ouBoif; GPS 15 — npenmyiecTBeHHO BOJHAs TOBEPXHOCTB;
GPS 21 — Geper u BogHasi HOBEPXHOCTh
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Fig. 8. Sequential scanning of ice and soil surfaces:

a — is a registration scene of the IDs on the shore of the freshwater lake with ice cover; b — is a polar diagram of the angular
coordinates of GLONASS and GPS satellites of the test platform on the shore of freshwater lake with ice cover

Puc. 8. [lociegoBarensHOE CKAHUPOBAHUE JIEAOBOW U MOYBEHHOW TTOBEPXHOCTEI:

a — cuena perucrpanuu UJI Ha Gepery mpecHOro o3epa C JIeAO0BBIM ITOKPBHITHEM; O — ITOJISIPHAS JUAarpaMMa YTIIOBBIX
xoopauHat ciyTHHKoB ' JIOHACC u GPS TecToBoii turomanky Ha Gepery MpecHoro o3epa ¢ JIeI0BBIM IHOKPHITHEM
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Fig. 9. IDs of the test platform:
GLONASS 18 — the shore site covered with snow; GLONASS 24 — mainly ice;
GPS 21 — the site of ice and shore covered with snow

Puc. 9. ]I TecTOBOI TIIOIIAIKU:

I'JIOHACC 18 — yuactok 6epera, mokpeitsiii cHerom; [JIOHACC 24 — npenMyIecTBeHHO NET;
GPS 21 — y4acTok 1p1a 1 6epera, HOKPEITOrO CHETOM
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Interferential effects of a multilayer structure of water-
ice are shown the most contrasting in the experimental
data given above. The boundary lines of water-ice and
ice-air are geometrically almost ideal, dielectric capacity
of both environments are known. Direct measurements of
thickness of an ice cover are available. There is a real
perspective for development of an operational method and
tool for remote measurement of thickness of an ice cover
and its uniformity during the period from a freeze-up till
spring destruction.

Radioscopy of the forest. There are many factors in-
fluencing radiowave propagation in a forest cover, they
are caused by structural features of a forest crop and sepa-
rate trees, a variety and seasonal changes of their electro-
physical characteristics depending on the frequency range
of radio waves [13—18]. The main reasons of characteris-
tics changes of an electromagnetic field of GNSS signals
in a reception point are:

1. Processes of attenuation due to losses of energy in
stems, branches, needles and leaves;

2. Processes of diffraction on structure elements of
trees that results in fluctuations of a radio signal ampli-
tude and phase, change of its spectrum during wind loads
on trees;

3. The resultant electromagnetic field in a reception
point that represents an interferential field which constitu-
ents are:

— field components disseminated after diffraction;

— arising additional (for example, orthogonal) compo-
nents of an electromagnetic field resulting in cross-
polarization of the received signal;

— field reflection from the geological substrate of the
forest resulting in additional fluctuations of a radio signal;

—change of forest density with seasonal changes re-
sulting in change of a specific attenuation coefficient;

—change of forest humidity with the change of
weather conditions;

—change of position of tree elements depending on a
wind load resulting in field fluctuations;

Forests in terms of distribution and reflection of radio
waves are heterogeneous environments which have elec-
trodynamic parameters depending on the factors given
above.

Currently, there is no uniform classification of forests.
Different countries of the world classify forests by differ-
ent characteristics.

There are some variants of the forests classification by
geographic location (southeast, northwest forests), climate
(tropical, subtropical, continental), type of prevailing
vegetation (coniferous, broad-leaved, mixed), land con-
figuration. Other forest classifications use the combina-
tion of morphological and seasonal characteristics (e.g.
the evergreen coniferous or broad-leaved deciduous for-
ests).

Depending on growth conditions (in open terrain or in
forests), trees have the following features:

—trees, growing in open terrain, have branches practi-
cally all over the trunk, forming their crowns extended
along the whole trunk height, with a different-scale set of
structural elements: trunks, branches, needles, leaves;

—trees growing in forests, as a rule, have vertical di-
rect trunks, their crowns have fewer branches which are
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placed closer to the top, in comparison with trees growing
in open terrain [13].

Electrophysical characteristics of forests have a sig-
nificant variable parameter — humidity. The amount
of water in the wood of a growing tree varies from 30
to 100 % and is the indicator of a tree physiological state.
A significant amount of atmospheric moisture in the for-
est area is held by tree crowns.

The general dielectric model of forests of different
types and ages is a heterogeneous layered environment.
The layer of trunks and the layer of crowns contain vari-
ous elements: trunks, branches, needles, leaves. The layer
of trunks as a set of vertically oriented trunks has a verti-
cal extent equal approximately to the average height
of a tree of the selected platform of a forest crop. The
crown layer extent is determined from the tree top to the
lower layer of alive branches. As a rule, both layers inter-
cross, forming a structurally mixed environment.

The particularity of GNSS signals is a limited fre-
quency range which wave lengths of radiation are compa-
rable to the characteristic sizes of trunks and parts of
branches, but much more than the sizes of needles and
leaves. The two-layer dielectric model of the forest arca
allows calculating an effective dielectric capacity (EDC)
separately for the layer of crowns and the layer of trunks.
Wood substance of trunks and branches has anisotropic
dielectric capacity [19]. Considering the anisotropy of the
dielectric capacity of wood substance gives opportunity to
structure a forest canopy on statistically isotropic layer of
crowns and an anisotropic layer of trunks.

Spatiotemporal coordinates of navigation satellites po-
sition in combination with coordinates of location of the
antenna and the border of the forest area allow determin-
ing precisely the trajectory of the signal trace through a
forest canopy and the movements of the scattering volume
of a forest canopy. This circumstance makes it possible to
determine the coefficient of a linear attenuation with a
coordinate referencing and to recover EDC connected
with the biomass and humidity of a forest crop.

The antenna location was chosen near the forest bor-
der with a field of grassland vegetation with coordinates
55°59'27.7" N, 92°45'42.6" E. The standard antenna of
the MRK-32 equipment was used. The elevation of the
antenna over the soil level was 2.8 m. The axis of the an-
tenna directional pattern was set up vertically. The an-
tenna was located at the distance of ~ 1 m from forest
crop border. The duration of continuous registration
was 3 hours.

The scene and the scheme of measurements are pre-
sented in fig. 10.

The site of pine plantings of the forest belt is located
near the Institute of physics, Siberian Branch of the
Russian Academy of Science. The age of plantings is
about 60 years old. Its category is a dense forest. The av-
erage values of tree parameters are: height of trees is 22 m,
extent of crowns is 6 m, diameter is 0.26 m, distance be-
tween trees is 3.5 m. The trees are planted in lines, dis-
tance between lines is 3—4 m, the trees are not arranged
inside a line, distances variance is from 1 to 10 m. Verti-
cal extent of crowns inside the forest area is within 25 %
of a tree height. There is no shrub layer. The direction
azimuth of lines and borders of the forest belt is 47°.
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The spatiotemporal dependences of the amplitude of
the GNSS signals on time are given in fig. 11. The signal
which passed through a forest canopy (wood) is drawn in
red colour, the signal which passed through an empty
space is drawn in black colour.

The change of signal amplitude differs considerably
on signal traces through a forest and an empty space. The
characteristic “grass” of the amplitude in an empty space
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Signal oanpat poinis

is connected with the generator and receiver noise as well
as with fluctuations of dielectric capacity of atmosphere
and ionosphere.

When entering a forest canopy the signal attenuates on
large-scale heterogeneity (tree trunks, large volumes of
snow on branches, difference of their distribution in
space) and is partially absorbed by small-scale elements
of trees (thin branches, needles, leaves).

Fig. 10. Scene and scheme of measurements:
a — is a scene of radioscopy of the forest; b — is a scheme of radioscopy of the forest with the antenna
location near the forest crop border

Puc. 10. Cuena u cxema u3MepeHui:
a — ClIeHa paJIMOIPOCBEYHNBAHUSI JIeca; O — CXeMa PaJnOIpPOCBEYMBAHMUS Jieca C PACIOIOKESHHEM aHTCHHBI
y TPaHUILIBI APEBOCTOS
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Fig. 11. The dependence of the amplitude of the GNSS signals on time.
1-8 are points of calculation of the coefficient of linear attenuation (table)

Puc. 11. 3aBucumoctu ammumtyasl curaanos HCC ot BpemeHn.
1-8 Touku pacuera kodduIIeHTa MOrOHHOTO OcnIabieHus (CM. TabIHITy )
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Coefficient of linear attenuation in a forest crop

Point number 1 2 3 4 5 6 7 8
Azimuth 307.98 302.74 293.1 278.74 230.55 237.80 243.76 313.97
(), degrees
Angle of altitude 59.06 64.69 69.78 73.24 66.69 72.75 76.11 84.75
(), degrees
L,m 19.47 17.64 15.73 13.44 20.54 11.13 12.58 13.83
—y, dB/m 0.007 0.533 0.085 0.008 0.006 0.391 0.122 0.004

Spatiotemporal coordinates of navigation satellites po-
sition in combination with coordinates of location of the
antenna and the border of the forest area allow determin-
ing precisely the trajectory of the signal trace through a
forest canopy and the movements of the scattering volume
of a forest canopy. This circumstance makes it possible to
receive electrophysical characteristics of the forest and to
recover humidity and biomass of a forest canopy with a
coordinate referencing. Length of the trace (L) which the
signal passed in the forest is calculated by the formula:

H- h)cos(ot) - dtg((p)
cos(a)sin ()

L=( ; 2

where H is the average height of trees; 4 is the elevation
of the antenna location; d is the distance from the antenna
to the forest edge; a is a satellite azimuth; ¢ is a satellite
elevation angle.

We approximate the signal which passed through an
empty space taking into account the shape of the total
curve received earlier for each satellite in the database of
forward signals characteristics of the GLONASS and GPS
groupings [8; 9]. Further, taking into account the position
of the amplitude maximum at the elevation angle maxi-
mum value, we extrapolate the function for amplitude
dependence of a forward signal from time by the time of a
signal transmission through the forest. We determine sig-
nal amplitudes and corresponding to them traces lengths
in the forest, we calculate coefficient values of linear at-
tenuation y for the selected points (frames) in fig. 11:

lOLn£
P

— 0
Y T 3)
where P is the amplitude of a signal which passed through
the forest; Py is the signal amplitude of an empty space.
The results of calculation of linear attenuation coefficient
for points 1-8 are given in table.

Variations of attenuation coefficients values are con-
nected with spatial heterogeneity of distribution of trees
elements throughout the forest canopy. It is possible to
form a speckle pattern of a radio field of GNSS coherent
signals scattered by the forest.

Conclusion. There were carried out test measure-
ments of interferential diagrams from heterogeneous soil
surfaces (salt marshes, asphalt), water surfaces of saline
and freshwater bodies in summer period as well as at
temperatures of an autumn freeze-up, including an ice
covering of small thickness (4 cm).

The method of determination of local coefficient of
linear attenuation of navigation satellites signals in a for-
est canopy was developed and approved along with the

method of radioscopy of a forest area. The calibration
variant was used according to a continuous consecutive
writing of forward and analytical signals. Measurements
of the linear attenuation coefficients of navigation satel-
lites signals were made in the pinetum forest crop.

The received results are the basis for development
of methods and technologies of continuous monitoring
of earth covers characteristics and condition with the help
of navigation satellites signals to solve a wide range
of applied tasks.
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IMPROVEMENT OF THE CONSTRUCTION TECHNIQUE OF SUBSTITUTION BLOCKS
FOR SYMMETRIC ENCRYPTION ALGORITHMS

A. S. Merinov, K. A. Nesterov, O. N. Zhdanov*

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: onzhdanov@mail.ru

As it is known, block symmetric encryption algorithms are widely used to ensure information confidentiality. The re-
sistance of encryption algorithms to the most common types of cryptanalysis is determined the quality of the blocks
of substitutions.

In the present work, the development of a methodology for constructing substitution blocks is being continued.

In the first approach, Boolean functions with given cryptographic properties are used as component functions of
substitution blocks. Previously, one of the authors proposed a reasonable methodology for the phased selection of
Boolean functions for construction block.

In this paper, in addition to such cryptographic properties of Boolean functions, such as: balance, possessing a
strict avalanche effect, possessing correlation immunity, for the first time the nonlinearity distances of the first and
second orders of Boolean functions are considered simultaneously.

A study of the full set of Boolean functions of four variables was conducted. The result of it is the optimal set of
Boolean functions for building substitution blocks when encrypted with the GOST 28147-89 algorithm.

In the second approach, the substitution block are determined by an irreducible polynomial over the Galois field,
such a scheme, used in the Rijndael encryption algorithm, is considered to be strong.

The growth of calculating power of the computer necessitates an increase of the cryptographic strength of encryp-
tion algorithms.

The authors have proposed substitution blocks for each round of the Rijndael scheme, based on different irreducible
polynomials. A study of compositions representing a different combination of specially selected irreducible polynomials
for ten rounds was carried out and the optimal set of polynomials with the best values of the encryption quality indica-
tors by the Rijndael scheme was obtained.

Keywords: replacement blocks, GOST, Rijndael, boolean function, block encryption algorithms, cryptographic sta-
bility.

COBEPIIEHCTBOBAHUE METOAUKH KOHCTPYUPOBAHMUA BJIOKOB 3AMEH
JJIA AJITOPUTMOB CUMMETPUYHOTI'O HIM®POBAHUA

A. C. Mepunos, K. A. Hectepos, O. H. XXnxanos*

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHH MMeHHU akagemuka M. @. PemerHesa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. um. ra3. «KpacHosipckuii padounii», 31
*E-mail: onzhdanov@mail.ru

Kax uzeéecmno, ona obecneuenus KoHQuUOEHYUATbHOCMU UHDOPMAYUY WUPOKO NPUMEHAIOMCS ONIOYHbIE CUMMEN-
puunble aneopummsl wudposanus. CmMoukocms aieopummos wu@posanust Kk Hauboree pacnpoCmpanenHbiM GUOAM
KPUNMOAHAAU3A 60 MHO20M ONPEOeSIemcst Kauecmeom OoKa 3aMeH.

B nacmosweti pabome npooonscaemes pazpabomra mMemoouKy nocmpoenus 610K08 3aMeH.

Ipu nepsom nooxooe 6 xavecmee KOMROHEHMHBIX DYHKYULI OIOKOG 3AMEH UCTONb3YIOMCS OYesbl QyHKYuU, 061a-
odarowue 3a0aHHbIMU Kpunmozpaguieckumu ceoucmesamiu. Panee 0OHuM uz aemopos bulia npeonoxcena 060CHO8aAHHAs
MEMOOUKA NOIMANHO20 8blO0Pa OYNe6blX PYHKYUL Ot KOHCMPYUpPosanust 610ko8. OOHAKO HMa MEMOOUKA YYUMbleaid
MOIbKO PACCMOSIHIUE HENUHEUHOCMU NepPEo20 NOPOKA.
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B oannou pabome, nomumo maxux xkpunmozpaguueckux ceoticme 0ynesvix QYYHKYUll, Kax cOAIAHCUPOBAHHOCD,
obnadanue cmpozum AABUHHBIM 3PPeKkmom, 0bradanue KOPPersyuOHHbIM UMMYHUMEMOM, 6nepeble 0OHOBPEMEHHO
Paccmampusaromes paccmosiiust HEIUHEIHOCMU NePEO20 U 6MOPO20 NOPSIOKOE O)eablX (hYHKYUIL.

Iposedeno uccnedosanue NOIHO2O MHONCECMBA OVIEEbIX (DYHKYULL OM Yemblpex HePeMEeHHbIX, pPe3yibmamom
KOMOpo2o AGIAemCa ONMUMATbHBIL HAO0p OY1e8bix yHKYull 01 NOCMpoeHUs 610K08 3aMeH Npu Wu@posanuu aueo-

pummom I'OCT 28147-89.

Ilpu emopom nooxode 610K 3amenbl Onpeodensemcs HenpUBOOUMbIM NOAUHOMOM HAO nonem Ianya. Taxkasa cxema
NpUMEHEHA 8 CHUMAIOWEMCsl CIOUKUM aneopumme wudposanus Rijndael.
Pocm svryucnrumensroti mownocmu IBM obycrasnuseaem neobXo0UMOCmy y8eauyeHus KpUnmoCcmoukoCmu aneo-

PUMMO8 WUPPOBaHUSL.

Aemopamu npednodicenvl OJI0KU 3aMeH 05 Kaxc0020 paynoa cxemol Rijndael, ocnosannvle na paznuunvix Henpugo-
oumbix noaunomax. Ilposedeno ucciedosanue KOMROZUYULL, NPEOCMABISIOUUX CODOU PA3IUYHOE COYEMAHUE CReYUdlb-
HO NO00OPAHHBIX HENPUBOOUMBIX NOJIUHOMOB 8 QeCMU PAYHOAX, YMOo NO360UN0 8bIOPANb ONMUMATLHOE MHONICECHBO
MHO20YIEHO8 C HAUYYUUMU 3HAYEHUAMU NOKA3ameiell Kavecmea wiugposanus no cxeme Rijndael.

Kniouesvie cnosa: 6noku 3amen, I'OCT, Rijndael, 6ynesor ghynkyuu, arcopummel 6104H020 WUDPOBAHUs, KPUNO-

epaghuneckas cmoikocme.

Introduction. As it is known, block symmetric
encryption algorithms are widely used to ensure
confidentiality. The growth of computer processing power
and the development of cryptanalysis methods require
increasing the cryptographic stability of existing
algorithms and the development of new ones. Researchers
and practitioners are conducting work in this direction.
The stability of the encryption algorithm to the most
common types of cryptanalysis is determined by the
quality of the replacement block, the substitution block.
At present, it is already generally accepted that the quality
of replacement units is characterized by the values of
nonlinearity and avalanche effect [1; 2].

There are two main approaches to the construction of
replacement tables.

Thus, in [3], a reasonable method was proposed for
the step-by-step selection of Boolean functions that are
components of the replacement block, which takes into
account not only the nonlinearity of each of the functions
making up the block, but also the nonlinearity of all
possible nontrivial linear combinations. It is also noted
that it is possible to simultaneously solve the problem of
increasing stability, both to linear and differential
cryptanalysis methods, if both nonlinearity and dynamic

distance are used as selection criteria [4-6]. The
methodology of  step-by-step selection was
programmatically implemented in relation to the

algorithm of GOST 28147-89, currently considered to be
very stable, in [1].

The most typical example of the second approach is
also the Rijndael algorithm [7], which is considered to be
stable, in which the replacement block is completely
determined by an irreducible polynomial over the Galois
field. In Rijndael the construction of Nyberg is used [8],
which is a reflection in the form of multiplicatively

inverse elements of the Galois field GF(2"):

y=x"modd[f(2),p], y.xeGF2"), (1)
in combination with affine transformation:
b=A-y+a, a,beGF(2"), 2)

where f(z)=z+z'+z*+z+1 — irreducible over the

field GF(2*) polynomial; 4 — non-degenerate affine
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transformation matrix; shift vector; p=2-

characteristic of the extended Galois field, 0"' =0 — by
definition; a, b, x, y— elements of the extended Galois

a

field GF(2"), which are considered as decimal numbers,

or binary vectors, or polynomials of degree £ —1.

Among the quality indicators of S-units, the following
are most often distinguished [2]:

— maximum of the modules of the matrix elements
of the correlation coefficients of the input and output
bits;

— the number of zeros in the matrix of correlation
coefficients;

— non-linearity, understood as the distance to the set
of affine functions;

— algebraic degree of nonlinearity.

It is noted that the S-blocks of the Nyberg
construction  have  many  practically  valuable
cryptographic properties, such as high nonlinearity
distance, homogeneous minimization of correlation
coefficients, and relative simplicity of technical
implementation both using the tabular method and using
Galois field operations.

In the present work, research is continued in these two
directions.

The study of the set of Boolean functions of four
variables. The study of the full set of Boolean functions
of four variables was carried out. In addition to
cryptographic properties of Boolean functions, such as:
balance, possessing a strict avalanche effect, possessing
correlation immunity, for the first time the nonlinearity
distances of the first and second orders of Boolean
functions are simultaneously considered.

Nonlinearity of r- order n/ (f) of Boolean function

f over F,' is called min d(f,/). Nonlinearity nl/ (f)

deg(/)<r
of Boolean function f is called the distance between f
and a set of affine functions. Nonlinearity n/,(f) of
Boolean function f is called the distance between f°

and a set of quadratic functions.
For example, a Boolean function of four variables
with the following truth table:
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f=1{000101001001101}, its nonlinearity of the first
order is 3 and the nonlinearity of the second order is 1.

The result of the study of the nonlinearity of the first
and second orders Boolean functions of four variables is
presented in tab. 1.

Bijective replacement blocks with a maximum
correlation coefficient of 0.25 were constructed, using
Boolean functions with the following properties:

— the first-order nonlinearity distance is 2;

—the second-order nonlinearity distance is 2;

—balance.
Table 1
Nonlinearity of the first and second orders Table 2
of Boolean functions Class volumes
Nonlinearity distance )
Class scopes Nonlinearity distance The maximum modulus
1 order 2 order of the correlation Class
coefficient of a bijective | volume
0 0 22 replacement block S
1 order 2 order
1 1 0
2 2 0 0 0 0 22
3 1 0 1 1 Doesn’t exist 0
4 0 200 2 2 0.25 1408
4 2 0 3 1 Doesn’t exist 0
5 1 0 4 0 0 304
6 0 0 4 2 0.25 5280
5 1 Doesn’t exist 0
So, there are a total of 22 linear first-order Boolean
functions and 200 second-order linear Boolean functions 6 0 Doesn’t exist 0

with these characteristics. Boolean functions with a first
order nonlinearity distance equal to 0 will not be
considered further, since the replacement blocks obtained
from them are unstable to linear cryptanalysis [9].

The remaining 200 Boolean functions are linear
functions of the second order, they are not enough to
study the nonlinearity of higher orders. Therefore,
Boolean functions not linear of the first and second orders
were found, and the maximum value of the correlation
coefficient of the replacement block when using these
functions at absolute value was minimal.

The correlation properties of the substitution units
were analyzed; Boolean functions with the same
nonlinearity properties of the first and second orders were
used as component functions. The results of the study are
shown in tab. 2, which reflects the maximum correlation
coefficient of the replacement unit in absolute value when
using certain Boolean functions and the number of such
functions.

Boolean functions with a first order nonlinearity
distance equal to 1, 3, 5, and 6 are not balanced Boolean
functions because they cannot be used as component
functions of the replacement blocks of the encryption
algorithm. Bijective replacement units with a maximum
correlation coefficient of 0.25 were worked out, using
Boolean functions with the following properties:

— the first order nonlinearity distance is 4;

— the second order nonlinearity distance is 2;

—balance;

—have a strict avalanche effect.
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These Boolean functions do not satisfy the strict
avalanche criterion; therefore, replacement blocks
obtained from such Boolean functions are less resistant to
the differential cryptanalysis method.

We distinguish two sets of Boolean functions that are
most suitable to construct blocks of replacement.

For testing, the AES encryption algorithm was chosen
and the following tests were used: series distribution,
autocorrelation function, D. Knuth's correlation test:

— the first order nonlinearity distance is 4;

—the second-order nonlinearity distance is 2;

—balance;

—have a strict avalanche effect.

The power of the recieved set is 5280. The functions
of this set can be recommended for use as a component of
replacement blocks for the algorithms of GOST 28147-
89, AES and (with minor and obvious changes) of similar
algorithms.

The set of boolean functions used to build the
replacement block is shown below. The test results
presented in fig. 1-3, indicate the quality of the
constructed replacement unit.

F =[0,0,0,0,0,1,1,1,0,1,1,1,0,1,1,0] ;
F =[0,0,0,0,1,0,1,1,1,0,1,1,1,0,0,1];
F =[0,0,1,1,1,1,0,1,0,0,0,1,1,0,1,0] ;
F =[1,0,1,0,0,1,0,0,1,0,1,1,1,1,0,0] .
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Selection of optimal irreducible polynomials for the
implementation of the AES algorithm. One of the
techniques for enhancing the durability of the AES
algorithm is the construction of replacement blocks based
not on one selected irreducible polynomial for all rounds,
but on various irreducible polynomials chosen for each
round. However, due to unacceptable computational
complexity (10" combinations), first it was decided to
conduct a study of compositions, which are a different
combination of five specially selected irreducible
polynomials in ten rounds.

In works [10; 11], nonlinear transformations of the
Nyberg construction were studied in detail on the basis of
all isomorphic and automorphic representations of the
fields. All irreducible polynomials over the fields are
presented, and the values of the quality indicators
determined by these S-blocks polynomials are calculated.
The possibility of choosing one of the many irreducible
polynomials is of practical importance.

After the publication of papers [5; 6; 10], it became
possible to combine the advantages of the GOST and
Rijndael approaches.

In article [11] the use of irreducible polynomial
compositions is analyzed. The composition in this case is

characteristics, were taken from this article. Encryption
was carried out using each of the polynomials on 20 texts
(the same polynomial was used in each round).

As a result, cryptographic characteristics were
obtained and a comparative analysis of indicators for each
irreducible polynomial was carried out (tab. 3, 4).
Polynomials are represented by their decimal equivalents,
and filled cells show the most remarkable indicators for
each irreducible polynomial.

As a result, irreducible polynomials were selected —
283, 319, 333, 355, 357, since they have minimum values
of the maximum modulus of the correlation coefficients
and the largest number of zero elements of the correlation
matrix.

Then an encryption procedure was carried out with all
possible combinations of selected irreducible polynomials
and five open texts.

Using the same encryption quality criteria, the
maximum of the modules of the matrix coefficients
correlation elements and the number of zeros of the
elements of the correlation matrix, correlation matrices
were constructed and a comparative analysis of indicators
for each composition was performed. The selection of the
best compositions of irreducible polynomials, surpassing

the alternation of two irreducible polynomials. Irreducible  the rest of the compositions in cryptographic
polynomials, with the most remarkable cryptographic characteristics, was done.
Table 3
The maximum modulus of the correlation coefficients
Ne text Maximum of the modules of the correlation matrix elements
Irreducible polynomials
283 285 299 301 313 319 333 351 355 357
1 0.75 0.75 0.625 0.625 0.625 0.5 0.5 0.625 0.5 0.5
2 0.5 0.5 0.625 0.75 0.625 0.5 0.5 0.5 0.5 0.625
3 0.5 0.875 0.625 0.5 0.625 0.5 0.5 0.5 0.75 0.625
4 0.5 0.5 0.5 0.5 0.625 0.5 0.625 0.625 0.75 0.5
5 0.625 0.625 0.625 0.75 0.5 0.75 0.625 0.625 0.625 0.5
6 0.75 0.75 0.625 0.625 0.5 0.5 0.5 0.5 0.625 0.5
7 0.5 0.625 0.75 0.625 0.625 0.75 0.625 0.625 0.5 0.625
8 0.625 0.625 0.5 0.5 0.5 0.625 0.625 0.75 0.625 0.5
9 0.5 0.625 0.625 0.5 0.625 0.625 0.5 0.625 0.5 0.5
10 0.5 0.625 0.625 0.625 0.625 0.625 0.625 0.75 0.75 0.75
11 0.5 0.625 0.625 0.75 0.375 0.5 0.625 0.625 0.5 0.5
12 0.75 0.5 0.625 0.625 0.625 0.5 0.5 0.5 0.625 0.625
13 0.5 0.5 0.75 0.625 0.75 0.5 0.625 0.625 0.5 0.5
14 0.625 0.75 0.625 0.625 0.5 0.625 0.625 0.625 0.625 0.5
15 0.625 0.5 0.625 0.625 0.625 0.875 0.75 0.625 0.625 0.5
16 0.625 0.5 0.75 0.625 0.5 0.5 0.625 0.625 0.625 0.625
17 0.5 0.625 0.75 0.625 0.75 0.625 0.625 0.5 0.625 0.625
18 0.625 0.75 0.625 0.625 0.625 0.5 0.75 0.5 0.5 0.75
19 0.625 0.625 0.625 0.5 0.5 0.5 0.5 0.625 0.375 0.5
20 0.625 0.625 0.625 0.625 0.5 0.75 0.5 0.5 0.5 0.5
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Table 4
The number of zeroes of the correlation matrix elements
The number of zeros of the correlation matrix
Ne text Irreducible polynomials

283 285 299 301 313 319 333 351 355 357
1 9 13 10 15 9 15 10 9 9 14
2 16 11 9 12 16 19 18 18 15 11
3 10 9 12 10 13 15 14 15 13 13
4 13 11 12 7 12 16 7 16 18 14
5 19 19 11 11 7 19 8 3 21
6 8 14 11 11 16 15 9 15 11 11
7 10 20 16 12 7 11 23 4 14 12
8 12 15 19 13 11 9 9 13 16 7
9 9 15 8 9 13 14 15 14 12 14
10 12 13 14 14 17 12 19 17 13 11
11 21 11 12 10 12 12 15 13 11 14
12 20 13 13 21 10 9 18 11 6
13 10 9 11 13 19 18 17 14 12
14 9 10 21 19 17 10 13 13 7
15 10 9 17 8 19 10 7 9
16 16 14 11 15 13 15 9 13 13 16
17 14 12 6 13 10 13 13 13 10 12
18 16 11 14 18 9 9 13 12 11 10
19 16 13 7 10 17 10 14 13 13 17
20 10 17 10 16 12 9 9 13 15 13

The composition here is a combination of five Table 6

polynomials in ten rounds. For example, compositions
333, 283, 283, 319, 357, 283, 333, 355, 283, 333

Examples of the worst compositions on the basis

of two criteria

(or 2001402302). Experiments have shown that the use of Maximum
the listed irreducible polynomials in Rijndael encryption correlation Number of ze- ..
. . o . . Composition
provides the best cryptographic strength indicators in coefficient roes
comparison with others. Examples of the best and the
worst compositions on two criteria are presented 0.625 32000000003
respectively in tab. 5, 6. 0.75 9 32000000004
Table 5 0.625 16 32000000140
Examples of the best compositions on the basis 0.875 11 32112010432
of two criteria 0.625 11 32112010433
Maximum 0.75 12 32000000143
correlation Number of ze- o
coefficient roes Composition 0.875 16 32000000222
0.625 13 32201110444
0.375 36 3104034331 0.75 11 32201111000
0.375 34 3313210233 0.875 14 32000001120
0.375 34 4142344410
0.375 34 4303234230 The data in the tab. 5 are not fully presented, since the
0375 33 4202203343 out.put.of all dgta would take several hundred pages, and
their information content would tend to zero. The
0.375 33 4324342340 program, which is engaged in the calculation of the above
0.375 32 333434303 data, can be found by clicking the following link [12].
0375 30 2420044342 The compqsitions prese;n‘ged in tab. 5, have high rates
0375 " 2443342101 of cryptographic characteristics. The results of the study
37 allow choosing the optimal set of polynomials with the
0.25 30 3241333141 best cryptographic properties, the combination of which
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gives a high rating of the quality of encryption according
to the AES scheme, which increases the cryptographic
strength of the AES algorithm.

The developed method allows selecting encryption op-
tions in such a way that it can compete not only with the
standard AES encryption algorithm, but also with other
modern block encryption algorithms.

Conclusion. The results of the study of two
approaches showed a good quality of substitution units
construction, which ensures the best cryptographic
performance indicators, both for the Rijndael algorithm
and for GOST. On the basis of the obtained results, it is
necessary to further explore possible options of increasing
the strength of block encryption algorithms. It is
interesting to compare the obtained results with their
ternary counterparts, see [13].
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S. V. Ushanov*, D. A. Ogurtsov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
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A lot of sets of subjects and objects in biology, industry, management can be divided into a number of classes, each
of which corresponds to a certain distribution component. When analyzing a mixture of distributions, it is necessary to
estimate its parameters (task 1) and to assess the correspondence of empirical and theoretical distribution functions
(task 2).

To solve the first problem, numerical algorithms that implement the method of moments and the maximum likelihood
method are used. In this paper, the problem of estimating the distribution parameters is solved by minimizing the good-
ness measure by the Quasi-Newton method.

The second problem is solved by comparing the empirical and theoretical distribution functions by one or several
statistical goodness measures. Statistics of the distribution of these measures depends on the sample size, the method of
forming data and estimating distribution parameters. The paper examines the goodness measure between Frocini and
omega-square (Kramer — Mises — Smirnov). The evaluation of the statistics of the goodness measure was carried out by
the simulation method based on the results of 50000 statistical tests. In each of the tests, the distribution parameters
were estimated by minimizing the calculated value of the corresponding goodness measure. The results of simulation
modeling allow estimating the statistics of the parameters of a mixture of distributions.

The results of solving the considered problems for a mixture of two normal distributions of size 240 are pre-
sented.

Keywords: Frocini statistics, omega-square statistics, statistical tests, mixture of distributions.

OIIEHKA METOJIOM CTATUCTUYECKHUX UCTIBITAHU CTATUCTUKUA KPUTEPUEB
®POIIMHU U OMET'A-KBAJIPAT JIJI1 CMECU HOPMAJIbHBIX PACNIPEJIEJIEHUAM

C. B. Ymanos*, JI. A. Orypmos

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccuiickas @enepamms, 660037, r. KpacHospck, nmpocn. uM. ra3. «KpacHospckuii pabounii», 31
*E-mail: ushanov_sv@mail.ru

Mnuoeue cosoxynnocmu cyovekmos u 00bekmos 8 6UOIOSUU, NPOMBIUACHHOCHU, YAPAGIEHUU MOJICHO YCIOBHO DA3-
0enums Ha pso KAACCO8, KANACOOMY U3 KOMOPLIX COOMBEMCMEYen OnpedeseHHas KOMNOHEHMA CMecU PacnpeoeneHus.
Tlpu ananuse cmecu pacnpedenenuil Heobxoouma oyeHka ee napamempos (3adaua 1) u oyeHka coomeemcmeus: IMnu-
puMecKoul u meopemuyeckol QyHKyuil pacnpedeieHus (3a0aya 2).

s pewenust nepgoii 3a0auu 0ObLIYHO NPUMEHSIION YUCTEHHbLE A20PUNMbL, Pedaru3yiouwue Menood MOMEHmMO8 U Me-
MO0 MAKCUMANbHO20 Npagoonododus. B pabome 3adaua oyenxu napamempos pacnpedeneHus peulaemcs MUHUMU3A-
yueti Kpumepusi co21acusi KA3UHbIOMOHOBCKUM MEMOOOM.

Bmopas 3a0aua pewiaemcs cpagnenuem SMRUpUYecKoll u meopemuyeckoll QyHkyul pacnpedeienust OOHUM UL He-
CKONbKUMU CMAMUCIMUYeCKUMY Kpumepusmu cozracus. Cmamucmuxa pacnpeoenenus Jmux Kpumepues 3a6ucum om
obvema 8blOOPKU, CNOCODA POPMUPOBAHUSL OAHHBIX U OYEHKU Napamempos pacnpedeienus. B pabome paccmampusa-
tomes kKpumepuu coenacus Ppoyunu u omeza-xkeadpam (Kpamepa — Museca — Cmupnosa). Oyenka cmamucmuru
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Kpumepues co2nacus npo8ooUIACh MEMoooM UMUMAYUOHHO20 MOOdenuposanus no pesyromamam 50000 cmamucmuye-
CKUX ucnvlmauuti. B kasjcoom u3 ucneimanuil napamempsl pacnpeoenetus OYeHU8AIUC, MUHUMU3AYUEU paACYemHo2o
3HAYEHUs COOMBEmcmeyowezo Kpumepus coziacus. Pesynomamsl umumayuonnozo mooemuposanus no360Ja10m
OYEeHUMb CIAMUCMUKY napamempos cMecu pacnpeoeneHul.

IIpedcmaenenvl pe3ynbmamel pewienus paccMOMPEHHbIX 3a0ay Osl cMecu 08YX HOPMANbHBIX pacnpeoeieHull

obwemom 240.

Knioueswvie cnosa: cmamucmuxa (DpOlﬂlHM, cmamucmuka omeea—Keadpam, cmamucmudecKue ucnbvlmaHusl, cmecob

pacnpeoeneHuil.

Introduction. One of the tasks of the initial
processing of experimental observations is the choice of
the distribution law, which adequately describes the
random variable for the observed sample. A great number
of sets of subjects and objects in biology, industry,
management can be divided into a number of classes,
each of which corresponds to a specific component of the
distribution mix. In biological populations, it is possible
to distinguish objects with average values of indicators,
objects — indicators which are higher than average (“lead-
ers”) and objects — indicators that are lower than average
(“outsiders”) [1]. The dynamics of mass transfer
processes of chemical technology depends on the size
distribution of the raw materials, which is also determined
by a mixture of distributions [2—4].

When analyzing a mixture of distributions, it is
necessary to estimate its parameters (task 1) and to
evaluate the compliance of empirical and theoretical
distribution functions (task 2).

To solve the first problem, usually numerical
algorithms are used that implement the method of
moments [5] and the maximum likelihood method [6-8].
The peculiarity of this problem solution by the maximum
likelihood method for a mixture of distributions is the
presence of several local extrema. In this paper, the
problem of estimating the distribution parameters is
solved by minimizing the agreement criterion by Quasi-
Newton methods in MathCad [9] and MATLAB [10]
environments.

The second problem is solved by comparing the
empirical and theoretical distribution functions by one or
several statistical criteria of agreement [5; 11]. Statistics
of the distribution of these criteria depends on the sample
size, the method of forming data and estimating
distribution parameters [12]. The paper examines the
criteria of consent Frocini [13; 14]

Fr(Xv,a) = % Zn:
no =

and omega square (Kramer — Mises — Smirnov) [15; 16]

jZ

where Xv — variational series of random variable X;
n — sample size; i — number of the element of the variation
series; a — distribution parameters; F(Xv;, a) — the value
of the integral distribution function for the element of
a variational series Xv;.

The probability density function for a mixture
of distributions consisting of K components has the form:

i-0.5
n

F(Xv,a)—

i—-0.5

l n
KMC(Xv,a)=—+
( ) 12n Z

i=1

(F(Xv[,a)—
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where x — random value; a, p— distribution parameters;
p,;— the proportion of the j-th component in the mixture.

For a mixture of normal distributions, the probability
density of the j-th component is determined by the
expression

where a;, a;; — estimates of expected value and standard
deviation.

The computer approach developed in the works
of B. Yu. Lemeshko makes it possible to evaluate the
statistics of the compliance criteria when testing various
complex hypotheses [10; 16].

When conducting statistical tests, it is necessary to
take into account the repetition period of the generated
pseudo-random numbers. In the MathCad system, this
period for a generator of normally distributed random
variables is 784.4:10°[17]. For sample size n = 1000, this
allows to conduct 7 - 10° statistical tests. At the level of
significance o € [0.001; 0.999], the maximum error in
estimating the statistics of the criteria under consideration
does not exceed 0.0005 [14].

Results of computational experiments. The paper
discusses the application of the Frocini criteria [18] and
omega-square in estimating the distribution parameters
for the analyzed sample by minimizing the calculated
value of the corresponding criterion. In each
computational experiment for evaluating the statistics of
the compliance criteria, 50000 statistical tests were
conducted.

In fig. 1 the experimental errors in determining the
hydrodynamic quality of the whip beams with a limited
buoyancy margin are shown [19] (sample size n = 240),
in fig. 2 distribution functions that approximate the
empirical data with a mixture of two normal distributions
are presented; in tab. 1, estimates of distribution
parameters obtained by minimizing the Frocini criterion
and omega-square are presented.

The maximum deviation between the integral func-
tions of the mixture of distributions, the parameters of
which are obtained by minimizing the Frocini criteria
and the omega-square is 0.001 for x = —0.13, and
between the probability density functions is 0.0078
for x = 0.10.

1 1
(x,a)=——F—-exp| ——
fi(x.a PN
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Fig. 1. Experimental errors in determining the hydrodynamic quality of whip beams with
a limited buoyancy margin [19]

Puc. 1. OmmOKM S5KCHEPUMEHTOB P ONPEAEIICHUN IMAPOJUHAMUYECKOr0 KauecTBa XJIbICTOBBIX ITyUKOB
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Fig. 2. Empirical and theoretical function of normal distributions mixture
Puc. 2. Dmnmpuaeckas ¥ TeopeTHdeckast GyHKIUH CMECH HOPMAIBHBIX paclpeie/IeHUH

Table 1
The optimal values of the parameters of the mixture of distributions and their estimates obtained
by statistical testing (M = 5000, n = 240) by minimizing the Frocini criterion and omega-square

. Borders of 95 % Confidence Interval
Optimal value Expected value .
Parameter Median lower upper
. * —0.574 —0.569 —0.575 —0.672 —0.437
1.0 ok ~0.576 —0.574 —0.580 —0.671 —0.450
a2 * 0.0566 0.0588 0.0556 0.0279 0.112
L1 ok 0.0549 0.0545 0.0510 0.0249 0.105
. * 0.322 0.318 0.320 0.198 0.438
2.0 ok 0.318 0.317 0.318 0.199 0.434
a2 * 0.104 0.119 0.116 0.067 0.191
21 ok 0.103 0.118 0.116 0.068 0.188
* 0.361 0.367 0.366 0.243 0.514
i ok 0.357 0.353 0.349 0.231 0.483

*Calculations by Frocini criterion; **calculations based on the omega-square test.
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Table 2
Calculated and critical values of the Frocini and omega-square criteria for a mixture
of 2 normal distributions with a sample size of n =240
Goodness Critical value at significance level a
Calculated values
measure 0.05 0.10 0.15 0.20 0.25 0.30
.. * 0.0776
Frocini - 0.0785 0.146 0.136 0.130 0.125 0.121 0.118
Omega-square i 0.0104 0.0348 0.0301 0.0277 0.0257 0.0241 0.0229
gasd o 0.0102 ' ' ' ' ' '
Distribution parameters obtained by minimizing the criteria: * Frocini; **omega-square.
1
//T /
0.8
0.6 f 7

0.4

™.

Integral distribution function

M =350000mn=240

) mEE Critical vahe
./ @ @ Estimated value
0 I I 1

M=350000mn=240 4
EHEE Critical value

& @ Estimated value
I I

0.11 0.13 0.13

Frocind criterion

0.17

I
0.008 0.014 0.02 0.026 0.032 0.038

Omega-square criterion

Fig. 3. The results of testing the hypothesis of compliance with the empirical distribution function
and the mixture function of two normal distributions by Frocini and omega-square criteria

Puc. 3. Pe3ynbTaThl IPOBEPKU THIIOTE3bI COOTBETCTBUS SIMITUPHYECKON (QYHKIMH pacnpeeseHuUs!
U QyHKIMU CMECH JIByX HOPMANbHBIX pacnpeaeneHui mo kputepusm OporyHu 1 oMera-KBajapaT

The calculated and critical values of the Frocini and
omega-square criteria for a mixture of 2 normal
distributions with a sample size of n = 240 are presented
in tab. 2.

The visualization of the results of testing the
hypothesis of compliance with the empirical distribution
function with the mixture function of two normal
distributions according to the Frocini and omega-square
criteria is presented in fig. 3.

The simulation modeling results allow to evaluate the
statistics of the parameters of the distributions mixture. In
fig. 4-6 the results of the evaluation of the distribution of
the parameters of the first and second components of the
mixture, obtained from the results of statistical tests for
the Frocini and omega-square agreement criteria, are
presented.

Conclusion. The results of computational experiments
allow to conclude about the effectiveness of obtaining
estimates of distributions mixture parameters, minimizing
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the calculated values of the goodness measures. The use
of different goodness measures allows improving the
quality of the found estimates. The differences in the
estimates of the parameters of the mixture of two normal
distributions, obtained by minimizing the Frocini and
omega-square criteria for experimental samples, did not
exceed 1 %.

Evaluation of the distribution parameters in
combination with the simulation method for evaluating
the statistics of the goodness measure allows to test the
complex hypothesis of consistency between the empirical
and theoretical distribution functions. A related result of
this task is an assessment of the statistics of the
distribution parameters and confidence intervals of their
change.

The choice of the minimum number of components of
a distributions mixture is determined by the condition of
accepting the hypothesis of compliance with the empirical
and theoretical distribution functions.
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Fig. 4. Estimates of the distribution functions of expected values and dispersions of the mixture components
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Fig. 5. Estimates of the distribution of the parameters of the first
and second components of the mixture

Puc. 5. Ouenku pacnpeneneHus mapaMeTpoB NEPBON M BTOPO KOMIIOHEHTHI CMECH
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Fig. 6. Estimates of the distribution of the mathematical expectation of the first and the second components

and the proportion of the first component in the mixture

Puc. 6. Ouenku pacpeseneHuss MaTeMaTUYECKUX OKUIaHUH TIEpBOM U BTOPOI KOMIIOHEHTHI
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OPTIMIZING THE READABILITY OF TESTS GENERATED BY SYMBOLIC EXECUTION
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79/10, Svobodnyy Av., Krasnoyarsk, 660041, Russian Federation
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Taking up about half of the development time, testing remains the most common method of software quality control
and its disadvantage can lead to financial losses. With a systematic approach, the test suite is considered to be complete
if it provides a certain amount of code coverage. At the moment there are a large number of systematic test generators
aimed at finding standard errors. Such tools generate a huge number of difficult-to-read tests that require human veri-
fication which is very expensive. The method presented in this paper allows improving the readability of tests that are
automatically generated using symbolic execution, providing a qualitative reduction in the cost of verification. Experi-
mental studies of the test generator, including this method as the final phase of the work, were conducted on 12 string
functions from the Linux repository. The assessment of the readability of the lines contained in the optimized tests is
comparable to the case of using words of a natural language, which has a positive effect on the process of verification
of test results by humans.

Keywords: dynamic symbolic execution, natural language model, the problem of tests verification by humans.

ONITUMM3ALIUA YUTAEMOCTHU NIOPOXKIAEMBIX
NP CUMBOJIBHBIX BBIYNCJIEHUAX TECTOB

N. A. SAxkumor*, A. C. Ky3renos, A. M. Ckpumnaues

Cubupckuii henepanbHblil yHUBEPCUTET
Poccuiickas ®eaepanms, 660041, r. KpacHosipck, mpocn. CBoboaHsIi, 79/10
*E-mail: ivan.yakimov.research@yandex.ru

3anumas oko0 nNoIOBUHBL BpEMeEHY Pa3paboOmMK, MeCMUPOSaAHUe 0cmaemcs Hauboee pacnpoCcmpaHeHHbIM Memo-
0oM KOHMpoAsA Kavecmea npoepammuozo obecneuvernus (I110). Eco nedocmamok modcem npusooums K QUHAHCOBbIM
nomepsim. Ilpu cucmemamuyeckom nooxoo0e mecmosvill Habop CYUMAencst NOJIHbLIM, ecliu OH obecnedugaem onpede-
JlenHoe nokpvimue kooa. Ha oanmviii momenm cywecmeyem 60nbuloe KOIUYECHEO CUCHEMAMUYLECKUX 2eHepamopos
mMecmos, HaANPAGIEHHbIX HA NOUCK CIAHOAPMHBIX OuubOoK. T10006HbIe UHCMPYMEHMbL ROPONCOAIOM OZPOMHOE KOIUYe-
CmMeo mpyoOHOUUMAEeMbIX MeCmos8, 00AA0AIOWUX BbICOKOU YeHOU nposepku yenosekom. Ilpedcmasnennvlii 8 OaHHOU
pabome mMemoo NO360Jsem YAYYUUUMb YUMAEMOCHb MECMOos, aGMOMAMUYECKU C2eHePUPOBAHHBIX NPU NOMOWU CUM-
BOILHBIX GLIYUCTICHUN, U 0Decneyusaem KaueCmeeHHoe CHUdCeHue OanHol yYenvl. DKCnepuMeHmaibHble UCCie008aHUs
2eHepamopa mecmos, GKIIUAUe20 OaHHbIL Memoo 8 Kayecmee 3aKaouumensHol azvl pabomuvl, 6uLIU NPOGEOEHbI
Ha 12-cmpoxogvix ¢ynxyusx uz penosumopust Linux. Oyenka cmenenu 4umaemocmu Cmpox, CoOepiuCcawuxcst 8 onmu-
MUBUPOBAHHBIX MECMAX, CONOCMABUMA CO CYHAEeM UCHONb308AHUS CIO8 HAMYPAILHO20 A3bIKA, YMO NOAOICUNENLHO
CKA3bIBACMCS HA npoyecce 8epuuKkayul pe3yibmamos mecCmupo8anus Yei08eKoM.

Knrouesvie cnosa: ounamuyeckue CuUMBOIbHbLE BblUUCTIeHUA, MOOeb ecmecmeeHH020 A3blKA, npo6ﬂeMa npoeepKku
mecmoe 4€j106eKOM.

Introduction. On the one hand, modern software any damage. Thus, in order to help developers in finding
systems tend to be highly complicated and expensive in  errors some bug searching methods have been developed.
development. On the other hand, software development Software testing is one of the most popular bug searching
itself is a time-consuming and error-prone process. It is  methods. However, it is a time-consuming task that takes
very important to find serious errors before they cause about a half of the development time. In order to reduce
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the time expenditures associated with testing several test
automation techniques have been proposed.

One of the most popular approaches to the test auto-
mation is a code-based test generation [1; 2]. Some sys-
tematic code-based test generation techniques have been
developed for the last few decades. Two of them are:
Search-Based Software Testing (SBST) and Dynamic
Symbolic Execution (DSE). Any systematic test genera-
tion method relies on some sort of a code coverage
metric. Only test data with appropriate code coverage is
considered to be adequate. In order to provide required
code coverage a coverage criterion needs to be defined.
The popular coverage criteria are: instruction-coverage
and branch-coverage. Both DSE and SBST are aimed to
provide systematic code coverage for a target program.

In order to generate test cases with SBST-based tool
the goal of testing needs to be defined in terms of fitness
(objective) function [3]. It is convenient to use a branch
coverage criterion as a goal of testing when using SBST.
SBST-based tools launch target programs on some ran-
dom input data. The program alternates the input data in
an iterative way optimizing the value of the fitness func-
tion. Only when the fitness function is optimized the goal
of testing is achieved. Final input data represents the de-
sired test case.

DSE-based [4-6] tools maintain symbolic state in ad-
dition to the concrete (usual) state of the target program.
During the execution of a target program it collects con-
straints on the program variables. This constraint system
is called a path constraint or a PC. A PC represents
an equivalence class of input data that leads the target
program through the corresponding path. The execution
of the target program forks on each decision point
(for example conditional operator if-else) providing
branch coverage. When the execution of the target pro-
gram is completed, appropriate test input data can be ob-
tained by solving the PC.

In general, code-based test generators tend to produce
lots of almost unreadable test data. It is hard to verify
such unreadable test data manually. This problem is
called the Human Oracle Cost Problem [7]. Afshan et al.
[8] proposed a method of improving readability of test
cases produced by SBST-based tools. They used a charac-
ter-level bigram model of a natural language to drive the
search process toward more readable results. In order to
do this, they added readability estimation of the target test
data into the fitness function.

A character-level bigram model of a natural language
is defined in terms of ordered pairs of characters, i. e.
bigrams. Let (c;, ¢; 1) be a bigram, then P (¢; | ¢;;) is a
probability of co-occurrence of ¢; and ¢; ;, in the language
corpus, where the language corpus is a large collection of

written texts. Let also P(cl” ) be a probability of belong-
ing the whole string ¢ of length » to the language corpus.
The bigram model estimates probability P(cl" ) as shown

in the equation below:

ﬁ(cl") ~ ﬁP(c,. |CH)
i=1
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In order to compare strings of different length P has
to be normalized always. Readability estimation N is de-

fined as a normalized value of P as shown in equation
below:
)l/n

This work proposes a new method for improving
readability of test data generated by DSE-based tools. In
contrast to the work of Afshan et al. [8] we do not rely on
any kind of fitness function. The improvement process is
performed by changing a PC after the execution of the
target progrem. To the best of our knowledge this is the
first readability optimization method in context of the
DSE.

Methods. The workflow of the proposed system in-
cludes two main stages. At the first stage, the system pro-
duces a path constraint PC, which is an abstract represen-
tation of a program state. At the second stage, the system
optimizes readability of the PC constraining it with the
help of a character-level bigram model. As mentioned
above, every PC represents an equivalence class of some
test inputs and is associated with a single program path.
Some of those inputs might be more “readable” than the
others. Informally speaking, the goal of the algorithm is to
find “the most readable” input within the set of all possi-
ble inputs corresponding to the given PC.

Example. Let us first provide an example of the read-
ability optimization process. Let us say we have a strlen
as a target function. It takes a null-terminated string
S={‘al’, a2, a3, \0’} as an input, where eash ¢; is a sym-
bolic value and \0’ is a “concrete” terminator. The initial
state of the program is represented in figure, a. The
optimizer concretizes S transforming it into the string
“yes\0”. Firstly, the algorithm tries to make each q; print-
able as shown in figure, b. Secondly, it attempts to make
all of the a-s alphabetic as shown in figure, c. Finally,
it attempts to rearrange a; in an appropriate order using
the bigram model. Results are shown in figure, d.

Memory graph. The optimizer operates on a memory
graph M [9] which is an internal representation of the test
data. Each node of M belongs to one of the following
types: scalar (concrete or symbolic) value (a); concrete
pointer to another node (b); array of nodes of a concrete
length (c). Actually, every string S within M is repre-
sented as an array of scalar nodes.

Formal definition. A pseudocode of the algorithm is
represented in Algorithm 1. The goal of the optimizer is
to maximize the value of readability estimation S (N) for
every string S within M. Thus, the optimizer considers
only strings within M. It never violates the current PC and
never changes concrete values that PC contains. The
optimizer is only allowed to put constraints on symbolic
values when it is safe. At the first step, it tries to make
each symbolic value within S to be “alphabetic” or at least
“printable”. After that, it uses a bigram model in order to
make the whole string being more like a “real word”.
During this process, every single string S within M is
transformed in the following way.

N(cl”) = P(cl"
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An example of a readability optimization algorithm work
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1. Narrowing. At this stage the optimizer tries to in-
crease the readability of every symbolic character a;
within S:

— Firstly, it tries to make each qa; printable constraining
itwith ’ <a; <°7);

— If it is successful, it then tries to make it alphabetical
applying additional constraint CA’ < @, <’Z’ v ’a’ <
< a Z°7).

2. Concretization. At the beginning, the optimizer fo-
cuses on the first value a; of the current string S. If it is
possible, it tries to “assign” a random alphabetic value to
the a; constraining it with (a; = some random alphabetic
character). At the next step, the optimizer traverses
through all the bigrams (a;, a;11), where i = 1...n — 1,
within string S. Let (a; , a;+1) be the current bigram, then:

— Firstly, the optimizer takes a concrete value of a;.
Note that if a; is symbolic the optimizer calls the SMT-
solver for its value.

— Secondly, if @+ is a symbolic value the optimizer
tries to obtain the “most probable” value val of a;;; in
terms of the bigram model. If it is successful, it than at-
tempts to apply the (a;+; = val) constraint to a;,;.

Algorithm 1 Improving readability
1: procedure Narrowing (Memory graph M)

2: foralls e Mdo
3: if s is a string of length » then
4: foralli e {1,2,.. n} do
5. printable — Probe (> <a;<77))
6: if printable = true then
7: Probe (CA’ <a;<’Z’) v (a’ <a;<°2%)))
8: end if
9: end for
10: end if
11: end for

12: end procedure
13: procedure Concretization (Memory graph M)

14:  foralls € M do

15: if 5 is a string of length »n then

16: if ¢, is symbolic then

17: alpha < random alphabetic character
18: Probe ((a; = alpha))

19: end if

20: forallie {1,2,...,n—1} do

21: fst < Value (a))

22: if f5¢ is alphabetic A a;.| is symbolic then

FZF :}7:
o g
a e’

7!

Al

\0 \0

a, a, a, \0 Vo W0
c d

23: snd < Next (fst)
24: Probe (( a;1 = snd))
25: end if
26: end for
27: end if
28:  end for

29: end procedure
30: function Value (Scalar node a of memory graph M)

31: if a contains concrete value then

32: return value of a

33: else if a contains symbolic value then

34: Ask external SMT-solver for value of a
35: return value returned by SMT-solver
36: endif

37: end function
38: function Probe (Constraint e)

39:  Push a new scope into internal stack of SMT-solver
40: PC' «PCne

41: if PC’ is satisfiable then

42: PC« PC’

43: return frue

44:  else

45: Pop the scope from internal stack of SMT-solver
46: return false

47:  end if

48: end function

49: function Next (ASCII symbol a)

50: b < most probable symbol in bigram (a, b)
51: returnb

52: end function

Conservativeness of the algorithm. Each optimized
test case leads a target program through the same path as
a corresponding non-optimized version. Before applying
new constraints to the current PC, the optimizer tries ap-
plying it in a fresh new scope of an external SMT-solver.
If it fails, the optimizer safely pops the scope out of the
stack rolling the PC back to its previous version. Only in
case when the new constraint does not violate the current
PC, the optimizer is allowed to apply it.

Results. In order to test the proposed system we have
implemented a tool on top of the LLVM compiler infra-
structure [10] and CVC4 [11] SMT-solver. We have also
used a bigram model based on very large language cor-
pora [12]. Note that before starting to work with the sys-
tem a user should write a simple driver in the C-language.
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Experimental results

Function Input Coverage None Basic Bigram
strlen [6] 5:100% — 0.08 0.10
strnlen [6]5 6:100% — 0.08 0.10
stremp [6][6] 15:100% - 0.04 0.05
strncmp [6][6]5 16:100% - 0.04 0.05
sysfs_streq [6][6] 39:100% - 0.05 0.07
strepy [6][6] 35:100% — 0.08 0.10
strncpy [6][6]5 36:100% — 0.08 0.10
strcat [10][5] 40:100% — 0.07 0.08
strncat [10][5]4 41:100% — 0.07 0.08
strstr [6][3] 19:90% — 0.12 0.14
strostr [6][3]2 4:80% — 0.09 0.10
strpbrk [6][6] 10:80% — 0.03 0.03

The system has been tested on 12 string-processing
functions from the Linux [13] repository. Each function
takes integer values and strings as an input. Experimental
results are represented in table. The Input column displays
an encoded format of the input data. Here notation
“In]” = {a, as,...,a,-1,"\0’} represents a null-terminated
string of symbolic values a;; k represents some concrete
integer. For example, strnlen “[6] 5 means that strnlen
takes a single symbolic string of size 6 and an integer
literal “5”. The only exception is strpbrk function that
takes concrete string “aeouy” as its second argument.
Code coverage estimated with gcov tool is displayed
in column Coverage in format x:y %, where X is a number
of generated test cases and y is a percentage of covered
instructions. Columns Nowne, Basic and Bigram display
average values of readability estimation N for test data
generated during different experiments.

Experimental results. The results of test generation
without optimization are displayed in column None. As
the non-optimized data includes no alphabetic characters,
the readability estimation is not defined in this case. The
Basic method involves only the first, Narrowing phase of
the optimization process. In this case, readability estima-
tion N =~ 0.07 in average with standard deviation ¢ = 0.03.
On the other hand, the Bigram method involves both,
Narrowing and Concretization phases of the optimization.
In case of Bigram N = 0.08 in average and ¢ = 0.03. Thus,
the Bigram method shows the best results in this experi-
mental study.

Discussion. Let us discuss the experimental results
in more details on the example of the strcpy function.
Strcpy function takes two string arguments - buffer 4 and
source B. It copies data from B to 4 modifying A. It then
returns the pointer to the modified version of 4 repre-
sented as 4°. Thus, the format of each generated test case
is (4, B) => A’. In order to give meaning to the discus-
sion, let us suppose that the generated test cases have to
be verified by a human.

Each non-optimized output contains no printable char-
acters. Thus, we represent generated data as arrays
of 8-bit integers. In this case, the real data generated
with the help of CVC4 looks like: {1, 1, 1, 1, 1, 0},
{1, 1, 1,0, 0, 0} = {1, 1, 1, 0, 0, 0}. Making sense
of this data might be confusing to anyone trying to evalu-
ate the quality of the implementation of the strcpy
function. On the other hand, the so-colled Bigram method
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produces well-readable and less-confusing data: (“kesth”,
“pre”) => “pre”.

Configuring the optimizer. The optimizer can be con-
figured in many ways. If the first symbol of the string is
not constrained, then external SMT-solver tends to return
similar results for all strings. As a consequence, without
randomization of the first symbol the results look like
“athes”, “ath” => “ath” etc. Moreover, as the Bigram
method uses the most probable values of the second char-
acters of each bigram sometimes it tends to produce
cycles like “athesthes....” etc. In order to avoid such
cycles, we use the same selection algorithm as the “rou-
lette wheel” method [14].

In addition to the bigram-based improving readability
optimization we have implemented a simple “optimizer”
for numeric values. In fact, numeric values generated by
SMT-solvers tend to vary in a very wide range. For ex-
ample, let us suppose we are testing some implementation
of the quicksort algorithm. One of the generated test cases
might look like: {22773760, 22773760, —2147483648,
2147483584} 4 => {—2147483648, 22773760, 22773760,
2147483584}. It is highly confusing to anyone who
is trying to make a meaningful interpretation of such
an unreadable test data. The optimizer incrementally tries
to constraint each integer symbolic value within a mem-
ory graph M using Probe method from Algorithm 1.
Let a; be a symbolic integer contained by M. At first,
the optimizer tries to apply the constraint (—10 < a; < 10)
to each @, If it is not successful it then tries to apply
(—100 < @; < 100) etc. The optimized version of the
test case mentioned before looks like: {2, 2, =3, 5} 4 =>
{-3,2,2,5}.

Reliability. In fact, the readability estimation of strings
of different length varies in a wide range. The value of

“pure” readability estimation P(S) tends to zero for very

long strings. As a result, it is not reliable to compare the
readability estimation of strings of different length. This
negative effect is eliminated by normalization. We should
further note that the goal of our research does not include
the examination of the bigram model itself. However,
in order to verify the readability estimation method used
in the experimental study we tested it in isolation. We
have tested this method using a list of Top-100 English
words. The resulting readability estimation is 0, 10 which
is compatible with the experimental results. Finally,
the reliability of the experimental results achieved by any
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code-based test generator depends on the provided code
coverage. In the given experiments the instruction cover-
age is 95% in average and it is 100 % for 9 functions. In
case of functions with non-100 % coverage the NULL-
returning branch is not covered. We can confidently say
that the obtained results are reliable enough.

Conclusions. This work introduces a new method of
readability optimization in context of Dynamic Symbolic
Execution based on a natural language model. This
method has been successfully examined against 12 string-
processing functions from the Linux repository. The ex-
perimental results show that this algorithm significantly
improves the readability of automatically-generated
test data. The readability of the optimized test cases
is compatible to the readability of human-written texts.
Developers who manually verify generated test data
would take advantage of using this method.
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Transport operations that ensure the change of the orbit of a spacecraft or its transfer to the departure trajectory
are an integral part of almost all space missions. Increasing requirements for the efficiency of transporting spacecraft
form the need to search for possible ways to increase this efficiency and assess the characteristics associated with the
proposed methods.

Current boosters and interorbital tugs, as a rule, use a chemically powered cruise engine, although solutions with
the use of an electric jet engine are becoming more common. Due to the high rate of the outflow of working fluid which
is much higher than that of combustion products in a chemical engine, the efficiency of use of the substance mass by an
electric jet engine significantly exceeds this indicator for a chemical engine. However, the low thrust provided by the
electric jet engine leads to high duration of the transport operation and, as a result, to considerable time of exposure to
the outer space factors, in particular, radiation. Therefore, the use of the electric jet engine only does not always meet
the requirements for the mission.

One of the promising ways to increase the efficiency of transport operations is the combination of the traditional
chemical and electric jet engines in the propulsion system. Various aspects of the use of such an integrated propulsion
system (IPS) consisting of a solar electric jet system and “Fregat” booster were considered, for example, in the frame-
work of “Dvina TM” research project.

Unlike a chemical engine, in which energy is released from chemical bonds, the energy for accelerating the working
fluid by an electric jet engine is supplied from outside. Solar batteries are the most widespread energy source in near-
earth orbits, where the amount of solar radiation is sufficient to meet the energy needs of a spacecraft. Solar batteries
are sensitive to radiation, damage accumulates in their internal structure and their characteristics degrade. Therefore,
there is a need to account for the radiation dose accumulated during the execution of the transport operation and to
evaluate the reduction in the efficiency of solar batteries. Uneven irradiation intensity in the radiation belts formed by
the Earth’s magnetic field (Van Allen belts) can be taken into account if the assessment of the radiation intensity at the
trajectory points of the maneuver is made using the Earth radiation belt model.

The paper proposes a method that allows taking into account the effect of ionizing radiation on the degradation of
solar batteries when performing a transport operation using an integrated propulsion system based on a liquid-
propellant rocket engine and an electric jet engine, taking into account the chosen trajectory and the model of the
Earth’s radiation belt.

Keywords: integrated propulsion system, electric jet engine, Van-Allen radiation belt, solar battery, degradation.
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Heomwvemnemoti cocmasnsiowei npakmuyecku 8cex KOCMUHECKUX MUCCULL ABTAIOMCA MPAHCHOPMHble Onepayu,
obecneuugarowjue usmeHenue opoumsbl KOCMULECKO20 annapama uiu nepeeoo e2o Ha omiemuyio mpaexmopuio. Ilogui-
waiowuecs: mpebosanusl K P HexmusHocmu mpaHcRoOpmupo8KY KOCMUYECKUX annapamos Gopmupyrom nompeoHoCcmsy
6 NOUCKE BO3MOJICHBIX CHOCODOB €e YBeIUHeHUs. U OYEHKe XAPAKMEPUCTIUK, CONYMCMEYIOWUX NPediasaeMbiM CNocoOaM.

Tpumensiemvle 6 Hacmosujee pemst pazeonnvie OIOKU U MEICOPOUMATbHbIE GYKCUPDL, KAK NPAGUTO, UCNOLb3YIOM
Mapuiesviil 08U2amenb Ha XUMULECKOM MONIUGe, XOMsl 6Ce Haue GCMpedalmcst peuleHus ¢ NPUMEHEeHUeM 1eKmpopa-
KemHo2o ogucamens. bnacodaps evicoxoil ckopocmu ucmeuenusi pabouezo mena, 3HAYUMENLHO NPEGbIULAIOUEl CKO-
POocmb ucmeuenust nPOOYKnoe 20peHuUst 8 XUMUYECKOM dsueamene, 3(PHexmugnocnms UCNONb308AHUsL MACCHL GeUecmed
INEKMPOPAKEMHBIM O8UAMeENeM ZHAYUMENbHO NPEGbILUAen SMOmM noKazameb Osi Xumudeckoeo ogueamensi. Oonarko
manas msea, obecneuusaemast INEKMpopaKemHvimM 0gueamenem, nPUSOOUm K GblCOKOU ONUMENbHOCMU MPAHCHOPMHOU
onepayuu u, KaK cireocmeue, K 3HAYUMENIbHOMY 6peMeHU 6030eliceust (hakmopog KOCMUYeCKo2o0 NpOCmpaHcmed,
8 4ACMHOCMU, PAOUAYUOHHO20 U3LYYEHUS, NOIMOMY NPUMEHEeHUe MOAbKO IJIeKMPOPAKemHo20 08u2ameis He 6ce20d
yoosnemsopsien mpeboeaHusm K MUCCULL.

OO0HUM U3 NEePCREKMUBHBIX HANPABNIEHU NOBbIUEHUS IPPDEKMUSHOCU MPAHCHOPMHBIX ONEPAYULl ABTIAEMC KOM-
bunuposanue ¢ cocmage 08U2AMENLHOU YCMAHOBKU MPAOUYUOHHO20 XUMUYECKO20 U INEKMPOPAKEMHO20 08Uucameel.
Paznuunvle acnekmol npumenenusi NOOOOHOU KOMOUHUPOBAHHOU O8USAMENbHOU YCMAHOBKY, COCMOosueli U3 cojl-
HEYHOU 2NeKMPOPAKEMHOU YCMAHOBKU U PA320HH020 b10Ka « Ppecamy, paccmampueanucy, Hanpumep, ¢ pamkax HUP
«/{euna TM».

B omauuue om xumuueckozo dsueamens, 8 KOMOPOM IHeP2USL BbICEOOOINCOACMCSL U3 XUMUUECKUX C8si3€ll, IHepausl
0711 YCKOpeHust paboyezo meia 371eKmpopaKemubim ogueamenem noogooumcs uzste. Haubonvwee pacnpocmpanenue
8 Kauecmee UCMOYHUKA DHEPIUU HA OKONO3EMHLIX OpOumax, 20e GeluyuHd CONHEYHO20 U3NYYeHUsi OOCMAamo4Ha
071 y0081emeopenUs NOmpeOHOCmell KOCMUYEeCKO20 annapama 8 dHepeuu, noayuunu connednvie bamapeu. Conneynvie
bamapeu 4yecmeumenbHbl K paouayul, 6 ux HympeHHel CmpyKkmype Hakaniugaomcs NO8PedCOeHUs. U Ux Xapaxkmepu-
CmuKYU 0e2paoupyrom, NodIMoMY CyWecmayem nompeoHoCms 8 yuene HAKONIEHHOU 3a 8PeMsl BbINOIHEHUsL MPAHCHOPHI-
HOU onepayuu paouayuoHHot 003bl U OYEHKEe CHUICEHUS IPDekmusHocmu conneunvix dnemenmos. Hepasnomepnas
UHMEHCUBHOCTb 0DIYYEeHUs 8 CHOPMUPOBAHHBIX MACHUMHBIM NOAEM 3eMiU paduayuoHnbIX nosicax (nosica Ban Annena)
Modicem Oblmb yumeHd, eciu NpooOUmb OYEHKY UHMEHCUBHOCMU PAOUAYUU 8 MOYKAX MPAEKMOPUU BbINOIHEHUS.
Manespa ¢ UCNONb308AHUEM MOOETU PAOUAYUOHHBIX NOSICO8 3eMilu.

B pabome npeonacaemcsa memoo, nossoaarowuti yiecms 8030elicmsue UOHUUPYIOWe20 UsIyYeHUs Ha 0ecpaoayuio
CONHeYHbIX bamapell npu 8bINOJIHEHUU MPAHCHOPMHOU Onepayuu ¢ UCHONIbL308AHUEM KOMOUHUPOBAHHOU 08U2AMENbHOU
yemanosku Ha ocHoge JKPJ[ u DPIY ¢ yuemom vibpanHoll mpaekmopuu i MOOeau paouayuoHHo20 nosca 3emiu.

Knouesvle crnosa: koMOUHUPOBAHHAS OBUSAMENbHASL YCMAHOBKA, INEKMPOPAKeMHbLI 08ueameib, paouayuOHHbLil
nosic 3emnu, conneunas bamapes, 0e2padayusl.

Introduction. Transport operations that ensure the using a particular engine in different phases of the trans-
change of the orbit of a spacecraft or its transfer to the port operation, increasing its overall efficiency. Various
departure trajectory are an integral part of almost all space  aspects of the use of such an integrated propulsion system
missions. Increasing requirements for the efficiency of consisting of a solar electric jet system and “Fregat”
transporting spacecraft form the need to search for possi-  booster was considered in the framework of “Dvina TM”
ble ways to increase this efficiency and assess the charac-  research project [7].
teristics associated with the proposed methods. Current Unlike a chemical engine, in which energy is released
boosters and interorbital tugs, as a rule, use a chemically from chemical bonds, the energy for accelerating the
powered cruise engine, although solutions with the use of ~ working fluid by an electric jet engine is supplied from
an electric jet engine are becoming more common [1].  outside. Solar batteries (SBs) based on semiconductor
Due to the high rate of the outflow of working fluid which  photocells are the most widespread energy source in near-
is much higher than that of combustion products in a earth orbits, where the amount of solar radiation is suffi-
chemical engine, the efficiency of use of the substance cient to meet the energy needs of a spacecraft. SBs are
mass by an electric jet engine significantly exceeds this  subject to degradation under the influence of high-energy
indicator for a chemical engine [2]. However, the low charged particles [§—10]. Uneven irradiation intensity in
thrust provided by the electric jet engine leads to high radiation belts formed by the Earth’s magnetic field (Van
duration of the transport operation and, as a result, to con-  Allen belts) [11; 12] suggests that accounting for the in-
siderable time of exposure to the outer space factors, in  tensity of radiation exposure should be carried out along
particular, radiation [3—5]. Therefore, the use of the elec- the trajectory of the maneuver and taking into account
tric jet engine only does not always meet the requirements  the model of the Earth’s radiation belts.
for the mission. To assess the impact of heavy ions (HIs) on the degree

One of the promising ways to increase the efficiency  of degradation of the SBs, design programs have been
of transport operations aimed at changing the orbit of a  established in Russia and abroad. For example, in Russia,
spacecraft or transferring it to departure trajectories is the  the Research Institute of Applied Mechanics and Electro-
use of an electric jet engine as a part of a booster with a  dynamics (RIAME) of Moscow Aviation Institute (MAI)
traditional chemical propulsion system [6]. It is assumed created BUKSIR program [13], which allows estimating
that this combination of engines of different types allows by calculation the degree of degradation of any of the
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30 types of solar batteries depending on the spacecraft
flight altitude, orbit inclination and time spent in this
orbit.

European Space Agency (ESA) has developed
SPENVIS (Space Environment Information System) pro-
gram [14], which allows estimating radiation doses accu-
mulated by spacecraft and their elements during the flight,
depending on the specified orbits and time spent on them.
The program also made it possible to predict a decrease in
the efficiency of SBs during their active existence de-
pending on the types of SB cells, types and thickness of
protective coatings, and to take into account the obtained
data when designing both the spacecraft themselves and
their electric power supply (EPS) systems and developing
ballistic maneuvers extending the active lifetime (ALT)
of spacecraft (SC).

Existing software for evaluating the effects of radia-
tion on spacecraft, such as SHIELDOS, SPENVIS, STK
SEET, allows calculating the integral dose accumulated
by the SB, assessing the degradation of photocells de-
pending on their type and thickness of the protective coat-
ing. However, this software does not satisfy the needs of
studying the characteristics of degradation of solar cells
when performing active maneuvers using high and low
thrust engines according to a specific cyclogram, which
occurs when performing a transport operation using an
integrated propulsion system. Therefore, basic methods
and algorithms published in the public domain were used
to conduct the study and a method that allows solving the
problem in the desired formulation was proposed on their
basis.

Considerable flight duration on low thrust engines re-
quires substantial computational powers to perform nu-
merical integration of differential equations used for the
mathematical description of various phases of the general
maneuver. The need for practical implementation of the
numerical experiment required the simplification of the
models in use, the optimization of the algorithms and
computational methods in use, as well as the application
of computers with high computational capabilities.

Motion Model. The transport operation of the copla-
nar transition between circular orbits (from low to high)
was investigated. In general, the problem of estimating
the effect of the composition of an integrated propulsion
system on the integral dose of radiation when orbiting a
spacecraft was considered by the authors earlier in [15].
In addition to the methodological interest in terms of de-
veloping a method for assessing the degradation of solar
panels and the effect of the composition of the integrated
propulsion system on it, such an operation may be of
practical interest, since there are promising projects for
placing into geosynchronous orbits for which the trans-
port operation has a high similarity with the idealized one
[16].

The flight maneuver between coplanar circular orbits
(from a smaller to a bigger one) consists of 2 phases
(fig. 1):

1. Gomanovsky flight using high-thrust engines;

2. Retrieval of the spacecraft to the target high-
elliptical orbit along a spiral trajectory by low-thrust en-
gines.
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The optimality of a two-pulse flight along a semi-
elliptical trajectory in the chemical phase is shown in
[17]. The flight between circular coplanar orbits with the
help of a low-thrust engine is considered in [18].

Fig. 1. Flight trajectory of artificial earth satellite
(AES) from low earth orbit (LEO) to geostationary
carth orbit (GSO) using integrated propulsion
system (IPS)

Puc. 1. TpaexTopust nepenera HCKyCCTBEHHOTO
cinytHuka 3emid (MC3) ¢ HU3KOH OKOI03eMHOM
op6utsl (HOO) Ha reocTaliioHapHYIO OKOJIO-
3emHy0 opouty (I'CO) ¢ ucronszoBanuem
KOMOWHHMPOBAHHOH ABUTATENBHOM
ycranoBku (KZY)

Knowing the initial mass of the SC, the parameters of
the used propulsion engines (PE) that are parts of the IPS
(thrust, specific impulse), the parameters of the initial and

final orbits, one can enter a parameter k €(0+1) that

determines the position of the intermediate circular orbit
to which the SC is placed using the high-thrust engine
along Gomanovsky transition orbit.

RZ:R1+k(R3—Rl), (1)
where R, is the radius of the LEO, R; is the radius
of the GSO.

The parameter £ uniquely specifies the radius of the
intermediate orbit R,. A cyclogram of engine operation

can be constructed on the basis
dependencies.
The first phase of the maneuver is performed

according to Gomanovsky two-pulse flight. On the basis

of analytical

n

Ul

of ballistic calculations, for a given ratio of orbits 7 =

the necessary increments for the first and second pulses
are the following:

2r
AV, =V, -1, 2
i 1( 1 J (2
1 2
AV, =V, —|1- , 3
2 lﬁ( 7+1] ()

where V] is the velocity of the SC in the initial circular
orbit:
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V= ; “4)
i
where n is the gravitational parameter of the Earth.
The required expenses of the working fluid will be:
Am = M(l—exp(—ﬂj) s %)
Isp

where M is the mass of the apparatus before issuing the
corresponding impulse; /g is the specific impulse real-

ized by the CE (chemical engine).
Pulse durations will be:

Am
At = ISP ? N (6)
where R is the thrust of CE.
Moments of impulses:

tO = 0 B (7)

3
f=m (8)

Hg

where a is the semi-major axis of the transition ellipse.
As a result of the first phase, the SC is transferred to a
circular orbit with the radius #,. The second phase of the

transport operation begins with the firing of an electric jet
engine and a long transition along a spiral trajectory. En-
gine thrust during the entire time the maneuver is exe-
cuted coincides with the velocity vector. The calculations
are done according to the formulas proposed in [5]

feii]) o

M
At =—| 1-exp| ——
m Igp

gives an approximation sufficient for the problems to be
solved.

The result of the second phase of the transport opera-
tion is the transition to the target circular orbit.

Radiation field model. Depending on the SC parame-
ters, the initial and final orbits and the parameter £, the
SC will move along different trajectories passing through
areas of space with different levels of ionizing radiation
from outer space (IROS).

Ionizing radiation includes the following types of ra-
diation [9; 19-23]:
radiation from the natural radiation belts of the
Earth (NRBE) (protons, electrons, a-particles, nuclei);
solar cosmic rays (SCR) (protons, -electrons,
a-particles);
solar wind (protons, electrons, a-particles);
galactic cosmic rays (GCR) (protons, electrons,
a-particles, nuclei);

— particles in the external magnetosphere (protons,
electrons, o particles), albedo particles (protons, neu-
trons), UDS-radiation from unclosed drift shells (protons,
electrons), particles precipitating during magnetic distur-
bances (protons, electrons) and others.
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Galactic cosmic radiation is characterized by small
fluxes (up to 5 particles x cm ™ x s') and high particle
energies (up to 10% eV).

The primary cosmic rays of galactic origin can be at-
tributed to sources of NRBE particles (high-energy pro-
tons resulting from the decay of albedo neutrons formed
by GCR particles interacting with atmospheric nuclei).

SCRs are formed during chromospheric solar flares.
Large fluxes of high-energy SCR particles can pose a
radiation hazard to semiconductor radio-electronic prod-
ucts (REP), which are a part of the SC instrument cluster.
The total dose of radiation received by a spacecraft
throughout the maneuver can be obtained by integration
of individual doses obtained while the spacecraft is at a
particular point in space, the level of IR (ionizing radia-
tion) in which is known.

A dipole is adopted as a model of the Earth’s magnetic
field, whose axis is shifted relative to the geographic axis
by 11.4 degrees [20; 24-26]. It is known that the intensity
of charged particles fluxes has a high spatial gradient.
A change in distance by 3 % creates a change in the flux
intensity by 10 times at small heights in the inner zone.
Therefore, it is not possible to use the dipole model in
Cartesian or polar coordinates to determine the intensity
of charged particles fluxes. One must use a coordinate
system suitable for this task.

The most commonly used coordinate system is that of
Mcllwain [27-29], in which the fluxes of charged parti-
cles with equal intensity are placed on surfaces that can be
described in L-B coordinates. A spatial distribution of
intensities which formed the basis of the AP8 and AE8
models for protons and electrons, respectively [30] was
obtained on the basis of experimental data collected dur-
ing launches of the satellite for studying the Earth’s mag-
netosphere.

Since solar cells cannot be protected by a layer of con-
siderable thickness, it is necessary to use the values of
both protons and electrons of the entire energy spectrum
for the purpose of studying the effect of Hls on their deg-
radation. Fluence is conveniently accumulated in the
energy zones described in documents AP8 and AES.
Integral fluence accumulated during the entire transport
operation can be obtained by integrating with preservation
of the division of the influencing flows into energy zones
(separately for protons and electrons):

D(E):jp(f,E)dt, (10)
T

where D is the accumulated fluence for HIs with energy

in the range of E zone; P(7, E)is the intensity of radiation

at the point of space 7 =[x yz]T for HI with energy

in E zone.

The model of solar cells degradation. Solar cells are
the most common source of energy for SC. Solar cells
based on monocrystalline silicon are the most common
ones, their production technology is well developed, and
the efficiency of modern elements is high. Elements based
on gallium arsenide are less common; they have a number
of advantages and greater efficiency, but their production
is relatively poorly developed, and the cost is noticeably
higher than that of silicon ones.
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Fig. 2. Degradation of solar cells power depending
on the integral fluence of 1 MeV monoenergetic electrons

Puc. 2. Jlerpagamust MOITHOCTH COJTHEYHBIX ()OTODIEMEHTOB B 3aBUCHMOCTH
OT MHTETrPajJbHOro (III0eHCa MOHODHEPTETHYECKHX dIeKTpoHOB 1 MaB

Solar cells operating in space conditions undergo the
effect of gradual degradation of their characteristics under
the influence of defects accumulation due to the influence
of HIs [31]. Several mechanisms of the influence of Hls
on the solar cells structure are known and theoretically
described [9].

There are a number of techniques [8; 32; 33] for esti-
mation of the degradation of solar cells characteristics
under the influence of radiation exposure. JPL method
was used for the purpose of the conducted research. Ac-
cording to this method the effect of mono-energetic elec-
tron flux with energy of 1 MeV on solar cells without
protective coating is experimentally evaluated. Measure-
ments are carried out on installations with an appropriate
energy source and a measurement system that records
changes in the characteristics of solar cells. The depend-
ence of the characteristics (short circuit current, no-load
voltage, maximum power) on the total effect of the radia-
tion flux is constructed on the basis of the experimental
data obtained. On the basis of theoretical models of deg-
radation and their subsequent verification by experiments,
it is generally accepted that the effects of other Hls can
be reduced to the effects of electrons with the energy
of 1 MeV. Thus, it becomes possible to determine the net
effect from different types of HIs (electrons and protons)
of a wide energy spectrum taking into account various
protective coatings.

The formula proposed in [13] which describes the de-
crease in power from the integral fluence

1.8
N Ds Dy
=1+0.0241-log (IOT] —0.0466- {log[loﬁﬂ , (1)

0

agrees well with the experimental data on solar cells pro-
vided by manufacturers [34-36] (fig. 2).

Integral fluences accumulated during the transport op-
eration in various energy spectra can be converted into an
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equivalent monoenergetic fluence of electrons with
energy of 1 MeV for a given type of protective coating
according to the formula (12) published in [8]:

_ J‘dq’ (Eg)

dEEE ‘RDC(Eg,t)dE; +

(DIMe Velectron

O, (E
dP—(P)'RDC(EP,t)dEP,

)

(12)

P
do,(E,
dE,
electrons and protons
RDC(E,.t), RDC(Ep.1)
lent damage from the action of HIs with energy E with
a protective coating of thickness ¢, Cp; is the experimen-

is fluence density of

the
is the function of equiva-

on energy  spectrum,

tal coefficient of conversion of proton fluence into elec-
tron fluence.

Algorithm and simulation. The data obtained during
the ballistic planning of a transport operation form a se-
quence diagram of a transport operation. This approach
allows solving the following tasks:

— to check the correctness of the ballistic planning;

— to get the fluence values at the point of space where
the SC is currently located and to determine the integral
dose of exposure.

The dynamics of SC flight is simulated in the geocen-
tric inertial coordinate system. To reduce computational
complexity, it is considered that the starting point of the
maneuver coincides with the axis of the inertial GCS
(geocentric coordinate system). The axis of the magnetic
dipole rotates with the rotation of the Earth. To calculate
the level of IR (ionizing radiation) at the current point in
space, the coordinates of the inertial GCS are converted
into dipole coordinates, after which the IR values are cal-
culated in accordance with AP8 model.
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A mathematical model was constructed to study the
effect of phase distribution for IPS engines on the integral
dose obtained by the SC during the time of the maneuver.
The model solves the following main tasks:

— flight planning;

— iterative modeling;

— estimation of the radiation intensity of electrons and
protons of different energy spectrum.

The algorithm of numerical calculations correspond-
ing to the proposed model is shown in fig. 3 and consists
of a series of sequential operations:

1. The SC parameters and the IPS engines parameters
are set.

2. The initial and final orbits, the distribution of the
trajectory maneuver between phases 1 and 2 are set.

3. The initial state vector (position, speed, accelera-
tion) is set.

4. The scheduler performs calculations according to
the specified parameters and draws a sequence diagram
for starting the engines.

5. The solver performs the sequence diagram step by
step, determining the coordinates of the SC at the next
step, calculates and sums up the value of the particle flux
at a given point in space.

6. The output unit forms a flight trajectory and an out-
put data set corresponding to a given input data set.

Simulation results. Final characteristics and flight
trajectories were obtained for different phase relations. An
example of the resulting trajectory is shown in fig. 4.

The effect of the parameter & determining the ratio of
the fraction of the total maneuver per part of the transport

Begin

Trajectory
planing

-

Translate to
Mcllwain's
coord. system

operation performed by the booster to the integral dose of
radiation obtained by the SC during the execution of the
maneuver was studied during the simulation. The
parameter k varied in the range of 0+1 with a step of 0.1.

The following parameters and initial conditions were
adopted for the research:

— the transport operation consists in the transition
between circular coplanar orbits. The initial orbit (LEO)
is 200 km high in the equatorial plane, the final orbit
(GSO) is 35786 km high;

— the initial mass of the entire system is 3000 kg;

— CE: thrust is 20000 N, specific impulse is 330 s;

— EJE: thrust is 0,2N, specific impulse is 2000 s.

The analytical formulas used for planning the
cyclogram of a transport operation are verified by the
method of numerical integration using a physico-
mathematical model. Deviations of the radius of the final
orbit from the specified one obtained by numerical
integration based on an analytically planned cyclogram
are reflected in fig. 5

The flow of HIs is calculated by energy zones for each
point of the trajectory. Fig. 6 shows the calculated equiva-
lent fluence of a monoenergy flux of electrons with the
energy of 1 MeV.

Calculations of residual efficiency carried out by for-
mula (11) for different & (fig. 7) show that transport op-
erations with £ < 0.3 have a significant effect on the deg-
radation.

Due to the variable integration step, the number of
calculated points of the trajectory for the most compli-
cated case did not exceed 800 thousand (fig. 8).
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Fig. 3. Simulation flowchart
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Transfer from LEO to G5O with CPS (k=0.5)
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Fig. 4. Trajectory example
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Fig. 5. Deviations of the radius of the final orbit from the specified one
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In previous calculations performed with a fixed inte- tational power and the deviations of the calculations over
gration step the number of calculation points exceeded 10  the entire range of the coefficient k. The computational
million, which made the calculation of the equivalent flu-  complexity illustrated by the time of calculation depend-
ence impracticable within a reasonable time frame. ing on the parameter k (fig. 9) is significant even at the

The specified accuracy of integration was selected tak-  current level of computational tools and required special
ing into account the balance between the required compu-  measures to obtain results in a finite time.
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Fig. 7. Residual efficiency of SBs
Puc. 7. Ocratounsiit KITJ1 Cb
1 000 000
100 G
10 00g

1000

Number of
trajectory points

100
0 01 02 03 04 05 06 07 08 D9 1

Part of chemical phase

Fig. 8. The number of points of the trajectory
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Fig. 10. Duration of the transport operation
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The duration of the transport operation depending on
the parameter k is displayed in fig. 10.

The mass dependence in the final orbit is shown
in fig. 11. It can be seen that the use of EJE in the booster
allows placing a large mass into the final orbit.

Conclusion. The influence of the choice of the ratio
between the parts of the performed maneuver between
different types of engines of the integrated propulsion
system of the booster is considered. A method is proposed
by which the influence of ionizing radiation in near-Earth
space on the degradation of the characteristics of a SC
solar battery has been evaluated. It is shown that the use
of a low thrust engine throughout the transport operation
leads to a significant amount of accumulated radiation
dose and, as a result, to decrease in the efficiency of the
solar battery. Reducing the efficiency requires increasing
the area of the SB and, accordingly, increasing its mass.
The use of IPS consisting of high and low thrust engines
allows not only flexibly controlling the flight time, vary-
ing the ratio between the phases of the transport operation
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performed by various types of engines, but also reducing
the degradation of SB from the effects of ionizing radia-
tion, providing a short time of SC presence in the Earth
radiation belt zones due to the implementation of this
phase using IPS. The developed methodology and
the results obtained are an integral part of the work on
a reasonable choice of the composition of the integrated
propulsion system based on “Fregat” booster with an
additional EJE.
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AN APPROACH TO GROUND TESTING OF ROCKETS AND SPACE VEHICLES
ON TRANSIENT PROCESSES BY COPRA-SPRING STAND

A. Yu. Bondarenko, A. Yu. Mitin, V. A. Tolchenov, A. N. Eykhorn*, O. A. Yuranev

Central Scientific-Research Institute of Mechanical Engineering
4, Pionerskaya St., Korolev, 141070, Russian Federation
*E-mail: EykhornAN@tsniimash.ru

The authors propose an approach to research tests of copra-spring stand, designed for testing rockets and space-
craft on inertial forces of a pulse character. The authors present the design of the stand, consisting of two main parts:
mobile and stationary.

The authors present a method for calculating the magnitude of the load factors and the oscillation frequency of the
test object, and calculate the parameters for adjusting the spring stiffness. They describe the possibility of carrying out
dynamic tests for imitating transient loads that hermetic structures such as modules of habitable orbital stations, loaded
by internal pneumatic pressure, withstand during their lifecycle.

The authors present the results of research tests when the stand without any additional weight was falling from the
height of 20, 35 and 50 mm. They determine the levels of axial and transverse accelerations on the envelope of the stand
and the lower ring. A comparison of the original and filtered signal from the load factor sensors obtained in each test
case was made. The authors present the results of calculating accelerations of the moving part of the stand using the
video processing of the experiment. To determine the position of the stand envelope they developed special software.
The essence of the software was to determine the coordinate of the border of the color change from the frame height
from a light color to a darker one using averaging in rows. The authors show that the results of a comparison of man-
ual frame-by-frame measurement and data obtained by the software method indicate a sufficient convergence of the
results using a drop from the height of 20 mm experiment. The comparison of axial loads obtained by various methods
is given, when the moving part of the stand is thrown from the height of 20, 35 and 50 mm, respectively. The zero time
points for the video and accelerometers were determined so that the first maximum is reached simultaneously.

According to the results of research tests, the authors describe the development and validation of the finite element
model of the stand. The calculations were carried out in a nonlinear formulation, which makes it possible to correctly
take into account the loading of the stand at all stages, using the method of direct solution of the equations of motion.
The authors show the results if calculating the time dependences of displacements and load factors at the sensor instal-
lation places and a comparison with the experimental results, which shows a good convergence.

Keywords: copra-spring stand, ground tests, transient processes.

O CIIOCOBE ITPOBEJTEHUSI HA3EMHOM OTPABOTKH U3JIEJINIA
PAKETHO-KOCMHWYECKOHN TEXHUKHN HA NIEPEXO/IHBIE ITPOLECCHI
C HCITOJIB30BAHUEM KOITPOBO-IIPY;KMHHOI'O CTEHJIA

A. 10. bonpapenko, A. 0. Mutun, B. A. Tonuenos, A. H. Diixopa*, O. A. IOpanes
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Onucvlgaemcs n00xo0 K npo8edeHUr0 Uccied08amenbCKux UCNbIMAHUN KONPOBO-NPYHCUHHO20 CIMEHOd, CIYHCAULe20
0N 8OCNPOU3BEOCHUsl UHEPYUOHHBIX HASPY30K UMNYAbCHO20 Xapakmepa. Onucvleaemcsi KOHCMPYKYusi CMenoa,
cocmosiye2o uz 08yxX OCHOBHBIX YACMell.: NOOBUNCHOU U HENOOBUICHOI.

Ipusooumcs memoo pacuema enudunbl nepPespysKu U 4acmomol Kojaebanutl 00beKma UCHblMaHuil, a makice npo-
U3800UMCsL pacuem napamempos pecyiuposKu dcecmrkocmu npysicur. Onucelaemcs. 803MONCHOCHb NPOBEOCHUs.
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OUHAMUYECKUX UCTLIMAHUTL OTI5L BOCNPOU3BEOCHUSI HASPYIHCEHUS. 2EPMEMUUHBIX KOHCMPYKYULl muna mooyiel obumae-
MbIX OpOUMATILHBIX CIMAHYULL NPU NEPEXOOHBIX NPOYECCAX ¢ YHemOM HYMPEHHE20 NHEeEMAMUYEeCK020 0ABNEHUs.

Onucvlgaemcs npoyecc npogedeHuUs: UCCie008amenbCkux ucnvimanuil cmenod. Bvicoma copoca pasusnace 20, 35
u 50 mm. Onpedenenvl ypoGHU 0CesbIX U NONEPEUHbIX Nepespy30K Ha obeuaiike cmenda u HudxcHem Konvye. TIpugooumcs
cpaghenue UcCxo0H020 U PUILMPOBAHHO20 CUSHALA ¢ OAMYUKOS NepecPY30K, NOIYUEHHbIX NPU KANCOOM CLyHae UCHbl-
manu. /[na onpedenenus noaoxceHus 06eyatiku cmeHoa paspabomano cneyuaibHoe npozpammHoe obecnedenue, cymo
KOMOPO20 3aKIOUANIACH 8 ONpedesieHUU KOOPOUHAMbL 2PaAHUYbL nepexo0d Yyeema no blCOme Kaopa u3 Cemio2o ygema
6 6onee MEMHBLIL ¢ UCTONL30BAHUEM OCpeOHeHusi 6 cmpokax. CpasHenue pyuHO20 NOKAOPOBO2O 3amepd U OAHHbIX,
NOLYUEHHBIX NPOSPAMMHBIM MEMOOOM, Olisl OOHO20 U3 IKCHEPUMEHMO8 NOKA3bIBAEH UX Xopoulee Co2nacosanue. Jmo
VKA3bl8Aem Ha Xopouiee Kauyecmeo onpedeneHus nepecpy3ok obevaiiku cmenoa. Ilpusedeno cpasnenue nepecpysox,
NOJYYEHHBIX PAIUYHBIMU CROCOOAMU, NPU COPOCEe NOOBUICHOU HaAcmu CMeHOa ¢ pasnuunbix evicom. Hynesvle momenmol
8pemeHl OISl BUOEO U AKCENEPOMEMPO8 ObLIU OnpedeieHbl MAK, Ymodbl O0CMUSANOCH COBNAOEHUE NO NEPEOMY MAKCUMYMY.

Ilo pesynomamam ucciedo8amenbckux UCHbIMAHUl ObLIA Pazpabomana u 6aIUOUPOBAHA KOHEYHO-IIeMEHMHAS MO-
Odenv cmenda. Pacuemvl npogoounuce 6 HeruHeuHou NOCMAHOBKe, NO360AI0Well KOPPEKMHO Y4ecmb HApylceHue
CmeHoa Ha 8cex dIMAnax, ¢ UCHOIb306AHUEM MEMOOd NPSMO20 UHMESPUPO8aHUsl YpasHeruil osucenus. Onpedenenvl
BPEMEHHbIE 3A6UCUMOCTU NEPEMEUCHULL U NepeSPy30K 8 MeCmax YCMAaHOBKU OAmUUK08, d Makice nposedeno cpaghe-
HUe ¢ pe3ybmamamiut IKCnepumMenma.

Kuiouesvle crosa: Konpogo-npysicuHHblii CmeHo, UCHbIMAHUsL, NePexOOHbIe NPOYECChl.
Introduction. As experience confirms the most inten- 1. Raising the stand to the required height and hang-

sive dynamic loads of launch vehicle and space vehicle ing by level with the help of turnbuckles. Before the next
structures occur in a low frequency range i.e. up to 100  step the stand should be at rest.

Hz and are realized in transient processes. Processes of 2. Opening the latches and the stand is in a freefall
this kind appear when rising and dropping propulsion until it touches the lower ring with the stationary part.
system thrust; when starting the launch vehicle and divid- 3. Locking the lower ring of the mobile part with the
ing its stages; under the influence of wind gusts as well as  special latches and measuring the load factor on the mo-
in various abnormal situations [1; 2]. bile part.

The replacement of a non-stationary process with an The load factors and the oscillation frequency of the

equivalent harmonic loading using a vibration stand [3-5]  test object are defined by the number of springs used,
is a generally accepted method of such ground based ex-  their total stiffness and drop height. The calculation of the
perimental testing of dynamic effects. However, with  experiment parameters may be approximately performed
such testing it is possible to obtain significant differences by means of energy conservation law, body motion during
in the maximum levels of overloads and the number of free fall and the theory of mass oscillation on the constant
loading cycles with the peak level is ten times higher than  stiffness spring [11].
the real one [6; 7]. This is especially important in case Nevertheless, this approach does not take into account
when it is necessary to conduct dynamic tests of rocket the mutual movement of the stand moving parts due to
and space technology products that have already been in  prestressing of elastic connectors between them. This
flight operation. process may be modeled using the finite-element method.
Therefore, an alternative approach to the rocket and  The test simulation was performed with the use of MSC
space technology ground testing (its structures, instru-  Nastran software and includes two calculations:

mentation and mounting equipment) is proposed, the es- 1. At the first stage constant inertial load displace-

sence of which is the direct reproduction of transient ment of model nodes is calculated. A vector of initial dis-

processes. placement of the system which is held with the latch be-
A copra-spring stand (fig. 1) installed in the testing fore the drop is a result of this calculation.

room of TsNIIMash temperature and static strength de- 2. The results of the first calculation are used as the

partment may be used for this purpose [8—10]. initial conditions for the second one to simulate the stand

Stand description. Structurally, the stand consists of  motion in the field of gravitation and its oscillation on the
two parts: mobile and stationary which move in the verti-  compression springs after the impact with the base.
cal direction relative to one another. As it is shown in fig. The stand allows the loading of such objects as ICC
1 the mobile part includes a stand envelope, vibration modules, advanced long-term orbital stations, advanced
isolators and a lower ring. The stationary part includes a  launch vehicle elements, reusable space and aerospace
strong ring, guide supports, a top ring and special latches.  systems, advanced manned and transport vehicles weigh-
The stationary part is fixed to the floor. A test object is ingup to 20 t.
attached to the mobile part, whereat it together with the There is no analog for the copra-spring stand with
test object is raised on a pointed height and dropped such characteristics [12]. There are just stands which re-
down. On coming in contact the lower ring is attached to  produce dynamic loads for the test objects of lower
the stationary part into a whole by the special latches. The  masses [13]. Another distinctive feature is creating loads
loading occurs in the process of braking on the base with  of hermetic structures such as modules of habitant orbital

the compression springs. stations with internal pneumatic pressure. It is possible
Testing on the copra-spring stand can logically be di- due to placement of the stand into a pneumatic hydro box
vided into three parts: RM-2 (fig. 2).
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A test object is loaded into the box through the upper
end opening which may, if necessary, be closed with the
armored cover plate if required. The energy intensity of
the breaking test object may come up to 30-10° atm-1 un-
der hydraulic and 10-10° atm-1 under pneumatic loading.

For loading with internal overpressure when perform-
ing the tests an independent pneumatic system is mounted
onto the copra-spring stand (fig 3).

The pressure source (fig. 3, pos. /) is selected on the
basis of volume and required value of the test object pre-
scribed pressure. The balloon reducer (fig. 3, pos. 2)
lowers the pressure providing the necessary pressure in
the test object. The safety valve (fig. 3, pos. 3) releases
the pressure when the required value is exceeded.
For complete pressure relief from the test object (fig. 3,
pos. 5) a relief valve is provided. The internal pressure
is monitored according to the pressure sensor readings
(fig. 3, pos. 4).

Research tests operation. Research tests were carried
out on the described above stand. They included a drop of
the mobile part on the stationary one without the test ob-
ject. The drop heights were 20, 35 and 50 mm (three
drops from each height). Herewith, the levels of axial and
transverse overloads on the envelope of the stand and the
lower ring were determined. During the tests a minimum
set of springs (4 pcs) was used; the expected frequency of
the stand longitudinal oscillations was ~3 Hz.

The primary transducers location is shown in fig. 4.
The magnitude of the overloads was determined by the
accelerometers readings and the dump height was
estimated by the readings of the displacement sensors.

When testing the axial load on the upper ring was
measured by the parameters of Bl, B4, B10 and B13.
In fig. 5 raw results by the parameters of B4, B13
obtained by the drop from the height of 20 mm are
shown.

Fig. 1. General view of the main elements of the copra-spring stand

Puc. 1. O6HII/Iﬁ BHJI OCHOBHBIX HUCIIOJIHUTCIIBHBIX 3JICMCHTOB
KOIPOBO-TIPYKUHHOI'O CTCHA

n.f:m:aqm _*.:ib

__p-.'ll— i e Sl =

Fig. 2. General view of the pneumatic hydro box RM-2

Puc. 2. O6mwuii Bug mHeBMoruapodoxca PM-2
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Fig. 3. Internal pressure loading system:
1 — pressure source (balloon etc.); 2 — balloon reducer; 3 — manual adjustable safety valve;
4 — pressure meter; 5 — adjustable manual faucet; 6 — flexible sleeves

Puc. 3. Cucrema HarpyxeHUsI BHyTPEHHHUM JIaBJICHHEM:
1 — ucTouyHNK faBieHus (OaJIOH, paMIla, MOHOOIOK U T. I1.); 2 — PeXyKTOp OaJUIOHHBIH;
3 — KJ1anaH MpeoXpaHUTENbHbBIN PEeryTupyeMblil pydHOl; 4 — TaTYNK JaBICHUS; 5 — BEHTUIIb
PYUHOI perynupyemblii; 6 — rHOKHe pyKaBa

Fig. 4. Layout of primary transducers:
JI11... 1114 — Motion sensors; B1...B18 — accelerometers

Puc. 4. Cxema pa3MeleHus IEpBUYHBIX IIpeoOpa3oBaTenei:
JIIL.. . J1I14 — naTunku nepememienus;; Bl...B18 — akcenepomerpsl

| ——-B4a ——B13

o - e

i

o 0.5 ﬁm&, s 15 2

Fig. 5. Raw results from the sensors B4, B13. Drop from the height of 20 mm

Puc. 5. HeoGpaboranHble pe3yibratsl ¢ gaTunkoB B4, B13. Copoc ¢ BicoTsl 20 MM

57



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 20, Ne ]

[

-

=

Cverload, g

L]
[y

0.5 1.5

Tilll’IE. s

=]
¥

pverlaad.

]
|

i
(%)

05 1.5

[

Tinte, s

Fig. 6. Comparison of low-frequency components of basic overloads for various parameters (/eff). Comparison
of the original and filtered process (right). Drop from the height of 20 mm

Puc. 6. CpaBHenne HU-coCTaBISFONIMX 3aMUCEH OCEBBIX MEPETPY30K MO PA3TMYHBIM MapamMeTpam (cresa)
Y CPaBHEHHUE UCXOJHOTO U (PUIBTPOBAHHOTO Iporiecca (cnpasa) npu copoce ¢ 20 MM

The high-frequency component of the overload data
records is related to the self-oscillation excitation of the
stand parts. At this stage the stand vibrations at the main
longitudinal frequency arouse great interest. Therefore,
the data on overloads were filtered out with a low-pass
filter without a phase change using the Matlab software.
Within the low-frequency range of axial overloads the
parameters located in the same vertical plane do not differ
(fig. 6, left), that is why non-coplanar sensors B4 and B13
were chosen for further study. The differences of these
sensors readings are due to the presence of an additional
component from the transverse oscillations of the stand
envelope at frequencies close to the fundamental fre-
quency of the longitudinal vibrations.

In fig. 6 (right) the comparison of raw and filtered
signals for the sensor B4 when dropped from the height
of 20 mm is shown. A similar pattern may be observed
in other tests.

Along with the readings of the overloads sensors,
when analyzing the results, an assessment was made of
overloads levels based on the video of the stand envelope
displacement with a frame rate of 120 fps.

To determine the position of the stand envelope spe-
cial software was developed. The essence of the software
was to determine the coordinate of the color transition
boundary by the height of the frame from light to darker
colour using averaging in rows. To break video record
into the frames and cut pieces from frames the open pro-
gram “ffmpeg” was used. For verification of the devel-
oped software manual frame-by-frame measurement of
the stand envelope coordinates from time to time was
made for one of the experiments.

It turned out that the developed method allows to de-
termine the displacement of the stand mobile part with
good accuracy. Thus, the obtained video data may be used
for interpretation as well. The further video recordings
were processed with the use of the open library PIL
(Python Imaging Library). The obtained records of dis-
placement were smoothed out with a low-frequency filter
without the phase displacement in order to eliminate inter-
ference of records errors and cutting inaccuracies. Axial
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overloads were calculated by double differentiation of
displacement records over time.

A comparison of overloads obtained in various meth-
ods when the stand mobile part was dropped from the
height of 35 mm is shown in fig. 7. Zero points in time
were defined so that the acceleration peaks coincided.

The comparison of overload levels in parameter B4
for a series of three drops from the height of 35 mm is
shown in fig. 8. As the figure shows these overload levels
are in good agreement.

According to the research tests, the finite element
model of the stand was developed and validated under
MCS Nastran [14; 15] (fig. 9).

The copra-spring stand structure is a three-
dimensional mechanical system of complex design-layout
scheme whose parts possess essentially different bending
and dissipative characteristics. The finite element method
was used for calculation. This calculation was carried out
in a nonlinear formulation which made it possible to cor-
rectly take into account the stand loading at all the stages
using the direct integration method of the equations of
motion.

In order to simulate the inelastic nature of the mobile
and stationary parts collision at the contact position, an
additional force is applied to the central assembly on the
stand lower part. The magnitude of the force is chosen in
such a way as to avoid reverse movement of the mobile
part.

The calculation was carried out using the direct inte-
gration method of the equations of motion. The damping
parameters were set in such a way that the calculated
values of the accelerations corresponded best to the
measured ones. As a result, the time dependences of
displacements and overloads at the sensor installation
sites were determined, and a comparison was made with
the experimental results.

In fig. 10 a comparison of experimental (recorded and
obtained by video processing) and calculated overloads at
the sensor B4 installation site is shown. All the data is
given after the low-frequency filtration.
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Fig. 7. Comparison of data with accelerometer and video.
Drop from the height of 35 mm
Puc. 7. CpaBHEeHHE TaHHBIX C aKCEJIEPOMETpa U BHIACO
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Fig. 8. Overload comparison. Drop from the height of 35 mm

Puc. 8. CpaBHeHue neperpy30K npu cOpocax ¢ BBICOTHI 35 MM

Fig. 9. Finite element model of the movable part of the copra-spring stand

Puc. 9. KoneuHnosaeMeHTHast MOJE/Ib ITOABIKHONM YaCTH
KOIIPOBO-TIPY>KMHHOT'O CTEHIA

59



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 20, Ne ]

2 .
Filter

1 J Caleulation
| Buneo

0 -"c‘_\l_-:-.. o —

e
-1
-2
0 056 1 1.5

2

\
\ A~

\/

— -

R,
4

-2

05 1.5

Fig. 10. Comparison of calculated and experimental overloads. Drop from the height of 20 mm (/ef?)
and drop form the height 50 mm (right). High-frequency components in dependencies are deleted

Puc. 10. CpaBHeHHE pacUeTHBIX U AKCIIEPUMEHTANBHBIX TIeperpy30k mpu copoce O ¢ BoicoThI 20 MM (c1esa)
u 50 MM (cnpasa). BU-cocTaBnsiomue B 3aBUCHMOCTSX yOpaHbI

As the fig. 10 shows it was possible to achieve good
agreement between the calculated and experimental data
at the fundamental frequency of the stand longitudinal
vibrations (~3 Hz for the used set of springs).

The high-frequency component in the overloads
records (see fig. 5) is due to the bending vibrations of the
stand envelope at the frequency of ~ 55 Hz (53.6 Hz and
55.2 Hz in the calculation model). Such a coincidence of
the calculated and experimental tones additionally
indicates the correctness of the developed model. It
should be noted that this frequency may vary significantly
depending on the test object and equipment used.

Conclusion. Thus, according to the results of the
conducted research tests, it was possible to achieve a good
agreement between the calculated and experimental data
on overloads at the main frequency of the stand
longitudinal vibrations. The developed model may be
used to determine the test conditions and loads evaluation
of the test object. Before testing, it is recommended to
conduct a series of drops without the test object for
additional validation of the stand finite element model.
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A mathematical model of the aircraft avionics thermal state describing the heat exchange of the onboard equipment
housing with a honeycomb structure made of a carbon fiber composite, the process of heat transfer of the onboard
equipment elements and the air is developed. The considered heat transfer process in a heterogeneous medium is de-
scribed by the boundary value problem for the heat equation with boundary conditions of the third kind. To solve the
direct problem of the onboard equipment housing with a honeycomb structure thermal state, the Monte- Carlo method
on the basis of the probabilistic representation of the solution in the form of an expectation of the functional of the dif-
fusion process is used. The inverse problem of the honeycomb structure heat exchange is solved by minimizing the func-
tion of the squared residuals weighted sum using an iterative stochastic quasigradient algorithm. The developed
mathematical model of the onboard equipment in the unpressurized compartment thermal state is used for optimizing
the temperature and airflow of the thermal control system of the blown onboard equipment in the unpressurized com-
partment of the aircrafft.

Keywords: mathematical model, thermal state, honeycomb structure, parabolic boundary value problem.
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Paspabomana mamemamuueckas mooenb meniogoco cOCMOsHUsL GOPMOBO20 PAOUOINEKMPOHHO20 00OPYOO8aAHUs
JIemamenvpHo20 annapama, ORUCHIBArWAs Menio0oMeH Kopnyca 6opmoeo2o 060py008aHus ¢ COMOBOl KOHCMPYKyuel
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HOM omcexe ObLia npuMeHeHa O ONMUMU3AYUU MEeMNePamypbl U pacxood 6030YXa CUCHEeMbl 0becnedeHlss Menio8o2o
pesicuma npodyeaemozo 6opmoo2o 0O0pPyO08aAHUs 8 He2epMEMUSUPOBAHHOM OMCeKe IeMAmeIbHO20 annapamd.

Kniouesvie cnosa: mamemamuueckas Moaeﬂb, menjioeoe cocmosAarue, comoeas KOHCMPYKYUs, cemepocernble

CMpYKmypul, Napaboauieckas Kpaeeas 3a0aida.

Introduction. To design the aircraft avionics with a
given reliability is necessary to determine the required
thermal characteristics of the insulated body of avionics
and thermal control system. To do this, the study of the
thermal state of avionics in the aircraft compartment, us-
ing a mathematical model of their thermal state is con-
ducted. The model should take into account the unsteady
heat transfer of the insulated housing, the transfer of heat
energy from one part of the equipment to another by the
air flow, the convective heat transfer of the equipment
elements.

The mathematical model will be a system of partial
differential equations and ordinary differential equations,
the number of which can reach tens or hundreds for real
equipment. Therefore, it is necessary to develop effective
methods for solving direct and inverse problems in the
study of heat transfer of elements of onboard equipment
and estimation of the error of parametric identification.

A physical model of the thermal state of onboard
equipment in the compartment of the aircraft. The
thermal condition of the onboard equipment in the aircraft
compartment is formed by external and internal factors.
External factors include heat exchange between the outer
surface of the avionics and the air environment, radiation
heat exchange of the outer surface of avionics and other
surfaces in the compartment. Inside the onboard equip-
ment, thermal energy is released by the elements of the
onboard equipment and is withdrawn or supplied by the
heat supply system [1].

Mathematical model of the thermal state of on-
board equipment in the aircraft compartment. The
body of the onboard equipment in the aircraft compart-
ment is a structure that includes a heat-protective honey-
comb panel made of carbon fiber composite filled with
air. The process of heat transfer in honeycomb panels is
described by the boundary value problem for the heat
equation with discontinuous coefficients. To solve this
boundary value problem, the Monte-Carlo method based
on stochastic differential equations is used in combination
with the method of wandering in moving spheres [2]. In
general, the heat transfer process in the carbon fiber panel
is described by the equations [1; 3]:

C,OT,, =, (0T,.),, 0<x<l,0<t<t; (1)

}\’cv ()C) F;v ]Ztv,x =
= U’cv,out (t) E’v (T;v (t’ 'x) - T;ir,out (t)) + va,out s X = Os (2)
)\‘cv ()C) F;v ]:‘v,x =
=0, (OF, (T, O -T,(6X) 40, ¥=k ()
T.,0,x)=T,(x), 0<x<l, 4)

where

X € compo ;

"¢ 9 b

Ccv (x) = { o .
C,, xeair,
}me/m , Xecompo;
A (x)= N .
wrs X E€air,

It means, that the coefficients C

> M, depend on
which layer the heat transfer is considered.
In equations (1)—(4) the following notations are used:

T.(t,x) — the temperature of the honeycomb panel;
T,,, —the first derivative 7, of ¢; T,

cv,t v, X

— the first deriva-

tive T, of x; T,

cv,x,x

C_,(x) — volumetric heat capacity of the case honeycomb

— the second derivative T, of x;

panel, determined by the heat capacity of the composite
C and air capacity C,, ; A (/) —the thermal conduc-

compo air ?
tivity of the honeycomb panel, determined by the thermal
conductivity of the composite A and air thermal con-

compo

o — heat transfer coefficient of the

air cv,out

ductivity A

outer surface of the equipment housing; o — heat

transfer coefficient of the inner surface of the equipment
housing; F, — the area of the equipment body for exter-

g

nal and internal heat exchange; O, ,, — heat energy of

external sources; T — the air temperature in the com-

air out

—time; T,

air,in

partment; ¢ — air temperature in onboard

equipment or its part; ! — the thickness of the honeycomb
panel.

The process of heat transfer of the elements of the on-
board equipment is presented in the form of an ordinary
differential equation describing the convective-radiation
heat transfer with the surrounding structures:

L =0, O,/ C(1,(0)~T,)+

ir,m ir

+ Zgj,m /Cm Tj4(t)/7::s _COSm Fm /CmTr:: + m /Cm7 (5)

where 7, — the temperature of m-element of onboard

equipment; T

m,t

— the first derivative 7, of ¢; a,,,

heat transfer coefficient of m-element of onboard equip-
ment; F_ ~ — the area of m-element of onboard equip-

ment in convective heat exchange; C, — heat capacity of
m-element of onboard equipment; g, — radiation heat

transfer coefficient of the system “j-element — m-element
of onboard equipment”; & — emission black ratio of m-

m

element; O, — heat dissipation or heat absorption energy

of m-element by onboard equipment from the air condi-
tioning system and converted from electrical energy.

The equation of air heat exchange in the unpressurized
blown onboard equipment is presented in the form of an
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ordinary differential equation describing the convective
heat transfer of the inner surface of the housing of the on-
board equipment, the elements of the on-board equipment
and the enthalpy transfer from one part of the on-board
equipment to another:

L = Oin O F ) G ([T (6, =T +
2y P/ Cors (=T 0+
j
+ S airi B Coirse Loy =T )y X =1, (6)
where T, ,, T, , — air flow temperatures respectively in
(k-1) and k parts of onboard equipment; .J, , — the

mass rate of the air flow in k& part of onboard equipment;
F, — the total area of the air channels in &k part

of onboard equipment; ¢, — specific heat capacity of air;
C

. — heat capacity of air in k part of onboard equip-
ment.

Summation in equation (6) is carried out according
to the j-element included in the k-part of the on-board
equipment.

Heat capacity of air C,, , is calculated by the equa-
tion:

Cair,k = Cp pair,k (W F

air,ent © air,ent

At + Vair,k )’ (7)

where p,, , — air density in k-part of onboard equipment;
w

air ent

ment; F

air ent

— air velocity at the inlet to the on-board equip-
— the area of air channels at the inlet

to the first part of the on-board equipment; As — time
discretization interval in solving a system of differential
equations; V¥, — air volume in k-part of the on-board

air,k
equipment.
Heat transfer coefficients of surfacesa,,,,, @, >
o, in equations (2)—(6) will be calculated using the

methods described in [3; 4].
The coefficients of radiation heat transfer in equation
(5) are determined by the Monte-Carlo method [5].
Application of the Monte Carlo method to solve the
direct problem of the thermal state of
the honeycomb structure of the housing of onboard
equipment. In the case where the honeycomb panel

(figure) the housing of the onboard equipment is consid-
ered as a homogeneous medium with averaged
coefficients of volumetric heat capacity and thermal con-
ductivity, heat transfer through the housing of the onboard
equipment is described by equations (1)-(4). However,
the averaged thermophysical properties of inhomogene-
ous medium can vary with a change in the direction of
heat flow [6]. For this reason, we also consider the deter-
mination of the thermal state of a honeycomb panel as a
solution to a three-dimensional boundary value problem
for the thermal conductivity equation with a discontinu-
ous thermal diffusivity. Due to the peculiarities of the
method used, it is assumed that the thermal diffusivity
coefficients of the composite and the air are constant.
There is a description of the boundary value problem
below. The area in which the boundary value problem
under consideration is defined is a rectangular parallele-
piped G =(-1,1,)-(-1,,1,)-(0,1;). Where G is the union of
two disjoint subsets: G =G, UG, , where G, —is a subset,

corresponding to the frame and plates limiting the panel,
G, is the union of subsets, corresponding to the cells with
air. The considered heat transfer process takes place on
the time interval [0,T] and is described by the following
boundary value problem for the heat equation:

oT, 0 oT,
[ — lalx v , 8
ot ;8xi(()8xij ®
where
, G
a ()C) — {acompo X e 1 :
acair’ xe G2
T T
a cv — 0’ a cv — 0’ (9)
ox, . 0x, .
a ch — a ch — 0’ (1 0)
0x, |, B ox, :’
oT,
_kcv - = U’cv,out (t) (T:v - T;zir,uut (t)) ’ (1 1)
0x, ot
oT,
cv = = acv,in (t) (7101/ - 71air,in (t)) (12)
0x, et

Honeycomb housing design of onboard equipment
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In (8)—(12) equations the following designations are
used: a a, — thermal diffusivity coefficients of

— heat

transfer coefficients of the panel surface and the air envi-
ronment outside and inside the onboard equipment,
respectively; T T — air temperature at the outer

air,out > air,in

compo air

the composite and air, respectively; o a

cv,out cv,in

side of the panel and the inner, respectively.

In [7] the existence of generalized solutions of bound-
ary value problems with discontinuous coefficients is
proved. Moreover, these solutions can be approximated
by solutions of boundary value problems, in which the
coefficients are the approximations of the initial discon-
tinuous coefficients. For example, it is possible to obtain
an approximate solution of the original problem by
solving the problem with smoothed coefficients based
on integral averaging [8]. In this paper we propose to de-
termine the approximate solution of the problem as a
problem with smoothed coefficients by the Monte-Carlo
method based on the probability of representation of the
solution in the form of a mathematical expectation of the
functional of the diffusion process. Initially, in work [9]
the estimates of the mathematical expectation of this func-
tional were determined on the basis of the numerical solu-
tion of stochastic differential equations by the Euler
method. The disadvantage of this method is its great com-
plexity. A significant acceleration of the calculation was
obtained using the combined method proposed in [2], in
which the calculation of the trajectories of the diffusion
process in air — filled cells (G2) was carried out by the
method of wandering through moving spheres, and along
the frame, bounding the plates (G1) and in their close
area — by the Euler method. Note that the use of the com-
bined method is possible only in the case of constant
thermal properties of the substances that make up the
honeycomb panel. A detailed description of the combined
method is given in work [2].

Algorithm of parametric identification of mathe-
matical model of thermal condition of onboard
equipment. To determine the vector of the coefficients 6
of the model of the thermal state of the honeycomb panel,
the minimum of the function ®(8) of the weighted sum

of squares of residuals [10] using an iterative minimiza-
tion algorithm with the derived functions @ (0) should be

defined. For this purpose, it is suggested to use a variant
of the stochastic quasigradient algorithm with variable
metric [8], in which approximations to the minimum point
are constructed according to the rule:

0" =0 —p, H'V' @, k=0,1..., (13)

where H* — a random square matrix of size /x/; V'® —

gradient of the objective function at a point 0*; p, — step
parameter.
Matrix sequence H" is calculated by the scheme:

HO — I, Hk+1 + ([ _ukvkﬂ(l) . (Ak+le)T)Hk ,

Ak+le — ek+1 _ek (14)

Parameter p, is chosen from the -equality

W, :u/(|Vk”(1)|-|Ak“9 , where p — is such a constant,
that 0 < p < 1.
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At each step of the algorithm, the step parameter is
automatically adjusted p,. If @®©O")>dO"), so

Pin =P, /Y, where y>1 — is a fixed parameter. If
D0 <d(0*), so the following sequence of actions is
performed: p,, =p,'y, 6" =0"—p, H'V*®, and the

calculation (0", i=0,1,....

These actions are performed until the value of the
function @ decreases and the conditions are met:
Punin <Pri <Pmax (PrninsPmax — MiNiMum, maximum step

length, respectively) and i<i — the specified

max (lmax

maximum number of iterations to increase the step). The
values 0", p,,, are assumed to be equal to the values

ek+l,f’ pkj
values @ (0).

Parametric identification of a mathematical model of
the thermal state of the other elements of onboard equip-
ment proposed to carry out the composition method of the
steepest descent method, Newton method and quasi-
Newton method of Broyden — Fletcher — Goldfarb —
Shanno [11].

When solving a rigid system of ordinary differential
equations, it is proposed to use the implicit Rosenbrock
method of the second order [12].

Estimation of the parameters of the mathematical
model of the avionics compartment of the aircraft.
Verification of the proposed theoretical method was per-
formed for onboard equipment in the aircraft compart-
ment, which is a block of onboard equipment in the body
with a honeycomb design. The unit is blown with air from
the thermal control system. The air cools or heats the
elements of the onboard equipment located in the com-
partment. The elements of the block are separated by air
layers. At the same time, the thickness of the honeycomb
structure, temperature and air consumption of the system
for ensuring the thermal regime of the onboard equipment
unit were optimized.

The main criterion for optimizing the thickness of the
honeycomb structure, temperature and air flow of the
thermal control system is the air temperature in the
equipment unit within the limits of 283.15-293.15 K.

The air temperature in the compartment is adjustable
from 253.15 K to 328.15 K [13; 14]. At the same time,
the values of the airflow in the thermal control system
must be within the range of 1.5-2.0 kg/s.

The coefficient of thermal conductivity of the honey-
comb structure of the block body is A_, = 8:10>W/(m-K).

The thickness of the honeycomb structure /., of the
block body took 2:10%-5-107 m.

The vector of coefficients of the model

® = [ lCV T GX'[”Z ]T

stm

that are equal to the minimum of the obtained

(13)
includes the thickness of the honeycomb structure [, in
m, the necessary characteristics of the system to ensure
the thermal control (the values of air temperature 7, in

K and air flow consumption G

stm

in kg/s).
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Estimates of the coefficients of the model @ thick-
ness of the honeycomb structure, for temperature and
airflow consumption, respectively, are equal:

A

® =[0.003 2874 197 .

Joint confidence intervals A® of uncertainty of coef-

ficient estimates (15) (i) with confidence probability
B =0.99 are, respectively, equal to

A® =[0.0004 5.0 0.08].

Joint confidence intervals A®" of each of the sought
coefficients are obtained by the method given in [15].

Conclusion. A theoretical method for determining the
parameters of the housing of avionics with honeycomb
structures and the system of providing the thermal control
of avionics on the basis of the developed mathematical
model of the thermal state of avionics of the aircraft
is proposed.

The determination of the thermal state of the honey-
comb structure is carried out by a combined method, in
which the calculation of the trajectories of the diffusion
process in the cells filled with air is based on the method
of wandering through the moving spheres, and along the
frame, limiting plates and in their close area — by the
Euler method.

A stochastic quasigradient algorithm with a variable
metric is used for parametric identification of the mathe-
matical model of the thermal state of the honeycomb
structure of the housing of the onboard equipment.

The proposed method makes it possible to optimize
the thermal parameters of the housing of the onboard
equipment and the system of ensuring the thermal control
in the design of onboard equipment.
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THE DEFINITE QUESTIONS OF SIMULATION
OF TRANSFORMABLE SPACE STRUCTURES DYNAMICS

Zikun Zhang, V. N. Zimin", A. V. Krylov, S. A. Churilin

Bauman Moscow State Technical University
5, 2-nd Baumanskaya St., building 1, Moscow, 105005, Russian Federation
“E-mail: zimin@bmstu.ru

This paper describes large transformable space structures with various configuration in the folded transport posi-
tion and in the open working one. As an example, simulation of transformable space structures dynamics is shown for
the antenna circuit foldable load-bearing frame with diameter of 5 m. For investigation of the foldable frame deploy-
ment dynamics, a design scheme presented by a system of rigid bodies connected with each other by hinges is accepted
as it is simple, but at the same time it considers features of the structure well enough. For performing stress analysis of
the foldable frame elements during deployment, the frame shape at the certain time point of deployment, when relative
velocities of adjacent elements are ultimate, is chosen. As a results of calculation using MSC.Adams software, positions,
velocities and accelerations of the centres of mass of the foldable frame elements as well as the angular velocities and
accelerations of the elements for each time step of the deployment are obtained. To perform stress analysis of the fold-
able load-bearing frame, finite element model of the frame is developed using MSC.Patran/Nastran software. As a re-
sults of investigation of stressed and deformed states of antenna circuit foldable frame elements both without taking into
account damping and with consideration of damping, stresses arising in the foldable frame elements at the certain time
points during deployment are found.

Keywords: transformable structures, deployable structures, dynamics, modeling, simulation, movement, configura-
tion, model.

HEKOTOPBIE ACITEKTBI MOJAEJIMPOBAHUS JMHAMUKHU TPAHC®OPMUPYEMbIX
KOCMHMYECKHUX KOHCTPYKIINU

II. dxan, B. H. 3I/IMI/IH*, A. B. Kpsuos, C. A. Uypunun

MockoBcKuit rocy1apcTBEHHBIN TeXHUYecKnid yHuBepcuTeT nMern H. D. baymana
Poccuiickas ®enepanms, 105005, Mocksa, 2-1 baymanckas yi., 5, ctp. 1
*. . . .
E-mail: zimin@bmstu.ru

Paccmampusaromes kpynnoeabapummusie mpanchopmupyemvle KOCMUHECKUE KOHCMPYKYUU, umeloujue pasHble
KOHGpu2ypayuu 6 mpancnopmuom cOCmosHuu u pabouem noioicenuu. Mooenuposanue OuHaMuku mparchopmupye-
MBIX KOCMUYECKUX KOHCMPYKYULL PACCMOMPEHO HA Npumepe CKIAOH020 HECYWe20 CUN08020 KAPKACA AHMEHHO20
KoHmypa ouamempom 5 m. s ananuza OUHAMUKYU PACKPLIMUS NPUHUMAEMCS RPOCMAsl, O0CMAMOYHO XOPOWO YUUMbi-
8aKOWas 0COOEHHOCMU KOHCMPYKYUU DACUEeMHAs. CXeMd 6 6ude cucmemvl aGCONOMHO MEEPObIX ME, CEA3AHHLIX
Medcoy coboll WApHUPHLIMU cOoeQuHeHusmu. B kauecmee pacuemmnou cxemwvl Ons1 OnpeodeneHus HANPs#CeHHO-
0eoOpMUPOBAHHO20 COCMOAHUSL INEMEHMO8 KAPKACA NPU PACKPLIMUL NPUHUMAEMCA €20 (popma 8 onpedeieHHbll Mo-
MEHM 6peMeHU, K020d OMHOCUMENbHbIE CKOPOCMU COCEOHUX IAEMEHMO8 MAKCUMAIbHul. B pesymemame pacuema
6 npozpammuom komniexce MSC.Adams nonyuenvt kKoopounamol, CKOPOCHU U YCKOPEHUS YEHMPOE MACC INEMEHMO8
Kapkaca, a makice ux yanoevle CKOpocmu U yCkopeHus. Jlis onpeoenenus HanpsajiceHHo-0epopmMuposanio2o cocmosi-
nus kapkaca 6 npozpammnom komniekce MSC.Patran/Nastran nocmpoena 20 KOHeYHO-IAEMEHMHAS MOOenb.
B pesynomame paciuema HanpsiceHHO-0epOpMUPOBAHHO2O0 COCMOAHUS YNEMEHMO8 KapKaca 6e3 yuema u ¢ yuemom
OeMnpuposans NOLYHeHbl SHAYCHUS OHUKAIOWUX 6 HUX HANPSNCEHUL 8 ONPEOCNCHHbIE MOMEHINbL 6DEMEHI.

Kniouesvie crnoea: mpancgopmupyemvle KOHCMPYKYuU, OUHAMUKA, MOOEIUPOsaHue, Ogudicenue, Konpuaypayus,
MoOeb.
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Introduction. The intensive development of space
technology poses the task of creating of fundamentally
new large space structures [1; 2]. A necessary stage of
their development is a preliminary investigation of the
characteristics of both free and controlled such structures'
motion by means of mathematical modeling of their dy-
namics.

Mathematical modeling of dynamics of such struc-
tures is a subject of wide research. The main methods of
analysis of the mechanical behavior of large space struc-
tures are described in [3]. Transformable large space
structures have different configurations in the transport
state and in the operating position in orbit. As a rule, de-
ployment of the developed transformable structures, is
unique process for each considered system, however, in
some cases it is possible to find a common way of model-
ing the dynamics of their deployment. A model that is
simple but well enough considering the special features of
structures consisting of tens, hundreds and even thousands
elements interconnected by hinges is accepted as a design
scheme [4-9]. System of differential equations of trans-
formable structure elements motion is usually known as a
model of dynamics of such structure, and a numerical
solution of these equations is usually understood as the
mathematical modeling of structure dynamics.

Calculation model for the analysis of the deploy-
ment of the circuit antenna frame. Among the large
space structures, a special place is occupied by the multi-
link transformable circuit antennas, the load-bearing
frame of which provides the minimal dimensions of the
structure in the folded transport position and required
rigidity of the structure in the unfolded working one
(fig. 1). The frame consists of one-type elements con-
nected by elastic hinges. The elements can be made of
both metals and composite materials (fig. 2). The hinges
contain one-sided stops to provide of deployment of the
reflector into the opened working position, making de-
sired shape of the reflecting surface its maintenance dur-
ing operating life. Deployment of considered structures
occurs automatically due to potential energy accumulated
in the elastic elements of the hinges when the reflector
had been being folded into the transport state. Computer
modeling of steps of the multi-link load-bearing frame
deployment gives us an opportunity to consider various
schemes of this process and evaluate correctness of the
technical solutions incorporated in the structure's scheme
at the project level.

Modeling of deployment of the load-bearing frame
with a diameter of 5 m using MSC.Adams and MSC.
Patran/Nastran software is under consideration [10].

Fig. 1. The spacecraft with circular transformable
antennas with diameters of 20 m

Puc. 1. Kocmudeckuii kopadib ¢ TpaHCHOPMHPYEMBIMH
KOJIBLIEBBIMM aHTEHHAMH JuaMeTpoM 20 M

Fig. 2. The elements of transformable space structures:
a — shaped rectangular panels; b — thin-walled quill rods of unidirectional carbon fiber reinforced polymer
with longitudinal fibers orientation

Puc. 2. DnemenTs! TpaHchopMIPYEMBIX KOCMHYECKUX KOHCTPYKLIHI:
a — IPSIMOYT'OJIbHBIC HpOCbI/I.]'II/IpoBaHHLIC IIaHCIIN; 0 — TOHKOCTEHHEIE pr6'-IaTI>I€ CTCPIKHU U3 OAHOHAIIPABJICHHOTO
YTJICIIaCTUKa ¢ MPpOAO0JIbHBIM PACIIOIOKCHAEM BOJIOKOH
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The folding load-bearing frame consists of two pack-
ets of shaped rectangular panels 550%230%6 mm
(13 panels per package) one side of which is pivotally
connected with the spacecraft, and another side the same
way is connected with short closing panel.

As a design scheme for studying of dynamics of the
antenna folding frame deployment using MSC.Adams, a
system of rigid bodies interconnected by hinges is ac-
cepted. At a certain relative position of the adjacent pan-
els during the deployment, restrictions limiting mutual
angular displacement of panels are applied to provide
holding of the antenna frame in the operating unfolded
position. The panels of the foldable antenna frame are
connected with each other by external and internal hinges
modeled by means of “axial joint” elements (Revolute
Joint in terms of Adams software). Torsion springs in the
hinges are modeled by means of elastic and dissipative
elements with linear dependencies of the moments from
the opening angles and the relative angular velocities of
the panels (Torsion Spring in terms of Adams software),
the stiffness coefficient, viscous resistance coefficient and
preliminary angles of twist of the springs for which are
given. The external and internal hinges have different
preliminary angles of twist, which have been chosen the
way to provide a circle shape of the folding load-bearing
frame in the operating unfolded position.

The panels are modeled by rigid rectangular parallele-
pipeds with dimensions of 550 230* 6 mm. The density
of the equivalent material of the panels in Adams is cho-
sen so that the mass of the simulated non-profiled panels
is equal to the mass of the real profiled panels. The mo-
ments of inertia of the panels in Adams are taken equal to
the moments of inertia of the real profiled panels.

Free ends of the panels placing in the base of the left
and right packets are considered to be hinged.

The power characteristic of each of the elastic and dis-
sipative elements modeling the torsion spring in the
hinges [11-13] is determined by the following ratio

M (9,.¢,)= Ci((th, —0) -1,

where ¢, is the stiffness coefficient of the i -th spring; p,
is the coefficient of viscous resistance of the 7 -th spring;
¢, is the current opening angle of adjacent panels; ¢, is

the preliminary angle of twist of the i -th spring.
At a certain relative position of the adjacent panels
when they are opening, and the opening angle ¢, reaches

a certain value ¢, corresponding to operating position

of panels, restrictions limiting the mutual angular dis-
placement of the panels are applied to panels by the cer-
tain making of their hinges. Physically the restrictions are
made as various stops, which are modeled by massless
elastic and damping elements with nonlinear dependency
of the moment from the opening angle and can be written
as

. 0’
M, (¢,,¢,) =

lf (Pi < (pstop,
_cstop, (q): - q)stop‘ )_ “’stopl (Pi > lf (p[ 2 (pstopl

where ¢ is the stiffness coefficient of the i-th elastic

stop;

element; p, is the coefficient of viscous resistance of

the i-th damping element; ¢, is value of the opening
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angle of adjacent panels, when the placing on the stop is
getting; ¢, is the relative angular velocity of the adjacent

panels.

When moving, adjacent panels can rotate towards
each other and touch each other. The model contains stops
preventing a contact between the panels. They are pre-
sented by massless elastic elements with nonlinear de-
pendency of the moment from the opening angle

0’ lf (pi > (pcont >
M cont ((P[ ) = . ’
v _ccom, ((pz - (pcont, )’ lf (Pi < (pcont, s
where ¢ is the stiffness coefficient of the i-th elastic

cont;

element; ¢, is value of the i-th opening angle, when

the adjacent elements are in contact.

As a result of calculations, dependencies of coordi-
nates, speeds and accelerations of centres of mass of the
load-bearing frame panels from time, as well as depend-
encies their angular speeds and accelerations from time
were received.

Analysis of stressed state of the frame elements.
The stressed state of the elements of the load-bearing
frame during its deployment is determined by the impact
loads arising when the adjacent frame panels are placing
on the stops. The impact loads are obtained from the
analysis of the frame deployment dynamics using the
MSC. Adams software.

Simulation shows that the panels of the load-bearing
frame are placed on the stops at the different time points.
At each time point, various groups of panels in different
places of the frame reach their stops. Several time points
are chosen when relative velocities of the adjacent panels
from the certain group are ultimate.

To investigate the stressed state of the load-bearing
frame panels during deployment, in MSC. Patran/Nastran
software the frame shape at the selected moments is
adopted as a design scheme. At each considered moment
it is supposed that panels are placed on their stops and the
structure behaves as an elastic rod with specified charac-
teristics. This approach gives the safety margin, since the
mobility of frame panels relative to each other leads to
reduction of real stresses due to the loss of kinetic energy
in the joints.

Knowing value of the angular velocity of the hinged
first panel of one of the packets and knowing values of
the angular velocities of the other panels of the packet, the
velocity field at the certain points of each panel of the
packet is determined by the formula v, =v +@xr,

where Vv, is the speed of the poles, for which each joint

on the antenna frame from the attachment base point to
the short closing panel is consistently accepted; @ is the
angular velocity vector of the corresponding panel;
r=r,—r,, r, isthe radius vector of the pole, I, is the

P2 n

radius vector of the point, where the velocity is deter-
mined. The radius vectors are specified in the inertial
frames of reference whose origins are located at the
places of hinge fastening for each frame packet on a rigid
base. Velocities of the opposite packets panels are taken
equal in magnitude and opposite in direction. Thus, the

opening of the frame occurs symmetrically.
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The angular velocities of the panels as well as the ve-
locities of their centres of mass (hereinafter used to test
calculation of velocities of the selected model points)
obtained for each time step of the deployment calculation
are exported from Adams to a certain file as a table. To
find velocities of the model selected points from the de-
pendency given above for each selected moment of time a
C++ program was written.

To perform stress analysis of the frame panels, finite
element model of the frame was built using
MSC.Patran/Nastran software. Analysis of the stressed
and deformed state of antenna frame was carried out by
means of Direct Transient Response analysis (SOL 109,
study of transient process) both without taking into ac-
count damping and with consideration of damping.

Each panel is divided into ten “beam” finite elements.
In total, the model consists of 270 such elements. All fi-
nite elements including elements at the panel boundaries
are rigidly connected to each other. The panels placed at
the base of the left and right packet are considered to be
clamped by their free ends.

As a dynamic model of the folding frame the finite
element model is accepted

MU+Du+Ku="P ,

where M, D, K are mass, damping and stiffness matrices
respectively, P is the external loads vector, U is the vec-
tor of nodal displacements, U is the vector of nodal ve-
locities. In our case P =0.

Calculated values of velocities in the selected points
of the frame model are taken as initial conditions for cal-
culation of the transient process using MSC. Nastran soft-
ware, that is, when ¢+=0: u(0)=u,, u(0)=u,, where
u,, U, are vectors of the initial nodal displacements and
velocities.

In accordance with the recommendations presented
in the MSC. Nastran user manuals, transient response

15,7 MPa
| \
132 MPa A
\ f
\ 18.2 MPa /
- \\ -
a

analysis time integration step should be selected taking
the conditions as at least ten steps per response period
time for the maximal frequency of interest. Then, if we
take into account first ten frequencies of natural oscilla-
tions of the antenna frame in the plane of deployment, in
our case the time integration step will be equal to

T, 1 1

— 10 _

T10 10-f, 10-9Hz

~0,01sec.

At the same time, it is recommended to take the time
integration step finding within Az =107...10" sec . inter-

val, so to obtain more accurate stress values, the time in-
tegration step during the calculations was taken equal to
At =107 sec.

Structural damping in Direct Transient Response
analysis is taken into account by usage of the equivalent
viscous damping. For the sinusoidal displacement re-
sponse with constant amplitude, the structural damping
force is constant and the viscous damping force is propor-
tional to the frequency. For such a response, the two
damping forces are equal at some frequency. Having done
calculations without damping it was clear that the fre-
quency of the structure oscillations under the impact had
closed value to the second natural oscillations frequency
in the plane of the opening of the frame. So the second
natural oscillations frequency was chosen as a frequency
of equivalence of structural damping and viscous one.

As a results of investigation of stressed and deformed
states of antenna circuit foldable frame elements both
without taking into account damping and with considera-
tion of damping, stresses arising in the foldable frame
elements at the certain time points during deployment are
found.

Fig. 3 shows the stressed state of the antenna frame at
the time point of ¢ =5.925 sec., when small stresses occur,
looking all considered cases. The values of the stresses
occurring in the panels are shown the same.

N

28.6 MPa

4.8 MPa

10.1 MPa

Fig. 3. Stressed state of the antenna frame at time point of # = 5.925 sec.:
a — without consideration of damping; b — with consideration of damping

Puc. 3. HampsbxkeHust B MOMEHT BpeMeHH ¢ = 5,925 c.:
a — 6e3 neMmupoBaHus; 6 — ¢ AeMIpUPOBaAHHEM
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Conclusion. It is possible to reduce or even exclude
impact loads during the process of uncontrolled deploy-
ment by reducing the initial potential energy of the
springs, i.e. by changing the elastic characteristics of the
spring elements included in the structure. At the same
time, the angular velocities at the time of placing of adja-
cent structural elements on the stops will accordingly de-
crease. This will lead to decreasing of the velocities de-
termining the magnitude of the impact impulse acting on
the considered elastic transformable structure. However,
this way is not always possible, since besides the smooth
and reliable deployment of the transformable structures, it
is necessary to guarantee their following operation in or-
bit. Therefore, in order to provide a controlled transforma-
tion of the system from the transport folded position to
the operating opened one, it is necessary either to develop
the structure with an additional cable synchronization
system, or to replace the springs by operating drives. This
will significantly complicate the structure and increase its
mass. It is possible to create large transformable space
structures in orbit, using for their deployment actuators
made of materials with a shape memory effect [14; 15].

There are several types of actuators based on materials
with shape memory effect. One of them can be called a
one-dimensional direct-acting actuator, the another one —
an actuator with aftereffect, which uses a spring or differ-
ential drive making an active retarding force and damping
for creating force of actuator itself.
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THE METHOD OF SYNTHESIS OF THE DIGITAL CONTROLLER
FOR A SOLAR ENERGY CONVERSION CHANNEL OF THE SOLAR BATTERY
IN THE POWER SUPPLY SYSTEM OF A SPACECRAFT

V. N. Shkolnyi', V. D. Semenov?, V. A. Kabirov®, M. P. Sukhorukov**, D. S. Torgaeva’

'JSC “Academician M. F. Reshetnev “Information Satellite Systems”
52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation
*Tomsk State University of Control Systems and Radioelectronics, Research Institute of Space Technologies
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A method of synthesizing a digital controller for a solar energy conversion channel in a power supply system of a
spacecraft is presented. The method is based on the initial functional diagram of the pulse converter and the method of
switching discontinuous functions. In accordance with the technique, which is formally presented in the form of eight
consecutively executed items, a block diagram of the shunt converter has been developed in the basis of switching func-
tions, which is taken as an example for testing the technique. The shunt converter is one of the three energy conversion
channels in modern power supply systems of a spacecraft. The block diagram showed that all nonlinearity of the system
can be reduced to nonlinearities of two multiplication links and nonlinearity of a pulse-width modulator. The possibility
and acceptability of joint linearization of each of the specified nonlinear multipliers with a pulse-width modulator at the
selected operating point is shown. A linearized block diagram of the control object was obtained, after which the trans-
formation and simplification of the block diagram to a convenient form for calculation was carried out. Using the trans-
fer functions of the linearized block diagram, the logarithmic frequency characteristics were calculated analytically and
the results of their comparison with the frequency characteristics obtained experimentally on a simulation model, which
confirmed their identity in the working frequency domain, were presented. At the same time, the specified simulation
model of a shunt pulse converter, built in the Simulink package of the Matlab design environment, took into account all
the mentioned nonlinearities of the real converter. According to the obtained logarithmic characteristics, a classical
synthesis of the analogue prototype correcting section was produced. The transition from the analog correcting section
of the prototype to the implementation of the digital correcting section is shown. Simulation modeling of a closed-loop
power supply system with a synthesized analog controller, in its mode of operation from a solar battery, confirmed the
correctness of the methodology and the achievement of the goals. The results of the work are intended to create a new
onboard energy conversion equipment for power supply systems of high-potential spacecrafts. The scope of application
of the project results is space instrumentation.

Keywords: synthesis of digital controller, technical optimum, simulation modeling, shunt converter, power supply
system, spacecrafft.
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Ilpeocmaenena memoouxa cunmesa yugpogoo pe2yasamopa Oisi KaHald npeodpazoeanus IHepeUuU COTHeYHoU 0a-
mapeu 8 cucmeme d1eKMPONUMAHUS KOCMUYECKO20 annapama, OCHOBAHHAS HA UCXOOHOU (DYHKYUOHANbHOU cxeme Um-
NYAbCHO20 Npeobpasosamensi u Memooe KOMMYMAYUOHHBIX PA3PLIGHLIX (YHKyuu. B coomeéemcmeuu ¢ mMemoouxot,
Gopmanvro npedcmasiennoll 8 6ude 80Cb MU NOCIEO08AMENLHO GbINOJIHAEMbIX NYHKMOG, 8 OA3UCE KOMMYMAYUOHHBIX
yuryuil paspabomana cmpyKmypHask cxema UlyHmogeo20 npeobpazoéameist, KOMopblll 63m 6 Kaiecmee npumepa ois
nposepku memoouxu. Lllynmoeoti npeobpazosamens 5615emcs 0OHUM U3 MPEX KAHAN08 Npeodpa30eanusi dHepeuu
6 COBPEMEHHbIX CUCEMAaX NeKMPOnUMaHusl Kocmudeckux annapamog. CmpykmypHas cxema NOKA3Aaid, Ymo 6ce
HEeNUHEUHOCMU CUCMEMbL MOJICHO C8ECTU K HEeTUHEUHOCIAM 08YX 36eHbe8 YMHONMCEHUS. U HEeNUHEHOCTNU WUPOMHO-
UMNYTbCHO20 MoOynamopa. Tlokazana 603MONCHOCL U OONYCIMUMOCHb COBMECMHOU  IUHEeAPU3aAYUL Kancoo2o U3
VKA3AHHBIX HENUHEUHbIX 36eHbe8 YMHONCUmMenel ¢ WUpomHo-UMnYIbCHbIM MOOVIAMOPOM 6 GblOpanHol paboyell
mouxe. [lonyyena nuneapuszo6annas CMpYKmMypHas cxema 00vbeKma ynpasienus, nocie 4e2o nposedeHo npeobpaso-
8aHue U ynpoweHue CmpyKmypHou cxemvl K yO0OHOMY 015 pacuema 6udy. Ilo nepedamounvim ynkyusm nuneapu-
308aHHOU CIMPYKMYPHOU CXeMbl AHATUMUYECKU PACCYUMANbL J02aPUPMUYECKUEe HYACMOMHbIe XAPAKMEePUCTUKU
U npusedeHvl pe3yrbmamvl UX CPAGHEHUs. C HYACMOMHBIMU XAPAKMEPUCTNUKAMU, CHAMBIMU IKCHEPUMEHMATbHO
HA UMUMAYUOHHOU MOOeNU, KOMopble NOOMEEepOUNU UX UOeHMUYHOCb 8 pabouell uacmomuol oonacmu. Ipu smom
VKA3AHHASL  UMUMAYUOHHASL MOOeb  UWYHMOBO20 UMNYIbCHO20 npeobpazosamens, NOCMPOEHHAS. 6 naxeme
Simulink cpeovt npoexmuposanus Matlab, yuumuvieana éce ynomsanymole HeIUHEUHOCMU PealbHO20 npeobpaszosame-
as. ITlo nonyueHmviM 102apUGMUYECKUM XAPAKMEPUCMUKAM NPOU3BEOeH KIACCUYECKUll CUHME3 aHalo208020
Koppexmupylowezo 3eena npomomuna. Iloxazan nepexod om amanrozo6020 KOPpEeKMupyrouezo 36ena npomomunda
K peanusayuu yugposozo Koppexmupyiowezo 3gena. Umumayuonnoe Mooeiuposanue 3aMKHYmoll Cucmemyl dJeK-
MPONUMAHUSL C CUHME3UPOBAHHBIM AHATIO208bIM PESyAMOpoOM 8 pedcume ee pabomvl om CoaHeunol bamapeu
noOmMEepoOUnO NPAGUILHOCHIL MEMOOUKU U OOCTHUIICEHUE NOCMABIeHHbIX Yenel. Pesyromamul pabomol npedHasna-
YyeHvl 015l CO30aHUs HOBOU OOPMOGOU dHEP2Onpeobpasyowell annapamypvl CUCHeM 1eKMPONUMAnUs nepcnex-
MUBHBIX KOcMUuueckux annapamos. Ob6aacmoio npuUMeHeHus: pe3yabmamos npoeKma A6asAemcs: KOCMu4eckoe npu-
bopocmpoenue.

Kniouegvie cnosa: cunmes yugpo6oco pezyiamopa, MexHuuecKuti ONMuMyM, UMUMAYUOHHOE MOOenuposanue,
WYHMOB0U npeobpasosamens, CUCMeMd IeKMPONUMAHUsL, KOCMUYECKUL annapam.

Introduction. One of the most important onboard sys-  network), and electronic anticountermeasures of transmis-
tems of automatic spacecraft (SC) is the power supply sion of the control signal.
system (PSS), which is a combination of primary and In addition, digital control will allow to expand the
secondary current sources, energy conversion equipment  functionality of the CS, simplify the creation of their
and output voltage stabilization with the necessary control  modifications and embeddability of various devices in the
and automation [1; 2]. structure. Digital control systems for their intended pur-

When developing a PSS of a SC, it is necessary to  pose allow to exchange data with the on-board control
take into account many disturbing influences that affect complex over a high-speed data interface, and this func-
the quality of the output voltage, the static and dynamic tion is already widely used. However, the systems of
characteristics of the PSS adversely. Such impacts include  direct digital control of energy-converting equipment,
changes in load resistance and power supply sources, including pulse converters of electrical energy parame-
degradation of primary energy sources, etc., which, in  ters, despite these obvious advantages, are practically not
turn, leads to the need in building an automatic control used at the moment, and analog control systems are
system that ensures stable PSS operation with a given widely used. This situation in the field of direct digital
accuracy over the entire range of changes in these distur-  control systems application is connected with the fact that
bances. digital systems contain analog-digital converters, digital

At present, control systems (CS) on an analog element  blocks for implementing signal modulators and digital
base [3—7], which are often called analog control systems communication interfaces for closing negative feedback
for short, are widely used in the PSS of a SC. When solv-  circuits. As it is well known digital nodes and blocks
ing problems of improving the reliability of the PSS and  cause delays in signals that are similar in nature to breaks
at the same time improving its overall mass and func- of transport delays, which complicates the synthesis of
tional characteristics, it becomes obvious that analog correcting sections greatly.

control systems fit the physical limit of the possibility Purpose. The purpose of this work is to develop a
of improving their functional parameters and overall mass  method of synthesis of the digital controller for a solar
characteristics [8]. energy conversion channel of a solar battery in a power
The next stage in the development of the PSS of a SC  supply system of a spacecraft.

is the transition to control systems built on a digital ele- Method of synthesis of the digital controller.

ment base, also called digital control systems (DCS). The method of synthesis of the digital controller will
Digital control systems, compared to analogue CSs, can  be considered in the following sequence:

provide [9] higher reliability, reduced weight and dimen- 1. Develop a mathematical model of a pulse con-

sions of the power supply system (including the cable verter (control object) in the form of a block diagram con-
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structed in the basis of discontinuous switching functions
according to a given functional diagram.

2. Select nonlinear links and linearize them at a given
operating point on the block diagram obtained in the basis
of discontinuous switching functions, presenting each
nonlinear link by a combination of linearized links, in
order to obtain a linearized block diagram of the control
object.

3. Determine the necessary transfer functions of the
system, including the linearized transfer function of the
open-ended control object based on the obtained lin-
earized block diagram.

4. Compare the frequency characteristics of the lin-
earized open unadjusted control object, obtained from its
linearized transmission links, with the experimental “low-
signal” frequency characteristics of the open unadjusted
control object, taken on its simulation model built in the
Simulink package of the Matlab design environment; if
the compared frequency characteristics coincide with a
given quantitative accuracy, the linearized model can be
considered adequate.

5. Build a family of frequency characteristics of an
open unadjusted control object using its linearized trans-
fer functions at the “extreme” operating points of the sys-
tem, meaning the “extreme” working points of the steady
state point of the controlled object at the minimum and
maximum values of all disturbing factors.

6. Synthesize the necessary type of analog correction
link and its parameters assuming that the linearized model
adequately describes the open control object and using the
classical methods of synthesizing linear control systems
for this reason.

7. Build a simulation model (for example, in the
Simulink package of the Matlab design environment) of a
closed-loop control system with the parameters of the
corrective element obtained in step 6, and check the static
and dynamic characteristics of the synthesized analogue
controller.

8. Make a z-transformation of the transfer function of
the discrete circuit and synthesize a digital correction link
using the known transfer function of the analog correction
link and a bilinear transition. If necessary, check the dy-

namic characteristics of the automatic control system
(ACS) with a digital correction link on the simulation
model in the Matlab environment, taking into account the
delay.

The control object for the direct digital control system
is the voltage stabilization module (VSM) of the energy-
conversion complex, which includes three types of energy
conversion channels:

— “SIB conversion channel” intended to convert the
energy of on-board solar batteries into a constant stabi-
lized output bus voltage to which the load is connected;

— “memory conversion channel” intended for charging
onboard batteries with a stabilized current, the value of
which can be changed by an external signal;

— “StB conversion channel” intended to convert the
energy of the on-board storage batteries into a constant
stabilized voltage of the output bus to which the load is
connected;

Each of the energy conversion channels is a power
pulse converter of electrical energy with or without feed-
back, providing a given law of operation. It can be made
on the basis of parallel connection of several pulse con-
verters. The number of channels, the number of parallel-
connected converters in the channel and the order of their
inclusion is determined by the load power, the number of
solar and rechargeable batteries, and the accepted opera-
tion algorithm.

Let us consider the PSS of a SC when operating a SIB
conversion channel, made on the basis of a shunt con-
verter (fig. 1), on the topology of a boost converter (L1,
VT1, VD1, C3) with negative feedback implemented by a
digital control system (DCS). Since the solar battery op-
erates on the current branch of its current-voltage charac-
teristic, it was represented in this diagram as a current
source Igg. The feedback signal Uy from the voltage sen-
sor VS, connected to the output of the SIB channel, is
converted by the ADC into digital for, subtracted from the
signal of the setting voltage u and then through the cor-
recting element CS, the digital pulse-width modulator
PWM and driver D are fed to the power switch V71 of the
shunt converter.
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Fig. 1. Functional diagram of the shunt converter with a digital control system

Puc. 1. ®yHK1MoHanbHas cxeMa LIIyHTOBOIO Ipeodpa3oBaTesst
¢ upoBOH CUCTEMOM yIIpaBICHUS

76



ABMGMMOHHQ}Z U paKkemHo-KoCmMu4ecKkas mexnuka

The scheme uses a pulse-width modulator of the first
kind (PWM1) with a delay of one sweep signal. It is
PWMI that is implemented in digital control systems
based on microcontrollers. The current source /; is de-
signed to simulate the disturbing effect of the load current
on the stabilization system. The input filter, assembled on
elements C1, C2, R1, is intended [10] for smoothing the
voltage ripples on the solar battery (current source /gp).
The output filter C3 is designed to smooth the ripple on
the load, indicated by the equivalent resistance R;.

To implement the proposed method for the synthesis
of a corrective element, in accordance with step 1, it is
necessary to present a mathematical model of a shunt en-
ergy converter in the form of a structural diagram built in
the basis of discontinuous switching functions. The digital
control system, at this stage of the study, is considered
ideal, assuming that the ADC performs the conversion
instantaneously with infinitely high frequency, and the
adder S1 and the corrective section of the short circuit are
equivalent under these assumptions to the ideal analog
link. Such a structural scheme, built according to the
method described in [11], is presented in fig. 2. This
block diagram is obtained by representing the inductances
L and the capacities C of the shunt converter by ideal in-
tegrators with the corresponding coefficients 1/L and 1/C.
The resistors in the power circuit of the shunt converter
are replaced by instantaneous links with transfer coeffi-
cients R, if it is a current-to-voltage link, or 1/R, if it is a
voltage-to-current link. The summation of voltages and
currents in the respective voltage circuits and current
nodes reflect the adders S7 — S6 of the block diagram. The
key part of the shunt converter, consisting of the power
transistor V71 and diode VD1, is represented by two uni-
directional controlled transmission links made in the form
of multipliers marked with X. And one of the links X1
plays the role of the current transfer link i;; of the input
choke L1 to the output capacitor C3, and the second X2
takes the role of the transmission link of the output volt-
age Ug; in the input circuit of the choke L1. Both links of
the multipliers X1 and X2 are controlled by a common
signal (1-F(#)), which is fed to their control inputs. As it
was mentioned above, an ideal digital control system is
analog and consists of an instantaneous voltage sensor
with a transfer coefficient Cs; source of voltage u(¢); ad-
der S7; analog model of the correcting section (AMCS),
with an unknown transfer function and analog model of a
pulse-width modulator (AM PWM), which in its turn
converts a continuous signal x(f) acting on the output of
the AMCS in a pulse signal F(f), which is a switching
function of the shunt converter, and accepts values “0” or
“1”. The analog models of the corrective link of the
AMCS and the pulse-width modulator AM PWM will be
understood as some decisive blocks of an analog com-
puter that implement the corresponding signal conversion
functions. This condition will allow us to present block
diagrams in the form of temporary functions.

The block diagram of fig. 2 which is built in the basis
of switching discontinuous functions, clearly shows all
the internal feedbacks of the shunt converter and the role
that these connections play in the system, and also allows
one to select non-linear transmission links.
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In this diagram, the nonlinear signal transmission links
are the pulse-width modulator PWM (its analog model)
and the multipliers X1, X2, which are described by the
relations

i (O)=[1-F () ]-i,, (1),
u, () =[1-F, (1) ]-uc, (1),

where i(f), u;(f) — are output signals of multipliers
X1, X2; ipi(t), ucs(f) — are input signals of the multipliers
(state variables of the described dynamic system), which
are fed to the "power" input of the corresponding multi-
plier; [1-F(?)] is a control signal that is generated by
a PWM block and is fed to the control inputs of both mul-
tipliers.

Assuming that the continuous part of the SIB trans-
form channel (control object) has the properties of a low-
pass filter, which is naturally always performed with high
quality requirements for the output voltage, the impulse
switching function [1-F(#)] can be reduced to a continu-
ous function. Indeed, in the steady state operation of the
system, a continuous signal x(¢) at the input of AM PWM
can be represented as the sum of the constant component
of the signal Xj, which characterizes the operating point
of the steady state mode, and the small deviation dx of
this signal from Xj. In this case, the output of AM PWM
sets the switching function Fy,, the relative duration of
which will correspond to the signal X, if the signal x(¢) is
normalized and its maximum value is equal to one. Thus,
under the condition of signal normalization x(¢), expres-
sions (1), describing the operation of multipliers, can be
rewritten in the form (2), where the time dependence of
the values used is not indicated to simplify the expression.

@)

2 :(1_ ) 115
1 X)-1 (2)

u, =(1=x)-i,.

Since now expressions (2) describe the product of
continuous functions, they can be linearized by the for-
mula for finding the differential of the product, which
allows us to obtain

dip =(1-X,)-di,, —1,,,-dx,

du, :(I—XO)-duC3 —Ulgy, - dx, ®
where dic, di;;, du;, ducs, dx — are small deviations of the
corresponding signals from their steady-state values /c,
I10, Uy, Ucso, Xo. According to expressions (3), each of
the multipliers and analog models of PWM, which are
nonlinear links, are replaced by two linear instantaneous
links [12] with transfer coefficients (1-X;), I;;0 and
(1-Xp), Ucso, respectively, as well as adders (subtractors )
S8 and S9, as shown in fig. 3. Since the rest sections of
the block diagram in fig. 2 are linear, then the whole sys-
tem becomes linearized. However, it should be remem-
bered that in a linearized system, the variables are small
deviations of signals from their steady-state value, there-
fore these signals are marked with a “tilde” icon.
Further simplification of the linearized block diagram
and its reduction to the form shown in fig. 4 is a cumber-
some task rather than a complex one.
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Fig. 2. Block diagram of the shunt converter with input filter and control system
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Fig. 3. Linearized block diagram of the shunt converter with input filter and control system
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Fig. 4. Simplified linearized mathematical model of the shunt converter
with input filter and control system

Puc. 4. YrpouienHas TMHeapu30BaHHAs MaTeMaTHYECKast MOZENb LITyHTOBOIO
npeoOpaszoBaTens C BXOIHBIM (PUIBTPOM U CUCTEMON YHpaBIeHHS

Formulas 4-6 allow us to determine the transfer func-
tions of the links W (p) — W3(p) shown in fig. 4
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Checking the adequacy of the obtained linearized
structural diagram in fig. 3 and the simplified block dia-
gram in fig. 4, which can also be called small-signal mod-
els of the system, is carried out according to the method

L1

Ll
- P
R

L1

79

given in [13]. This technique means to make a simulation
model of a pulsed shunt converter with open-loop feed-
back in the software design environment Matlab.

Simulink; to take down logarithmic amplitude and
phase-frequency characteristics on this model using
the means provided by the software environment during
the experiment; to compare the characteristics obtained
experimentally on the model, with the characteristics
calculated by the small-signal model (linearized block
diagram) with a broken feedback loop. Feedback loop
in fig. 3 is broken at the output of the analog model of the
correcting section AMCS, and the delay link, shown con-
ventionally by a dotted line, is not yet taken into account.
This means that in the synthesis of the transfer function
of the correcting element, the influence of the delay
is neglected. The test signal is sent to the system input
x(t) = Xo + (dx)sinat, while X, determines the operating
point of the steady state, the “small” amplitude dx of the
sine determines the small deviation from the operating
point, and the frequency ® changes in the desired range.
The transfer function of an open object with respect to a
control action, the adequacy of which is further proved,
will have the form (7), with [, = 0 u Ig5= 0.

_ U (p) _
X(p)
The results of such a test are presented in fig. 5.

Dependencies shown in fig. 5 confirm the adequacy

of the linearized block diagram in fig. 3 and the simplified

scheme in fig. 4 in the considered frequency range.

To determine the parameters of the correcting section,
in accordance with paragraph 6 of the proposed method-
ology, it is necessary to build a family of Bode diagrams
of an open loop uncorrected system at the “extreme” op-
erating points. The definition of “extreme” operating
points becomes clear if we pay attention to the fact that in
expressions 4—6, the electrical parameters of the circuit
characterizing its mode of operation are used as transfer
coefficients of the links, for example, Ucsg, Xy, 119, Which,
in turn, depend on current Igp and load resistance R;.
Fig. 6, a shows the families of characteristics when the
current of the solar battery Igp is changed and the load

w,(p) W(p)-W,(p). (7



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 20, Ne ]

resistance R; is in the range from their minimum value to
the maximum, which explains the use of the term “ex-
treme” operating points.

Based on this family of characteristics, obtained
according to a linearized block diagram and presented
in fig. 6, a, in accordance with paragraph 6 of the pro-
posed methodology, the type of correcting section (7) and
its coefficients were synthesized:

_X(p)_ T+l
g(p) M pTp+1)

where K, = 2,4-10°c; T = 0,005¢; T, = 6,6:10°.

The Bode diagrams of the corrected system, corre-
sponding to the same “extreme” points of the variation
range of the parameters, are presented in fig. 6, b, from
which it is possible to determine the obtained stability
reserves (16 dB, 35 degrees) with the worst combinations
of the considered parameters.

To test the dynamic characteristics of the SIB chan-
nel, in the Simulink package of the Matlab design envi-
ronment, its simulation model was built (fig. 7, a) with
closed feedback and a synthesized analog correcting
section (8). The model parameters are presented in table,
the internal structure of the PWMI unit is shown
in fig. 7, b, and the scheme of the T'1 trigger subsystem
is shown in fig. 7, ¢. If it is necessary, the proposed
simulation model can take into account and verify
the effect of the delay section, which, according to the
authors of [14], does not allow accurate calculation

Wes(p) ®)

of the correcting section parameters and requires their
experimental verification.

The results of the simulation modeling of the SC PSS
during SIB channel operation with closed feedback and
a synthesized corrective link are shown in fig. 8.

Analysis of the simulation modeling results shows that
when the 7, load current varies in the range from 3 to 7 A,
the steady-state voltage U, on the power bus of the power
supply load does not change, which indicates a zero static
control error. From the given time diagrams it can be seen
that with sharp changes in the load current /,, the voltage
spikes U, do not go beyond the permissible range. The
overshoot of voltage during load dropping is 0.8 %, the
voltage fall during load rise is 0.94 %, the durations of
transient processes during loading current dropping and
rise are 3.3 ms and 4.3 ms respectively.

The obtained transfer functions and the achieved dy-
namic characteristics correspond to the analog correcting
section. To determine the parameters of the transfer func-
tion of the corresponding discrete correcting section, it is
necessary to implement the bilinear form of the transition
from the Laplace transform to the z-transform, by replac-
ing the Laplace operator p [15] in the transfer function
W._.(p) (analogue function of the prototype):

2(2—1)

pI/cs(Z):VI/cs(p)L,’When p: T(Z+l)’

where T is the sampling period of the digital correcting
section. After that, it is necessary to reduce the transfer
function to the canonical form (10).

(€))

N [
o o O o

agnitude, dB

= 60

-100

Phase, deg

-150

—2DD 1 1 1
107!

frequency Hz

Fig. 5 Bode diagrams in the nominal mode of operation constructed
on the small-signal model of the expression (7) (solid lines) and taken
on the simulation model (marked with a “+” sign)

Puc. 5. IAUX u JIOUX B HOMHHAJIEHOM pPeKHMe pabOTBI, IIOCTPOCHHBIE
10 MaJIOCUTHAIBHOM Moienu BbIpakeHHe (7) (CIIOIHBIC TMHUH)
U CHSTbIE HA UMUTALIMOHHON MOJEIH (TTOMEYEHBI 3HAKOM «+1»)
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Fig. 6. Bode diagrams:
a — open-loop uncorrected system; b — open-loop corrected system

Puc. 6. JlorapudmMudeckie 4aCTOTHbIC XapaKTEPUCTHKH:
a — Pa30MKHYTON HECKOPPEKTHPOBAHHOW CUCTEMBI; b — PA30MKHYTON CKOPPEKTHPOBAHHON CUCTEMBI
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Puc. 7. UMuTannoHHast MOJENb:
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The parameters of the simulation model elements of the shunt converter
Symbol Value Symbol Value
Cl 1 uF Ry Varies in range 13.5 ... 135 Ohm
C2 1 HF 151]3 7.4 A
R1 10 Ohm I Impulse: from 0 to 4 A.
Ll 170 pF Diodel, Switch 1 Ideal
Ry, 33 mOhm F 100000Hrz
C3 1200 puF Uz Setpoint voltage: 1V
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Fig. 8. Timing diagrams of the load current (/,), on-load voltage (U,), the control signal
at the input of the PWM modulator of the SIB channel (Gamma)

Puc. 8. BpemeHnHbIe AuarpaMMBbl TOKa Harpys3ku (/,,), HanpsbkeHust Ha Harpyske (U,,), CHTHaa yrpaBieHust
Ha Bxone LHNM-monynsaropa kanana bC (Gamma)

For the transfer function of the correcting section with
the parameters specified in (8), the coefficients of expres-
sion (10) have the following numerical values:
by = 51.7759; by = 0.1034; b, = —51.6724; a, = 1.1380;
a,=-0.1380; T=10"c.

(b, +b,z"' +bz")
5 e (10)
(1 —-az —a,z )
Expression (10) makes it easy to go to the recurrence
relation (11) and the difference equation (12)

il = Zb -g[i—j]@a, i j].

W, (2)=

)

where j=0,1..m — is the number of coefficients in the

expression (10), i — is the current reading of the input g(7)
and output x(7) signals of the correcting section

x(k)=b,-g(k)+b -glk—=1)+b, - g(k—2)—a,x

x x(k—1)—a, - x(k—2). (12)

Differential equation (12) allows us to calculate the
output signal of the digital correcting section from
the readings of the input signal, thus realizing the digital
implementation of the obtained analog correcting section,
in accordance with paragraph 9 of the proposed method.
The loading diagram of the synthesized correcting section,
which is also a numerical simulation model of a digital
controller, is shown in fig. 9. This scheme is constructed
according to expression (12), and the z ' link presented in
the diagram is a delay link for one sampling rate period.

Fig. 10 shows the timing diagrams of the output
voltage, obtained by abruptly changing the load current,
with analog and digital correcting sections.
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The diagrams shown in fig. 10 are obtained on a simu-
lation model of a closed SAR (fig. 7) with an analog cor-
recting section, the parameters of which are given on the
model, and with a digital correcting section (10) under the
same conditions as the SAR with an analog correcting
section.

Comparison of timing diagrams in fig. 10 with timing
diagrams in fig. 8 shows that they differ quantitatively
by no more than 0.01-0.02 V, that is, they practically
coincide.

Conclusion. The method of synthesizing a digital con-
troller for a channel of converting the solar battery energy
in a power supply system of a spacecraft based on a block
diagram of a converter and on the method of switching
discontinuous functions has been developed.

On the basis of the proposed methodology, the type
and coefficients of the correcting section were selected,
providing the necessary stability stocks.

The parameters of the correcting section are chosen so
that the characteristics of the system are close to the set-
tings of the technical optimum.

It was shown on the simulation model built in the
Simulink package of the Matlab design environment that
with the selected type of correcting section and the se-
lected numerical values of its coefficients, the system
ensures stable operation throughout the claimed range of
disturbance changes. This suggests that, despite the pres-
ence of delays in the digital information processing chan-
nel and in the PWM channel, the proposed method allows
us to synthesize a digital control system of a power supply
device for a spacecraft that meets the specified require-
ments for accuracy and speed.
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Fig. 10. Timing diagrams of the output voltage with an abrupt change in the load current, obtained
in a system with analog and digital correcting sections

Puc. 10. BpemenHbIe AuarpaMMBbl BBIXOZHOTO HANPSHKEHHS TIPH CKAYKOOOPa3HOM H3MEHEHUH TOKa Harpy3KH,
MIOJTyYCHHBIE B CUCTEME C aHAJIOTOBBIM U I (PPOBBIM KOPPEKTUPYIOIINMH 3BEHBSIMI
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Aluminum-based alloys are widely used in many branches of modern industry (aviation, mechanical engineer-
ing, shipbuilding, instrument-making, energy and medicine, etc.). The promising method for further expanding the
scope of these alloys is surface treatment based on the use of concentrated energy fluxes (laser beams, plasma
flows, powerful ion beams, continuous and pulsed electron beams). The purpose of this paper is to establish the
possibilities of integrated electron-ion-plasma modification of the structure and properties of the surface layer of
technically pure aluminum A7. The surface alloy was formed in a single vacuum cycle using the “KOMPLEX”
facility (ISE SB RAS) by spraying a titanium film with a thickness of 0.5 um and the subsequent irradiation with
an intense pulsed electron beam in the aluminum melting mode. After 20 “spraying/irradiation” cycles, nitriding
(540 °C, 8 h) of the formed surface alloy was performed in a low-pressure gas discharge plasma using the plasma
generator “PINK”. Surface alloy studies were carried out applying the modern materials science methods (scan-
ning and transmission electron diffraction microscopy, X-ray phase analysis, determination of hardness and wear
resistance). The choice of elements alloying the surface layer of aluminum was based on the analysis of binary
state diagrams of Al-N, AI-Ti, Ti-N systems and the isotermal section of the ternary system AI-Ti-N. It has been
shown that formation of an entire series of binary and ternary compounds, including MAX-phases of the composi-
tion Ti,AIN and Ti,AIN;, is observed under equilibrium conditions in the Al-Ti-N system. The carried out research
has allowed to state that an integrated method of electron-ion-plasma modification of technically pure A7 alumi-
num by nitriding (540 °C, 8 h) of the surface alloy formed by pulsed melting in vacuum of the Al-Ti system
(20 “spraying/irradiation” cycles with an electron beam with parameters 10 J/cm’; 50 us; 10 pulses; the titanium
film thickness in each cycle 0.5 um) leads to formation of a multiphase multielement submicro-nanocrystalline
surface layer up to 20 um thick. It is shown that the mechanical (microhardness) and tribological (wear resistance
and friction coefficient) properties of the formed surface layer exceed manifold the properties of the original
commercially pure aluminum A7.

Keywords: aluminum, electron-ion-plasma processing, nitriding, structural researches, nanostructure,
properties.
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Cnaasbl HA OCHOBE AMIOMUMUSL WUPOKO UCHOAb3YIOMC 60 MHO2UX OMPACISX COBPEMEHHOU NPOMbBIULIEHHOCTU
(asuayuu, MawUHOCMPOeHUY, KOpAbieCmpoeHuu U RpUubOPOCMpOoeHUlU, SHepeemuKe, Mmeouyute u m. 0.). Illepcnexmus-
HbLMU MemoOamuy OaibHetiue20 pacuupenus cepvl npuMeHeHusi OGHHbIX CNIAB08 SGIAEMCs NOGEPXHOCIHAS 00pa-
bomKa, 0OCHOBAHHASL HA UCHONb30BAHUU KOHYEHMPUPOBAHHBIX NOMOKO8 dHep2uU (Iyuu 1azepd, ROMOKU NAa3Mbl, MOU)-
Hble UOHHbIE NYUKU, HENPEPLIGHbLE U UMNYIbCHBIE dNeKMpOoHHble nyyku). Llenvio nacmosiyeti pabombl A61semcs yema-
HOBNIEHUE 803MONCHOCHEL KOMNLEKCHO20 IeKMPOHHO-UOHHO-NIA3MEHHO20 MOOUDUYUPOBAHUSI CIPYKIYDbL U CEOUCE
NOBEPXHOCMHO20 CLOSI MEXHUYECKU YUCTO20 amtoMunus mapku A7. Popmuposanie n0O8ePXHOCMHOZ0 CRLABA OCYUjeCm-
6IALIU 8 €OUHOM 8aKYYyMHOM yurie Ha ycmanogke « KOMIIJIEKCy (UCO CO PAH) nymem nanvlienus nieHKu mumarnad
moawunou 0,5 Mkm u nociedyowezo 0oxyuenus UHMEHCUGHIM UMNYIbCHBIM IIEKIMPOHHBIM NYYKOM 6 pedcume nias-
nenust amomunust. Iocne 20 yuxnos «nanviienus/obnyuenusy npooounu azomuposanue (540 °C, 8 u) cghopmuposanno-
20 NOBEPXHOCMHO20 CHIABA 8 NIA3ME 24308020 PA3PAOA HU3KO20 OAGIEHUs C UCHONb308AHUEM NIA3MOLEHepamopa
«IIHUHK». Hcenedosanusi ROGEPXHOCMHO20 CRIABA OCYWECMEISIU MEMOOAMU COBPEMEHH020 MAMepUaiogederus: (CKa-
HUPYIOWas U npoceesusaionjdst INeKmMpoHHas OUGPAKYUOHHASL MUKPOCKONUS, PEHM2EHO(DA306blll AHAIU3, ONpedeleHUe
meepoocmu U U3HOCOCMOUKOCMU). Bblbop necupyoujux no8epxXHOCMHbIL CIOU ANIOMUHUS TeMeHmo8 Obll OCHO8AH HA
ananuze ounapuvix ouazpamm cocmosinuti cucmem Al-N, AI-Ti, Ti-N u uzomepuueckoeo ceuenus mpouHOU cucmembl
Al-Ti-N. Hoxazano, yumo 6 paenogechvix yciosusx 6 cucmeme Al-Ti-N nabniooaemcs gopmuposanue yenoeo psovi
08OUHBIX U MPOUHBIX coeduHeHull, 6 mom wucie u MAX-paz cocmasa TiAIN u Ti,AIN;. B pezyiemame 6binoiHeHHbIX
UCCne008aHUll YCMAHOBNEHO, YMO KOMIIEKCHBIL MEMOO IJIeKMPOHHO-UOHHO-NAA3MEHHO20 MOOUDPUYUPOBAHUSL TEXHU-
yecku uucmozo amomunus mapku A7 nymem azomuposanus (540 °C, 8 u) noéepxnocmmozo cniasa, cqhopmuposanno2o
UMRYIbCHBIM naasneHuem 6 eaxyyme cucmemol Al-Ti (20 yuxnoe «nanvlieHus/001yuenusny» 1eKmpoHHbIM NYUKOM C Na-
pamempamu 10 ,ZZJfC/CMZ,' 50 mkce; 10 umn.; monwura nieHKu mumawna 6 kaxcoom yuxie 0,5 mxm), npusooum k gpopmu-
POBAHUIO MHO20GDA3HO20 MHO20IIEMEHMHO20 CYOMUKPOHAHOKPUCMALIUYECKO20 HOBEPXHOCHHO20 CNOSL MOIUWUHOU 00
20 mxm. Tlokazano, umo mexanudeckue (MUKpomeepOOCcms) u mpuboiocuieckue (U3HOCOCMOUKoCms U Ko duyuenm
MpeHust) ceolucmea chopmMupo8anHo20 NOBEPXHOCMHO20 ClLOSI MHO2OKDAMHO NPEeBOCX005M CEOUCMEA UCXOOHO20 MeX-
HUYecKu yucmozo amomunus A7.

Kniouegvie cnosa: antomunuii, azomupoganue, CmpykmypHbie UCCie008aHUsl, JIeKMPOHHO-UOHHO-NIA3MENHAsL 00pa-
bomxa, HAaHOCMPYKmMypa, C8OUCMEd.

Introduction. Titanium and aluminum-based alloys (hardness, wear resistance, resistance to the influence of
are widely used in the aerospace industry, mechanical hostile environment, etc.) [S—13]. One of the perspective
engineering and shipbuilding, medicine, etc. [1; 2]. In  methods of metals and alloys surface treatment is the ap-
many cases extension of scope of these materials is based  proach based on the integrated impact of plasma streams
on the improvement of properties of a surface layer of a  and intensive pulse electron beams on the material surface
detail or product. It happens due to formation of wear [5; 13].
resistant, hard and super hard coatings; creation of multi- The purpose of the present research is to find opportu-
element multiphase sub-micro nanocrystal surface layers;  nities for integrated electronic ion-plasma modification of
and integrated processing combining formation of multi-  the structure and properties of commercially pure alumi-
purpose coatings on preliminary modified surface of a  num surface layer.
detail [1-5]. Perspective methods of surface treatment are Material and method of research. Material of re-
those based on the use of concentrated energy streams search — commercially pure aluminum A7 brand (0.15Si,
(laser beams, plasma streams, powerful ion beams, 0.16Fe, 0.01Cu, 0.03Mn, 0.02Mg, 0.04Zn, 0.03Ga,
continuous and pulse electron beams) [5-12]. Employing  0.01Ti, balance Al, weight. %) [14]. Specimen dimen-
this approach allows to drastically improve material prop-  sions 15x15x5 mm. The surface alloy was formed
erties connected with modifying surface layer condition in a single vacuum cycle using the “KOMPLEX” facility

89



Cubupckuil scypHan Hayku u mexvoaoaui. Tom 20, Ne ]

(ISE SB RAS) by spraying a titanium film with a thick-
ness of 0.5 um and the subsequent irradiation with an
intense pulsed electron beam in the aluminum melting
mode. After 20 “spraying/irradiation” cycles, nitriding
(540 °C, 8 h) of the formed surface alloy was performed
in a low-pressure gas discharge plasma using the plasma
generator “PINK”. Research into the element and phase
structure, defective substructure condition was carried out
applying the methods of scanning electron microscopy
(Philips SEM-515 with microanalyzer EDAX ECON IV)
and transmission diffraction electron microscopy (JEOL
JEM-2100 F), X-ray diffraction analysis (X-ray diffrac-
tometer Shimadzu XRD 6000). Material properties were
characterized by hardness (PMT 3, indentation load
0.2 H). Tribological studies (wear resistance and friction
coefficient identification) were carried out on tribometer
Pin on Disc and Oscillating TRIBOtester (TRIBOtechnic,
France) under the following parameters: steal ball of 6
mm diameter, track radius — 2 mm, indentation load and
track length vary depending on the ware resistance factor
of the material under study.

Results and discussions. Fig. 1 shows binary state
diagrams Al-N, Al-Ti, Ti-N and Isothermal section of the
ternary system Al-Ti-N. Two of the three alloying ele-
ments of the ternary system Al-Ti-N are metals, while the
third one nitrogen is a non-metal and belongs to VB group
of the Periodic table. Nitrogen atoms possess five elec-
trons on the outer s- and p-shells ([He]2s*2p’). With such
electronic structure nitrogen quite easily attaches three
more electrons which is a characteristic of non-metal.

System Al-N. Nitrogen is almost insoluble in Al nei-
ther in liquid, nor in hard states [15]. In the AI-N system
existence of only one connection in the field of the
stoichiometric structure of AIN with hexagonal structure
was found (Pearson's symbol AP4, pr. gr. R6sts, ZnS pro-
totype) (fig. 1).

System Ti-N. Titan possess a characteristic of activel
interaction with nitrogen. It finds reflection in formation
of compounds in the Ti-N system in the form of solid
solutions with variable structures and with wide areas of
homogeneity: B—(Ti,N), a—(Ti,N), 6—TiNx (cF8, NaCl)
(fig. 1) [16]. In compounds &-TiNy atoms Ti form a
metal face-centered cubic sublattice, where in octahedral
interstices interstitial (nitrogen) or vacancies may be pre-
sent. In not stoichiometric disordered compound 6—TiNy
change of structural vacancies concentration causes wide
area of homogeneity. Under the temperature of ~ 1100 °C
and content of N atoms ~33% from the phase 0—TiNx
nitride e-Ti,N (¢P6, anti-TiO,) with the narrow area of
homogeneity is formed. Besides, in a number of studies
existence of three intermediate phases was identified:
-TiaN;sx (hR8) [17], n—TizN,.x (hR6, VTa,C,) [18; 19],
TiyNs (hR2, V,C3) [17; 18].

System Al-Ti-N. Inside isothermal triangle in the sys-
tem Al-Ti—N existence of three nitride compounds of
strong stoichiometric ratio was found (fig. 1): T,—Ti;AIN
(Pearson's symbol c¢P5, prototype CaTiO;) [22; 23];
1-TRLAIN (hP8, Cr,AlC) [24]; 1:-Ti,AIN; (hP16,
Ti4AIN3) [25]. Apart from that, in [26-28] metastable
condition Ti;_zAlkN (cF8, NaCl).
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Out of the three compounds formed in the system
AI-Ti-N, compound 7t,-Ti;AIN proves the most stable
[29] and belongs to the phase group H [30]. Literature
shows that there are several ways of how compounds
1—-Ti,AIN can be prepared. Let us demonstrate the
synthesis of particles with Ti,AIN phase. First, under
exothermic reaction of powders Al and Ti in nitrogen
atmosphere [31]. Second, as a result of powders Al
and TIN hot pressing and subsequent homogenization
of samples under the temperature 850 °C within
200 hours [32]. Third, when sintering under above
1500 °C from powders AIN and Ti [33; 34]. Fourth, as a
result of 24 hours roasting under between 1275 °C and
1600 °C and 1100 MPa of powder bland Al, Ti, TiN and
AIN nitrides pressed under room temperature [35]. Fifth,
when nitriding Al-Ti alloys as a result of roasting under
1000 °C [36]. Sixth, when heating a powder bland con-
sisting of two parts Ti and one part of AIN under 1400 °C
for 48 hours under the pressure of = 40 MPa [24].
Seventh, powder bland AIN and Ti vacuum sintering un-
der 107 Pa for 16 hours [37].

Recently great attention is drawn to perspective
materials — polycrystalline nanolaminates. This class of
materials represents machine processed ceramics which is
stable at high temperatures [38—41]. In terms of structure
nanolaminates, which are called still MAX phases, [42]
represent threefold compounds with structure M, AX,
(M = transition metal, A = element of IIIA or IVA group
of the Periodical table, X = C or N, n accepts integer val-
ues 1, 2, 3). MAX are phases representing laminated hex-
agonal structure with space group P6;/mmc with two for-
mula units in a space unit (fig. 2). The unique distinctive
feature of these materials is a laminated crystal lattice,
a natural arrangement of layers of atoms M- and A-
elements.

According to literature [42], more than 70 of the popu-
lar nanolaminates are titanium nitride-based. They are
phases Ti,AIN (211) and Ti;AIN; (413), where element X
is nitrogen.

In the light of the aforesaid it is possible to assume
that application of the high-energy electronic ion-plasma
integrated processing of aluminum surface in a uniform
vacuum cycle combining formation of “film (tita-
nium)/(aluminum) substrate” system, radiation with an
intensive pulse electron beam of aluminum surface in the
melting mode, and subsequent saturation of the alloyed
layer with nitrogen atoms of low pressure gas category
plasma can lead to specific structural and phase states
which will cause formation of a multiphase surface with
the increased physical and mechanical properties. The
research of commercially pure aluminum modified layer
phase structure was conducted applying the methods of
X-ray diffraction analysis. It is revealed that the surface
layer is multiphase material and contains o-Ti (5.2 mass.
%), Al3Ti (58.4 mass. %), AIN (24.2 mass. %) and Al
(12.2 mass. %).

The undertaken research showed that the surface layer
up to 20 microns thick has sub-microcrystalline, typical
structure of which is provided in fig. 3.
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Fig. 1. Isothermal section at 900 °C of the Al-Ti-N ternary system [20; 21] and binary state diagrams
of the Al-N [15], Al-Ti [15] and Ti-N systems [16]

Puc. 1. U3otepmuueckoe ceuenne rnpu 900 °C tpoiinoii cucremsr Al-Ti-N [20; 21]
u OuHapHble nuarpaMmel coctostHui cucteM Al-N [15], Al-Ti [15] u Ti-N [16]

Fig. 2. Crystal structure of MAX-phases with transition metals (M)
with layers of elements A (C or N) from groups IIIA and IVA [41]

Puc. 2. Kpucrammmueckas crpykrypa MAX-da3 ¢ nepexoHsMu

Mmetaiutamu (M) co crostvmu 13 sneMenTtoB A (C wmm N) u3 rpymm [ITA
u IVA [41]
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Fig. 3. Electron-microscopic image of the surface layer of commercially pure aluminum grade A7 modified
by nitriding (540 °C, 8 h) of a surface alloy formed by pulsed melting in a vacuum of the Al-Ti system
(20 sputtering/irradiation cycles) with an electron beam with parameters J/cm?; 50 ps; 10 imp.; titanium
film thickness in each cycle 0.5 pm):
a — arrows indicate bend contours of extinctions; b — dislocational substructure of material

Puc. 3. DnexTpoHHO-MHKPOCKONINYECKOE H300paKEHHE ITIOBEPXHOCTHOTO CII0SI TEXHUYECKH YHCTOTO
MOMHUHISA Mapku A7, MomudumpoBaHHOro myTeM asotuposanus (540 °C, 8 1) mOBEpXHOCTHOTO CILIABA,
c(hOpPMHPOBAHHOTO UMITYJIECHEIM IUIaBIeHHEM B BakyyMe cucteMsl Al-Ti (20 DUKIOB «HanbLIe-
HYSI/00JTyYeHHsD) DIIEKTPOHHBIM ITy4KOM ¢ Iapamerpamu 10 Tixc/em?; 50 Mic; 10 HMIL; TOJIMEA IICHKH
TUTaHa B KOXI0M 1ukie 0,5 Mkm):

@ — CTpeJKaMM yKa3aHbl U3THOHBIC KOHTYPBI 9KCTHHKINHM; b — TUCIOKALMOHHAs CyOCTPYKTypa MaTepuana

Crystallite sizes change ranging from 0.2 microns up
to 0.9 microns.

Crystallites have various forms changing from globu-
lar to facetted. In crystallites volumes a dislocation
substructure in the form of chaotically distributed disloca-
tions is observed (fig. 3, b). The scalar density of disloca-
tions changes in limits (0.8 + 1.1)x10'* cm ™.

Electronic and microscopic image of crystallites is
characterized by a large number of flexural extiction
contours (fig. 3, contours are specified by arrows).
Existence on electronic and microscopic images of such
contours indicates curvature torsion of a crystal lattice of
the studied foil that testifies, in turn, elastic tension of the
studied material layer [43]. Generally, contours start from
crystallite border lines. This fact proves that the crystallite
border lines are the source of material elastic tension [44].
A number of studies [45—47] shows that the cross sizes of
a flexural extinction contour are inversely proportional to
tension amplitude of this particular foil section. Analyzing
the electronic and microscopic image of the material
structure shown in fig. 3, it can be noted that the cross
sizes of flexural contours are minimum at crystallites
border lines and are maximum in the center of the crystal-
lite. Therefore, amplitude of curvature torsion of a crystal
lattice of material is minimal in the center of crystallites
while increases as approaching the border line of the sec-
tion.

Applying the methods of the micro-diffraction analy-
sis with the subsequent indicating of micro-diffraction
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patterns it was found that crystallites are formed by the
phases a-Ti, Al;Ti and Al that was also revealed by the
methods of the X-ray phase analysis. In most cases grains
of o-titanium and aluminum are located in chains parallel
to the modifiable surface of a sample.

On borders of crystallites extended layers having
nanocrystal structure with particles size of 10-20 nanome-
ters are observed. A typical image of such structure
is show in fig. 4. The microdiffraction patterns analysis
received from similar foil sections shows that nanocrys-
tals are aluminum nitrides. As a rule, such layers
are formed along the titan aluminide Al;Ti grain sections
borders. Nanodimensional allocations of aluminum
nitride particles are found in aluminum grains volume as
well.

Electronic microscope JEOL JEM-2100 F allows stud-
ies applying the methods of electron microprobe analysis,
distribution of chemical elements forming the material.
Results of such research of the modified layer of com-
mercially pure aluminum are given in fig. 5. Nitrogen
atoms distribution in the structure of the studied material
attracts a lot of attention. It is clear that in the aluminum
layer (substrate), adjacent to the modified layer (the lower
part of the picture in fig. 5) atoms of nitrogen are distrib-
uted unevenly, concentrating along borders of a cellular
dislocation substructure. In aluminum grains volume lo-
cated in the modified layer (specified by an arrow fig. 5),
atoms of nitrogen form nanodimensional objects which
are obviously aluminum nitride particles.
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Properties of thealuminnum modified layer was
characterized by the size of microhardness and wear
resistance.

As a result of the research it was revealed that
modifying of commercially pure aluminum of A7 brand
by nitriding (540 °C, 8 h) of the surface alloy formed
by pulse melting in the system vacuum.

Al-Ti (20 cycles “dusting/radiation” via the electron
beam with the parameters of 10 J/em?; 50 microsec; 10 imp.;
thickness of titan film in each cycle equals 0.5 microns)
leads to formation of a surface layer which micro-
firmness by 9 times exceeds the hardness of the initial
material, wear resistance is 400 times higher, friction co-
efficient is 3.5 times less than that of the initial material.

Fig. 4. Electron-microscopic image of the surface layer of technically pure aluminum grade A7, modified by nitriding
(540 °C, 8 h) of a surface alloy formed by pulsed melting in a vacuum of the Al-Ti system (20 sputtering / irradiation cy-
cles) with an electron beam with parameters 10 J/ cm?; 50 ps; 10 imp; film thickness of titanium in each cycle (0.5 pm):

a, b — bright-field images; ¢ — dark field obtained in the [200] AIN reflex; d — microelectron diffraction pattern. The arrows on
fig. 4, a, b indicate aluminum nitride particles located along the boundaries of titanium aluminide;
on fig. 4, g is the reflex in which the dark-field image was obtained

Puc. 4. DnexTpoHHO-MHKPOCKOINYECKOE H300paKEHHE ITIOBEPXHOCTHOTO CIIOSI TEXHUUECKH YHCTOTO AIFOMUHUS MapKH
A7, MogudunupoBaHHOTO ITyTeM azoTupoBanus (540 °C, 8 1) MOBEpXHOCTHOTO CILIaBa, CHOPMHUPOBAHHOTO HMITYJIBC-
HBIM IUIaBJICHUEM B BakyyMe cucTeMsl Al-Ti (20 IUKIOB «HANBLIICHHS/00IyYeHHsD 3JIEKTPOHHBIM ITyYKOM C ITapamMeTpa-
mu 10 I[)K/CMZ; 50 mxc; 10 uMIL.; TOJNIIMHA TUICHKU TUTaHA B Kax oM nukie 0,5 MKM):

a, b — cBetnononpHbIe H300pakeHus; ¢ — TEMHOE Iole, nosryyeHHoe B pedaekce [200] AIN; d — MUKpOIIEKTpOHOrpaMMa.
Crpenkamu Ha puc. 4, a, b yka3aHbI YaCTULB! HUTPHA ATIOMHHHS, PACIIONI0KEHHBIE BJIOJIb TPAHHI] AIFOMUHI/IA THTAHA;

Ha puc. 4, d — peduiekc, B KOTOPOM ObLIO MOJTYUEHO TEMHOTOIBHOE H300pakeHHe
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Fig. 5. Electron-microscopic image of the surface layer of technically pure aluminum grade A7 modified by nitriding
(540 °C, 8 h) of a surface alloy formed by pulsed melting in a vacuum of the Al-Ti system (20 sputtering / irradiation
cycles) with an electron beam with parameters 10 J / cm 2 ; 50 pu s; 10 imp.; film thickness of titanium in each cycle
0.5 pm) (a); image of the foil part (a) obtained in the characteristic X-ray radiation of titanium atoms (Tig,) (b)
and nitrogen (N,) (¢); d — combined image of the foil part () obtained in the characteristic X-ray radiation of titanium
atoms (Tik,) and nitrogen (N,); arrows indicate aluminum grains

Puc. 5. DnexTpoHHO-MHUKPOCKOINYECKOE H300paXkeHHe TOBEPXHOCTHOTO CIIOSI TEXHUYECKU YHCTOTO AJTFOMUHHUS
Mapku A7, MoauduipoBanHoro myTteM azoruposanust (540 °C, 8 1) moBepXHOCTHOTO cIUIaBa, c()OPMUPOBAHHOTO
HMITYJIbCHBIM IIaBJIeHHeM B BakyyMe cucteMbl Al-Ti (20 nnKIIOB «HAIIBUICHHMS/00TyYeHUSD) SIEKTPOHHBIM ITyYKOM

¢ napameTpamu 10 I[)K/CMZ; 50 Mkc; 10 UMIL; TONIIMHA IUICHKU TUTaHa B Kax oM 1ukie 0,5 MkM) (a); u300pakeHne

yuacTka (oibru (@), HOIy4eHHOE B XapaKTepHUCTHIECKOM PEHTTEHOBCKOM n3iydeHur atoMoB tutaHa (Tik,) (b)

u a3ota (Ng,) (¢); d — coBMemieHHOE n300paxkeHue yyactka Goibru (), HOITy4eHHOE B XapaKTePUCTHIECKOM
peHTreHoBckoM u3nyuennu aromoB tutaHa (Tig,) 1 a3ota (Ny,). CTpenkamu yKa3aHbl 3epHa aTIOMHHUS

Conclusion. The analysis of binary charts of Al-N,
Al-Ti and TIN systems conditions and isothermal section
of the threefold AL-TIN system is made. It is shown that
under equilibrium conditions in these systems formation
of double and threefold compound including the MAX
phases of Ti,AIN u Ti,AIN; structure is observed.

It is established that a complex method of electronic
ion-plasma modifying of commercially pure aluminum
of A7 brand by nitriding (540 °C, 8 hours) of the surface
alloy formed by pulse melting in an Al-Ti system vacuum
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(20 cycles “dusting/radiation” an electron beam
with the parameters of 10 J/cm?®; 50 microsec; 10 imp.;
thickness of a titan film in each cycle equals 0.5 microns)
leads to formation of a multiphase multi-element
sub-micro nanocrystal surface layer up to 20 microns
thick.

Mechanical (micro-hardness) and tribological (wear
resistance and friction coefficient) properties of the
formed surface layer drastically surpass the properties of
initial commercially pure A7 aluminum.
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FACTOR ANALYSIS OF INELASTIC ELECTRON SCATTERING
CROSS SECTION SPECTRA OF IRON MONOSILICIDE FeSi

A. Yu. Igumenov’, A. S. Parshin, T. A. Andryushchenko

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
*E-mail: igumenovau@mail.ru

The inelastic electron scattering cross-section spectra of FeSi silicide were calculated from the experimental re-
flected electron energy loss spectra as the product of the average inelastic mean free path and the differential cross
section of the inelastic electron scattering. To inelastic electron scattering cross-section spectra study, factor analysis
was used. This method allowed us to quantitatively separate the surface and bulk contributions to the spectra, and de-
termine the energy of the bulk plasmon more accurately than it is possible using traditional methods.

Inelastic electron scattering cross-section spectra (KA-spectra) are the products of the average inelastic mean free
path A and the differential inelastic scattering cross-section K (Ey, Ey)— E), where Ey and E are the energies of the pri-
mary and reflected electrons, respectively. The advantage of inelastic electron scattering cross section spectroscopy is
that, unlike the reflected electron energy loss spectra, the KJ-spectra exclude losses due to multiple excitations, and the
intensities are determined in absolute units. These spectra are also more sensitive to changes in the energy of the pri-
mary electrons and the angle of emission. Inelastic electron scattering cross-section spectroscopy allows to determine
the element composition with much greater accuracy than the traditional method of reflected electron energy loss spec-
troscopy.

In this work, factor analysis is used to study the inelastic electron scattering cross section spectra of the FeSi sili-
cide. This method allowed to solve the actual problem of separating spectra into contributions of a different origin,
quantify them and determine the energies of a bulk plasmon more accurately compared with traditional methods. The
study of electron energy loss processes by isolating contributions of different origin in the inelastic electron scattering
cross section spectra is one of the urgent problems of electron spectroscopy, which can be used to assess the effect of
surface excitations in REELS, XPS and AES.

Keywords: inelastic electron scattering cross-section spectra, electron energy loss spectroscopy, factor analysis,
iron silicides.

®AKTOPHbII AHAJIN3 CIIEKTPOB CEYEHMSI HEYIIPYT'OI'O PACCESIHUS
IJIEKTPOHOB CHJIMIIUJIA FeSi

A. 10. I/IryMeHOB*, A. C. Ilapmun, T. A. AHAPIOMEHKO

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKU U TEXHOJIOTHH UMeHHU akanemuka M. @. PemerHeBa
Poccutickas ®enepamus, 660037, r. KpacHosipek, mpoctr. uM. ra3. «KpacHosipckuii paboumnii», 3 1
*. . . .
E-mail: igumenovau@mail.ru

Cnexmpbl ceuenus Heynpy2020 paccesiust d1eKmpoHos cunuyuoa FeSi paccuumanvt uz sxkcnepumeHmanibHbix cnex-
MpO8 XapaKmepucmuieckux nomepb IHePUL OMPANCEHHbIX INEKMPOHOE KAK 3A6UCUMOCTU NPOU3BedeHUst cpeoHell
ONUHBL HEYNpY2020 npobeza u OupdepeHyuanbHo20 ceueHus Heynpy2o20 paccesHus IIeKmpoHO8 Om Nomepb dHepuu
INEKMPOHOS. JIst UCCIe008aHUSL CHEKIMPOG CeHeHUsl HEeYNPY2020 PACCESIHUS DNIEKMPOHO8 NPUMEHEH (PaKMOPHbILL AHATU3.
Dmom memooO no3zeonun pazderums 6KIAObI NOBEPXHOCMHOU U 0ObEMHOU NPUpPoObl 8 CHEeKMpbl, KOIUYECHMEEHHO UX
OYEHUMb U ONpeoelums dHEPIUrD 0O0BEMHO20 NIA3MOHA 607ee MOYHO NO CPABHEHUIO ¢ MPAOUYUOHHBIM MEMOOOM
CREKMPOCKONUU HOMEPb IHEP2UU OMPANCEHHBIX INEKMPOHOB.

Cnexmpbl ceuwenust neynpy2o2o paccesinus snekmponos (KA-cnekmpwl) npedcmagnsiiom coboii npouszsedenus cpeo-
Hell ONUHbL Heynpy2020 npobeza 21eKmpoHo8 A u ouggepenyuanvuoeo ceuenus Heynpyeoeo paccesnus K(Ey, Ey— E),
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20e Ey u E — snepeuu nepuunvlx u OmpagicenHvlx 31eKmpoH08, COOmeemcmeento. IIpeumyuecmso cnekmpockonuu
ceueHUsi Heynpy2020 paccesaHus dIeKmpoHOo8 3aKI0UAemcs 8 mom, Ymo, 8 omauyue om CHeKmpos xapaxmepucmuye-
CKUX NOMePb dHEP2UU OMPAN’CEHHBIX NeKMPOHO8, 8 Kl-cnekmpax UcCKIroyeHbl nomepu Ha MHO20KpAmmubsle 8030yicoe-
HUSL, 4 UHMEHCUBHOCMU ONPeOeNaionCcs 6 AOCOMOMHBIX eOuHuyax. dmu Cnexmpvl makdice 0Oonee 4y8CmEUmMenbHbl
K UBMEHeHUI0 dHepeUl NePeUUHbIX INeKMPOHO8 U yeaa dmuccuu. Cnekmpockonus cedenus Heynpy2020 paccesHus deK-
MPOHO8 N0360J1em ONpedesimb dJeMEeHMHbIL COCMA8 CO 3HAUUMENbHO OONbULeli TMOYHOCNBIO, YeM MPAOUYUOHHbL
MemoO cnekmpoCKOnuY nomepb IHePUU OMPANCEHHBIX INIEKMPOHOB.

B oannoii pabome 0ns uccredosanus cnekmpos cevenust Heynpy2020 paccesitus dnekmponos cunuyuoa FeSi npume-
HeH axmopHwill aHAIu3. Dmom Memoo NO380AUNL PEUUNb AKMYATbHYIO 3a0ayy pa30eieHus CHeKMpOos8 Ha GKAA0bL PA3-
HOU Npupoobl, KOAUYECMBEHHO UX OYCHUMb U ONPeOeums IHepeUU 00bEMHO20 NIA3MOHA DONlee MOYHO NO CPAGHEHUIO
¢ mpaduyuonnvimu memooamu. HMccrnedoganue npoyeccog nomepsb dHepeuu 31eKmMpoHO8 NymeM 6blOeNeHUsl U3 CHeK-
MPO8 CeueHuUsi Heynpy2020 PAcCessHUsA 8KIA008 PA3HOU NpUpoObl A8IAemcsi 0OHOU U3 AKMYAIbHbIX 34044 I1eKMPOHHOU
CNEeKMPOCKONUU, KOMOPAsi MOdHCem OblmMb UCNOAb30BAHA 01 OYEHKU GIUAHUSL NOBEPXHOCMHBIX 8030YHCOCHULL HA CHeK-
Mpbl XapaKmepucmuyeckux nomepv 3Hepeull 3J1eKmMpOHO8, PeHmeeHO8CKue GomodnrekmponHvle cnekmpul u Odice-
9NEeKMPOHHbBIE CHEKMPDL.

Knroueswvie cnosa: CHEKMPOCKONUU ceYeHusl Heynpyecoco paccesanusl 3J1eKmpoHo8, CNeKMPOCKONUA XxapaxKmepucmu-
YeCKux nomepob dHepcuu 31eKmpoHoes, d)aKWlOprll/‘i ananus, cwzuuu()bz acenesa.

Introduction. The successful development of Previously [16-21], we studied Si, Fe and FeSi,,
nanoelectronics, nanophotonics and spintronics devices  FesSi; silicides using an author's technique of spectra de-
requires compliance with a number of requirements to the ~ composition into energy loss peaks.
methods of structures synthesis on the basis of silicon and Experimental technique. The iron silicide FeSi is
the transitional metals and to the methods of their analy- made by alloying of iron and silicon mixture in atomic
sis. For such structures research the greatest distribution ratio 1x1 under high vacuum conditions. The mixture was
gained such electronic spectroscopy methods as Auger-  kept at melting temperature for 15 min. then the alloy was
electron Spectroscopy (AES), X-ray photoelectron spec-  crushed and annealed for 15 min. 1 mm thick washers
troscopy (XPS) and reflected electron energy loss spec- were cut out from bulk samples and after grinding the
troscopy (REELS). Fe-Si system, is of research interest spectroscopical research was conducted.
from the fundamental and applied points of view [1]. Photoelectron spectra and integrated reflected electron
However, the elemental analysis of iron silicides using energy loss spectra measurements were carried out on the
XPS and REELS methods is difficult because the values  ultra-high vacuum photoelectron spectrometer SPECS
of photoelectron and plasmon peaks energies for silicides  (Germany) at angles between the incidence and detecting
with different structure are close to each other [2]. electrons and the sample surface normal respectively

Inelastic electron scattering cross-section spectra (KA-  o; = 59°, o, = 0°. The spectrometer is completed with a
spectra [3]) are the products of the inelastic mean free spherical energy analyser PHOIBOS MCD9Y, an X-ray
path A and the differential cross section for inelastic elec- tube with the double anode as a source of X-ray radiation,
tron scattering K (Ey, Eq — E), where E; and E are the en-  an electronic Microfocus EK-12-M gun (STAIB Instru-
ergies of the primary and reflected electrons, respectively.  ments) for exaltation of electron energy loss spectra.
The advantage of inelastic electron scattering cross sec-  Surface contamination, protective and oxide layers were
tion spectroscopy is that, unlike the reflected electron removed using argon ions Ar  etching (accelerating
energy loss spectra, the KA-spectra exclude losses due to  voltage 2.5 kV, ionic current 15 mA) with the raster
multiple excitations, and the intensities are determined in  ion PU-IQE-12/38 (SPECS) gun immediately in the
absolute units. These spectra are also more sensitive to  spectrometer camera before electron spectra registration.
changes in the primary electron energy and the emission The completeness of oxygen and contamination
angle [4-6]. Inelastic electron scattering cross-section removal was controlled with X-ray photoelectron
spectroscopy allows to determine the element composi-  spectra (XPS).
tion with much greater accuracy than the traditional From the experimental reflected electron energy loss
method of reflected electron energy loss spectroscopy [6].  spectra using the QUASES™ XS REELS software pack-

In this work, factor analysis (FA) is used to study the age (Quantitative Analysis of Surfaces by Electron Spec-
inelastic electron scattering cross section spectra of FeSi  troscopy cross section determined by REELS) [22], ac-
silicide. This method allowed to solve the actual problem  cording to the algorithm offered in [23] the inelastic elec-
of spectra separating into different origin contributions, tron scattering cross section spectra — the product of the
quantify them and determine the energies of a bulk plas-  inelastic mean free path A and the differential cross sec-
mon more accurately compared with traditional methods.  tion for inelastic electron scattering K(E,, Ey — E) are re-
The study of electron energy loss processes by isolating ceived. Inelastic electron scattering cross section spectra
contributions of different origin in the inelastic electron are defined by electron energy loss T probability at single
scattering cross section spectra is one of the urgent prob-  scattering on the inelastic mean free path A, related to an
lems of electron spectroscopy, which can be used to as- energy unit. These spectra maxima values determine
sess the effect of surface excitations in REELS, XPS and  probabilities of single energy loss on the surface or bulk
AES [1-15]. exitations. Due to absolute values of energy loss intensity
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inelastic electron scattering cross-section spectra, in com-
parison with traditional reflected electron energy loss
spectra, allow to carry out comparison and the analysis of
different spectra not only on peaks energies, but also on
their intensity.

Factor analysis is the statistical method widely used in
electron spectroscopy [10]. Application of factor analysis
is possible for spectra representing as a linear combina-
tion of components which concentration changes during
any process. This method is relevant for AES where sim-
ple decomposition of spectrum lines on components is
impossible as in Auger spectra, besides chemical shift
there is also a change of a lines form [11-13]. In elec-
tronic Auger spectroscopy FA is used for study the proc-
esses of layer-by-layer etching of thin films [12], the
processes of adsorption [13; 14].

In [15] XPS method was applied to study chemical
changes induced by He" bunch influence in a natural crys-
tal of pyrite (FeS,). It is shown that the routine analysis
use together with FA can be a powerful method of ele-
ments identification when changes in bond energy and
broadening happen simultaneously. Due to the routine
analysis and FA of XPS spectra combination the complete
signal Fe 2p XPS was analysed.

As noted in [15], the advantage of FA, in comparison
with the XPS routine analysis, is that whole set of spectra
is used (usually in XPS each spectrum is separately ana-
lysed) and FA does not need the preliminary knowledge
of XPS peaks form and position, that allows to get these
data using only experimental data. On the other hand,
the FA disadvantages is noise component existence and
nonideality of a components form, in comparison with
XPS results.

The inelastic electron scattering cross section spectra
received at various primary electron energy or the angles
of falling/detecting electrons represent sequences of data
in which the relative contributions of surface and bulk
loss change systematically depending on the experimental
conditions. In [5] the factor analysis is used as a way of
inelastic electron scattering cross section spectra decom-
position into two contributions (bulk and surface) in Si
and SiO, research.

Factor analysis is carried out as follows. The matrix
which columns are intensity values of energy loss at vari-
ous primary electron energies is formed. At the first stage
the selection of principal factors (components), which
provide a spectrum in total, close to the initial, is made.
Later, two columns with the greatest intensity — principal
abstract factors (principal components) are allocated from
the received matrix. Further, these factors conversion is
carried out by multiplication to a matrix of rotation R

(target rotation):

Target rotation transforms abstract factors to physical
ones by achievement of predetermined criterion of a peak
form and the maximum provision. In [5] the Lorentzian
peak form corresponding to bulk plasmon exaltation is
taken as such criterion and by means of ¢ angle change

cos® sin@

—sing cosQ
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the component form, close to the Lorentz peak having a
maximum at bulk plasmon energy, is reached. Then
the most accurate form of the surface was reached
by additional rotation. Further reconstruction of the initial
spectrum as a two factors linear combination is carried
out.

In this work, unlike [5], the peaks form was not se-
lected close to standard Lorentzian peaks, but to Tougaard
peaks form. [24]:

BT

A=——————————
2)\? 2

(c-1*) +DT

The B, C, D parameters are adjustable and for each
element have defined values [24]. Parameter B defines
peak intensity, parameter C defines the position (influ-
ences to position, but does not correspond to it in an ex-
plicit form), parameter D defines the width and indirectly
influences peak position and intensity. The Tougaard
functions (universal classes of inelastic electron scattering
cross-section) are used for the description of inelastic
electron scattering cross-section spectra.

The three-parametrical Tougaard function was trans-
formed to:

BT

((Tp (—Tp +\/4Tjﬁ))—ﬁj2 +DT? ’

where T, parameter corresponds to the position of a peak
maximum in absolute units.

In fig. 1, 2 the model spectrum which consists of 2 un-
solved peaks is presented.

A set of such spectra at a different peaks amplitude ra-
tio was considered.

By means of the factor analysis 1 and 2 peaks factors
are allocated from initial spectra, they coincide with ini-
tial peaks. For an example factors at rotation at different
angles (fig. 3, 4) are given.

Experimental results. In fig. 5, 6 FeSi silicide spectra
at primary electron energies 300 and 3000 eV are
presented. The main maximum energy in FeSi inelastic
electron scattering cross-section spectra is close to the
bulk plasmon energy [16; 25] and possesses the value
20.1 £ 0.6 eV. The low-energy KA-spectra area has a
weak peak with energy about 3 eV.

These spectra are approximated with the sum of two
factors. When receiving actual factors the angle was se-
lected so that the bulk factor was well approximated by
the Tougaard peak, similarly for the surface factor, but its
form remained irregular, that means the existence of sev-
eral unsolved peaks of the different origin. In [16; 17] the
decomposition of these spectra into the elemental compo-
nents described by the Tougaard functions was carried
out. The method [16-21] allows to allocate a higher quan-
tity of peaks in KA-spectra than the factor analysis, includ-
ing separation the surface origin peaks in low-energy
spectrum area.

The bulk and surface factors ratio is close to \/5 that

corresponds to the classic plasmon theory for the free
electron gas [26].
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In fig. 7 the primary electron energy dependences
of factor amplitudes are presented
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Fig. 7. Primary electron energy dependence
of factor amplitudes

Puc. 7. 3aBucuMOCTh aMIUTUTY A (HaKTOPOB
OT DHEPTUH IIEPBUYHBIX IEKTPOHOB

With increasing of primary electron energy the bulk
factor amplitude increases, and the surface factor ampli-
tude decreases. This regularity is a confirmation of its
origin.

The factor analysis, along with the method
of Kh\-spectra decomposition on the elemental compo-
nents described by the Tougaard functions [16-21] can
be used for the quantitative assessment of the change of
various origin contributions to inelastic electron scattering
cross-section spectra.

Conclusion. The applicability of the factor analysis
for bulk and surface contributions division in FeSi inelas-
tic electron scattering cross-section spectra has been
proved.

The surface and bulk origin contribution separation
and quantitative assessment in FeSi inelastic electron
scattering cross-section spectra with factor analysis were
carried out. Factor amplitudes dependences on primary
electron energy reflect their surface and bulk origin.
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MATHEMATICAL MODELING OF THE TECHNOLOGICAL PROCESS OF IMPROVING
THE QUALITY OF POLYMERIC PRODUCTS OF MACHINE-BUILDING PURPOSES

A. G. Larchenko*, N. G. Filippenko, A. V. Livshits

Irkutsk State Transport University
15, Chernyshevsky St., Irkutsk, 664074, Russian Federation
*E-mail: Larchenkoa@inbox.ru

In this scientific work, a method of controlling high-frequency products from polymeric composite materials is con-
sidered. The authors of the work present the rationale for choosing a method of high-frequency diagnostics as the most
suitable for non-destructive testing of products from polymeric materials of machine-building and rocket-space pur-
poses. In the presented article, the primary task of creating and studying a mathematical model of the effect of high-
frequency radiation on a polymer product, including those with a “metallic inclusion” defect, has been stated and
solved. In addition, the work presents the calculations of diagnostic parameters using the mathematical model devel-
oped during the study. The calculation of the dynamics of heating the product and the temperature distribution during
the control process is presented. The results of the calculation of specific power are described, the dependence of the
instantaneous power consumption on the warm-up time is found. In the study based on a mathematical model, the Aleo-
Diagnost software package was developed and registered, which is directly intended to ensure the functioning of the
diagnostic devices and the investigation of the monitoring process. In addition, the developed complex allows solving a
number of such practical problems as the calculation of the operating voltage depending on the geometrical parameters
of the product and the determination of the value of energy consumed for monitoring the product for a specified period
of time. This stage was necessary, as the consumed energy is the main output parameter of the diagnosis. In addition,
the value of energy consumed is taken as the basis for the organization of the process of non-destructive testing in the
automated mode. The solution of the tasks in this work has significantly reduced the cost of preparation of diagnostic
operations, as well as improve the quality of control of products on an industrial scale at the stages of manufacture,
operation and during repair work. The article also presents practical results, conclusions.

Keywords: control of high frequency currents, device for products diagnosing, polymer products, automated control
system, diagnosing products of complex configuration, mathematical model of the diagnostic process, software, non-
destructive testing.

MATEMATHYECKOE MOJEJIMPOBAHUME TEXHOJIOI'MYECKOI'O ITIPOLECCA INOBBIINEHUSA
KAYECTBA MMOJIMMEPHBIX U3JIEJIMA MAIIMHOCTPOUTEJILHOIO HA3SHAYEHMSI

A.T. Jlapuenko*, H. I'. ®ummnmenko, A. B. JIusmmir

WpkyTckuii rocyaapcTBEHHBIH YHUBEPCUTET Iy Tl cOOOIIeH s
Poccuiickas ®@eneparnus, 664074, UpkyTck, yin. UepHsleBckoro, 15
*E-mail: Larchenkoa@inbox.ru

Paccmampusaemes memoo konmponsi uzdenuti U3 NOIUMEPHBIX KOMAROZUYUOHHBIX MAMEPUALO8 MOKAMU GbLCOKOU
yacmomul. Ilpueodumcsi 060cHo8aHUe 8b100PA MeMOOA 6blCOKOHACHMOMHO20 OUACHOCMUPOBAHUSA KAK Hauboiee nooxo-
Osiye20 Osl RPOBedeHUst HEPA3PYULAIOWe20 KORMPOIsl U30eIUll U3 NOTUMEPHbIX MAMEPUATIO8 MAUUHOCTIPOUMETLHO20
U pakemno-KoCMudecko2o Hasnavenus. Ilocmagnena u peuiena nepeoCmMeneHHds 3a0a4a CO30aHusi U UCCIEO08AHUSL
MAMeMamuyeckol Mooenu G030eiCmeusl GblCOKOUACMOMHO20 U3NYYeHUs. HA NOIUMEPHOe u3deiue, 6 MOM Hucie
¢ Oeghexmom muna «memaniudeckoe gkovenuey. Ipusedenvl pacuemvl napamempos OUaeHOCMUPOBAHUsL € UCHOTb30-
saHuem papabomanHou 8 xo0e Ucciedosanus mamemamuyeckoi mooeau. Ilpedcmasnen pacuem OUHAMUKU PA302pesa
u30enust u pacnpeoeseHue memnepamypvl npu o0Cyuecmeienuu npoyecca Koumponst. Onucanvl pe3yibmamsl paciema
VOENbHOU MOWHOCIU, HAUOEHA 3A8UCUMOCTIbL MCHOBEHHOU NOMpebiseMol MOwWHOCMU Om epemMenu pazozpesa. Ha 6asze
MAMemMamuyeckol Mooenu papaboman u 3ape2ucmpuposan npoepammubii komniexc Aleo-Diagnost, komopulil Heno-
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cpedcmeeHHO npedHazHauen Oiisi obecneuenus QYHKYUOHUPOBAHUS YCMPOUCME OUASHOCIUPOBAHUS U UCCIe008aHUS
npoyecca KoHmpoas. Pazpabomannviii KOMIIEKC NO360JAem peuams psio makux RPaKmuiecKux npooiem, Kaxk paciem
pabouezo HaAnPANCeHUs 8 3ABUCUMOCIIU O 2COMEMPUHECKUX NAPAMEMPO8 U30eUs U ONPedeleHue SHaA4YeHus Rompeo-
JISLeMOU SHEp2Uul HA KOHMPOb U30eaus 3d 3A0AHHBII NPOMENCYMOK 6peMeHu. JlanHblll oman AGIANCA He0OX0OUMbIM,
MaKk Kak nompeonsiemas dHepeus AGNACMCS OCHOGHBIM GbIXOOHBIM NAPAMEMpPOM OUAZHOCMUPOSAHUs. 3Hauenue
nompeOasieMol SHepeUU NPUHUMACCS 30 OCHOBY NPU OP2AHU3AYUU RPOYECCA HEePA3PYILAoue20 KOHMPOs 6 A8moma-
musuposannom pexcume. Pewenue nocmaenennvix 3adau 6 O0amHol padome NO360IULO 3HAYUMENLHO CHU3UMD
cebecmoumocms NOO20MOSKY ONEpayuli OUASHOCMUPOBAHUS, A MAKNCE NOBLICUNMb KAYECME0 KOHMPOIS U30eUll 8 Npo-
MBIULTIEHHBIX MACWMABAX HA CIMAOUSX U320MOGLEHUSL, IKCIIYAMAYUU U 6 X00e peMOHmMHbIX pabom. B cmamve npuge-
OeHbl npakmuiecKue pesyibmamol, COeNaHbL 8b1800bL.

Kniouegvie crosa: konmponb moxamu 8biCOKOU 4ACMOMmbl, YCMPOUCME0 OUASHOCTMUPOBAHUS U30eaUtl, NOTUMEPHbLE
uzoenust, cucmema asmoMamu3upoOBaHHO20 YNpasieHusl, OUAeHOCMUPOBaHUe U30eIUll CLOJNCHOU KoHpueypayuu, mame-
Mamuieckas Mooeb npoyecca OUASHOCMUKU, NPOSPAMMHOe obecheyeHue, Hepaspyualowuti KOHMpoIb.

Introduction. Intensive development of modern sci- radiation impact on a polymeric product, including with
ence and technology demands the development and use of  “metallic inclusion” defect type and also the development
structural materials with special physic-mechanical char- of the accompanying software for testing, setting and
acteristics. In this regard polymeric composite materials  ensuring diagnostic devices operation were set.
got great prospects for application in various branches of Mathematical model of high-frequency radiation
mechanical engineering and the rocket industry. With the impact on a polymeric product. The mathematical
increasing volume of polymeric products and increased model in the research is necessary for calculation of key
performance requirements, the problems of materials parameters of the monitoring process of complex con-
quality improvement and reduction of manufacture costs  figuration machine-building products both in the manual,
have become relevant [1-6]. The main means in the solu- and in the automated mode. The calculation was carried
tion of the problem of manufactured products quality im- out for a sample from 8 mm thickness polyamide-610
provement at various stages of life cycle is the use of non-  material with 30 mm diameter with "metallic inclusion"
destructive monitoring. One of such ways of monitoring  defect type. The defect of 1 mm thickness, of 4 mm’
is the high-frequency method (HF) of diagnosing imple- is simulated between two polyamide plates of 3 mm
mented in industrial conditions on the basis of the UZP  and 4 mm thickness. When designing a mathematical
2500 device [7-9]. This method is based on local defects model, the studied sample was considered as a set of three
identification mainly in products from polymeric, com- areas: the first area — the polyamide without a defect, the
posites by the impact of an external electric field on the second area — the polyamide located over the defect, the
studied object, and further amplitude intensity synthesis  third area — the polyamide located under the defect. The
of the complex of output, operated diagnostics parameters  scheme for the studied sample is shown in fig. 1.
emergence. HF method allows to carry out high precision
monitoring without mechanical influence, to define a type
of defect, to restore physic-mechanical properties of a
product [10].

Main problems. Research tasks statement. It should
be noted that in modern production process a wide range
of products and details of complex spatial shape applied
in mechanical engineering and space industry creates par-
ticular difficulties in the course of diagnosing using the
high-frequency radiation method. The conducted theoreti-
cal and pilot research results presented in works [11-15]
confirm that for the process of complex configuration

s pod
%
R0

e

e

Fig. 1. Scheme of the simulated sample with
a defect type “metallic inclusion”

products monitoring it is necessary to select the mode of Puc. 1. Cxema cMo/ieIMpOBaHHOrO 00pasua
high-frequency diagnosing each time, to develop rather C 1e(heKTOM THIIA «METAIUIMYICCKOE BKIIOUCHUE»
complex design devices (electrodes) and the equipment.

Taking into account the complexity of industrial equip- To perform the given tasks there was also a need for

ment manufacture, difficulty of equipment setup and also ~ the development of high-frequency impact technological
the selection of diagnostics modes for polymer products, ~scheme shown in fig. 2, which is a set of electrodes, a
it is obvious that the development and practical use of ~ variable quantity of heat insulators and a product to be
mathematical model operation of monitoring process, and  heated with the defect.

implementation of the software on the basis of the de- Taking into account the presented high-frequency
signed model will allow to reduce considerably the cost of ~ impact technological scheme, the calculation of dynamics
preparation for diagnostic operations and also to increase ~ Of warming up in each area and temperature distribution
the quality of monitoring of polymeric composites prod-  in a multilayered plate are described by a set of equations
ucts on an industrial scale. Proceeding from the aforesaid ~of transient heat conduction [1; 5]. The area warming
during the research the primary tasks of the development ~ up without a metal plate is described by a set of equations
and research of a mathematical model of high-frequency (1), and the dynamics of increase in temperature of
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areas with metal inclusion is characterized by a set of
equations (2).

ot c,(Tp, ox®’

r ¢, (Tp, o’

oG _ M ,62T3 s (1) (1)
ot ¢, (T3)p; ox? ¢, (T3)p3 ’

Ty, h T

ot _cp4 (T,)p4 ot
NPT

ot ¢ (T5)Ps ox?

oT, M o1,

Ezm. o’

or, M, .aZTiz.

ot ¢y, (Tp, ox’ o
o, My .62]}3 Py (1)

o e, mpy o’ e, (T)p,

or, M, .527;.4'

ot _cp[4(7;4)p,-4 ox?

where for the second area i; =12;i,=11;i3=10;i,=9;
for the third area i, = 6; i, = 7; i3 = 8; iy = 9; T, — local
temperature of a layer, C°; x — current thickness of
a layer, mm; A; — thermal conductivity, W / (m - K);
¢,y — specific heat, KJ / (kg - K); p; — material density, Pa;
p; — specific power of an internal source of heat of W/m?;
j — layer number: 1, 5, 6, 12 — electrodes; 2, 4, 7, 11 —
insulators; 3, 8, 10 — polymer; 9 — metal inclusion.

0

| s Bl e

X3

X5
|2 7 X6
1 6 X7

Fig. 2. Technological scheme of high-frequency impact
on a product with a defect of the type “metallic inclusion”:
1, 5,6, 12 —¢lectrodes; 2, 4, 7, 11 — insulators;

3, 8, 10 — polymer; 9 — metal inclusion

Puc. 2. TexHonoruueckas cxema BbICOKOYaCTOTHOTO
BO3ICUCTBHS Ha U3/AENHE ¢ Ae(DEeKTOM THUTIa
«METAJNTMYECKOE BKITFOUCHHE)

1,5, 6, 12 —snextponsy; 2, 4, 7, 11 — uzonatopsr 3, 8,
10 — nonuMep; 9 — METAIITNYECKOE BKIIOUCHUE
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Boundary conditions on external borders of electrodes
correspond:
—7»% oe =WAT;(i=5,1, 12, 6), 3)
ox
where a; — heat exchange coefficient; AT; — difference of
surface temperatures of a body and surrounding medium.
Referring to rather low heating temperatures of the
studied polymeric products at implementation of diagnos-
ing and high dynamics of a warming up, heat exchange
with its surrounding medium when monitoring the first
and single products can be considered negligibly small:
or,

X=X;
Oox !

On borders of layers heat fluxes and temperatures are
equal:

=0 )

T =T,;(G=1..46..11); (5)
o, ol |
hy—E =k (=2 46.01);(6)

The specific power of P, is other than zero only for
polymer
B #0; (/1=3,8,10); @)

The carried out research calculations with the created
mathematical model use showed that the sample is heated
non-uniformly, the required temperature on areas with
metal inclusion is reached in 25 seconds. The analysis of
the received results allows to draw a conclusion on a pos-
sibility of mathematical model use for calculation of nec-
essary diagnosing time which excess will lead to the ma-
terial melting and, therefore, to product rejection. The
following necessary research phase was finding of the
instantaneous power consumption dependence on the
heating time P,,,(#) in each area which chart is presented
in fig. 3.

The received dependences of specific power on tem-
perature Py (f), Pumo(f), Pumi(f) were approximated in
the form of a polynomial function and used when deter-
mining the energy spent monitoring a sample with the
defect type “metallic inclusion”:

25
9H()Tpe6 = j PMHM (t) -dt . (8)
0

Compliance check of the model with actual diagnos-
ing processes showed that when monitoring samples
of brand 610 polyamide of 8 mm thickness and with a
15 mm radius, the time is 111 sec., and the heating time
of the same sizes sample with the defect type “metallic
inclusion” of 4 mm® in 25 seconds, the deviations on heat-
ing time from the pilot research make no more than 2 %
that confirms the mathematical model correctness. At the
same time the power consumption of a standard sample
is 1.3 W - h, and a sample with the defect — 0.35 W - h
[1;9;12; 13].

On the basis of the given research it is possible to
draw a conclusion that the more the amount of metal in-
clusion in a polymer, the less energy and time is spent
on monitoring object heating. The analysis of the results
received by means of the created mathematical model
allowed to reveal the additional controlled parameter hav-
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ing informational content — the consumed energy. Be-
sides, the obtained data confirm the pilot studies pre-
sented in works [1; 8].

For the use of a high-frequency control method and
diagnosing process control it is necessary to provide a
fixed level of power impact when monitoring different
materials and products of various configuration. The pre-
sented mathematical model allows not only to determine
the voltage necessary for specific power control preserva-
tion but also provides the opportunity for electrothermal
equipment input data determination at automated control
of high-frequency diagnosing process, differing in the
established by mathematical dependence of operating
voltage supply on the form and sizes of the controlled
product [1; 4].

The Aleo-Diagnost software package. Calculations
of productive parameters diagnosing were carried out for
the particular sample of a specific form and size. The
instantaneous power consumption directly depends on
two components — the volume of a monitoring object and
specific power. For implementation of the developed
mathematical model of various forms and sizes products
monitoring it is necessary to keep a condition of the de-
pendence of the instantaneous power consumption invari-
ance on time. For adaptation of calculations of diagnosing
process necessary parameters with the high-frequency
radiation method, the Aleo-Diagnost software was devel-
oped and registered [1]. The package interface imple-
mented in the programming language C++ is shown in
fig. 4.
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Fig. 3. The dependence of the instantaneous power consumption
in the areas of polyamide 610 from the heating time

Puc. 3. 3aBUCHMOCTS MIHOBEHHOH ITOTPEOIIEMOH MOIITHOCTH
Ha yJacTkax rnoiauaMmuza 610 oT BpeMeHH pa3orpesa
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Fig. 4. Interface of the Aleo-Diagnost software package

Puc. 4. Unrepdeiic nporpammuoro komiuiekca Aleo-Diagnost
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The executable file contains the main libraries, forms
of input and output. Calculation is conducted in 4 stages.
The process of calculations with recommendations and
explanations on the corresponding stages is displayed in
“Information window”.

When calculating the heating time the Aleo-HFH
software package version 2.0 [5; 15] is used. After com-
pletion of calculations of products from polyamide mate-
rials heating time the software package displays key pa-
rameters of calculation for descriptive reasons in the form
of tables with the intermediate values of specific and in-
stantaneous power consumption depending on tempera-
ture and the time of heating at high-frequency radiation
impact. The software package has an opportunity to send
calculation results to the text file for their convenient
transfer in the approximation module. For reduction of the
obtained tabular data to a polynomial form a convenient
to use program-approximator is installed in the package
allowing to obtain coefficients of polynomical function of
the instantaneous power consumption dependence on time
for carrying out further research and calculations. There is
a module of the consumed energy calculation on a heating
sample which results are displayed in the bottom right
corner of the program window in the program. Besides,
the Aleo-Diagnost allows to solve a number of such prac-
tical problems as calculation of operating voltage depend-
ing on geometrical parameters of a product for process
realization and also the calculation of the energy con-
sumed on diagnostics of a product for the given time pe-
riod. The solution of these problems was a necessary
stage as the consumed energy is the key output parameter
of diagnosing. This parameter is assumed as the basis at
non-destructive monitoring process organization in the
automated mode.

Conclusion. In conclusion, it should be noted once
again that the created mathematical model of high-
frequency radiation impact on a polymeric product and
the software on the basis of the designed model practical
use significantly reduces the cost not only of diagnosing
operations preparation, but also of the monitoring process.
The results of the presented research allow to reduce the
time and improve the quality of products non-destructive
monitoring in the conditions of production, operation and
repair work. Besides, during the research the sensitivity
of diagnosing was defined. The developed method allows
to reveal the “metallic inclusion” defects type of total
volume 0.0017 % that allows to use this method commer-
cially in machine-building and rocket-space industries.
At the moment the software package on the basis of the
created mathematical model is used in the scientific, edu-
cational and production purposes.
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INTERACTION OF MAGNETIC AND DIELECTRIC SUBSYSTES
IN A BISMUTH NODYMIC FERRITE-GRANATE

A. N. Masyugin’, O. B. Fisenko, U. I. Rybina, G. Yu. Filippson

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarsky Rabochy Av., Krasnoyarsk, 660037, Russian Federation
" E-mail fisenko_o@mail.ru

Bismuth-substituted ferrite garnets possess magneto-optical (MO) properties and are used as spatial light modula-
tors and indicators. The paper studies the influence of magnetic and electric fields on the structural characteristics
of thin epitaxial films of bismuth-neodymium ferrite garnet (Bi: NIG) deposited on glass and gallium gadolinium garnet
(GGG) substrates. Dynamic properties of polarization, relaxation in a magnetic and electric field are considered,
which is an important task for getting a deep insight into the mechanisms of electromagnetic phenomena in solids.

Dependence of the magnetostriction coefficient on the magnetic field and dependence of a relative change in the
length of the film on the electric field at different temperatures are obtained. A change in the sign of magnetostriction
constants with respect to temperature was found. The electric polarization in a periodically applied electric field
of 400 V / cm with a frequency of 10 MHz is determined for various magnetic field orientations of 12 kOe and in the
absence of a magnetic field. Anisotropy of polarization in a magnetic field and a functional dependence of the polariza-
tion relaxation on time are found. These materials can be used as sensors of the magnetic field in a spacecraft.

Keywords: bismuth ferrite films, magneto elastic interaction, electric polarization, relaxation.

B3AUMOJIEUCTBUE MATHUTHOM U INDJIEKTPHUYECKOM IMMOJCUCTEM
B BUCMYT-HEOAUMOBOM ®EPPUTE-T'PAHATE

A. H. MaClOFl/IH*, O. b. ®ucenxo, Y. U. Peibuna, I'. 10. Ounumnmcon

Cubupckuii rocyapcTBEeHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHI MMeHHU akajgeMuka M. @. PemerHeBa
Poccwuiickas @enepanust, 660037, npoct. uM. ras. «KpacHosipckuit pabounii», 31
* . .
E-mail fisenko o@mail.ru

Bucmym 3amewennvie gheppumei-epanamer odoradarom macnumoonmuueckumu (MO) ceotlicmeamu u npumeHsomcs
6 Kauecmee NPOCMPAHCMEEHHBIX MOOYIAMOPOE CGema, UHOUKamopos. B pabome ucciedyemcs 6nusanHue MAaeHUmMHo20
U 9NEeKMPUYecKo2o nojel Ha CmpyKmypHsle XapakmepucmuKy MOoHKUX SNUMAKCUATbHBIX NIEHOK BUCMYM-HE00UMOBO20
Geppuma-epanama (Bi:NIG), naneceHuvblx HA NOONONCKU U3 CMeEKIA U 2aiiuli-eadonunueso2o epanama (GGG).
Paccmampusaiomesa ounamuyeckue C80UCMEa NONAPUIAYUY, PENAKCAYUS 6 MASHUMHOM U IJIeKMPUYEcKoM MNOJAX,
umo AenAeMcs 8aX¢CHOU 3a0ayeli Ol 0emanbHO20 NOHUMANHUS MEXAHUSMOB INEKMPOMASHUMHBIX AGNEHU 8 MEepObIX
menax.

IHonyuenvr 3a8ucumocmu Ko3gh@uyuenma MazHUmMOCMpUKYUYU om MacHUMHO20 NOIA U 6eTUYUHbL OMHOCUMENLHO20
U3MeHeHUs: ONUHbL NIIEHKU OM 2NEeKMPUYEecKo20 NOIs Npu pasuulx memnepamypax. Hailoena cmena 3naxa xoncmanm
MazHumocmpurkyuu no memnepamype. Onpedenena 21eKMpuiecKas NoIApU3AYUs 8 nepuooutecky npUKIaosliéaemMom
anexmpuueckom none 400 B/cm ¢ wacmomou 10 mI'y npu pasiuyHuix OpUeHMAYUAX MASHUMHO2O0 NOJISL 8eTUYUHOU
12 kOe u 6 omcymcmeuu macnumnozo noasn. OOHapysicena aHU30MpPOnUs NOIAPUZAYUU 8 MACHUMHOM ROJe U (PYHKYUO-
HANbHAS 3A8UCUMOCTb PENAKCAYUYU NOJIAPUIAYUU OM BpeMeHU. []anHble Mamepuaibl MO2Yn UCHOIb308AMbCSA 8 KAYeCH-
6e CeHCOPO8 MAZHUMHOZ0 NOJIA 8 KOCMUYECKUX annapamax.

Knioueswie cnosa: nienku d)eppuma sucmyma, macHumoynpyeoe 6’36114]\/!0061/7(3”16“6, JleKmpuldecKkas nouaAapusayus,
penakcayus.
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Introduction. Multiferroics attract interest both from
the practical, and from the fundamental point of research
of interaction mechanisms between magnetic and electric
subsystems [1-5].

Unique combination of magnetic, optical and mag-
neto-optical properties makes bismuth ferrite garnets an
attractive material both for theoretical researches and for
technological applications. These materials can be used as
sensors of the magnetic field in spacecrafts and in writer-
reader devices resistant to radioactive effects.

Bismuth-substituted ferrite garnets possess magneto-
optical (MO) properties and are used as spatial modula-
tors of light, indicators and also other MO of devices in
the field of visible light [6-9]. It is established that the
increase in replacement of bismuth leads to an increase of
MO effects. Thus, for completely substituted Bi3Fe5012
(BIG) the Faraday spinning effect reaches 25 °/micron for
530 nanometers of the light wavelength. Thereof the gar-
nets substituted with a large amount of bismuth become
an attractive material for MO applications. Magnetic ani-
sotropy of films depends on a substrate, the constant of
film grating has 0.2 % change when filming on a
Gd3Ga5012 substrate in directions (111) and (100) [10].
Also, in Bi:NIG films Seebeck spin effect was found [11]
which can be used in new thermoelectric devices applying
the spin current generated by a temperature gradient.

In Bi;FesOy, applying the method of ferromagnetic
resonance with the electric field modulation linear mag-
neto-electric effect with maximum under 450 K was
found, mechanism of which has not been determined,
however, it has a direct connection with bismuth ions
presence [12]. In this regard, the research of interrelation
between magnetic and electric properties, having been
carried out earlier in a number of connections, [13-16] is
relevant for bismuth ferrite garnets as well.

Materials and research methods.

Epitaxial films Nd;BiFesO;, (450 nm)/Nd,Bi,
FesGa, 0y, (90 nm) were examined on the glass substrate
and Nd, sBi, sFe;01, (450 nm) — on single-crystalline sub-
strate GGG, grown in crystallographic direction (111).
Films were produced applying the method of metal-
organic compound decomposition of solution (MOD) [17]
at the Technological University of Nagaoka (Japan). The
process of film formation consisted of the following
stages: applying solution on the metal-organic compounds
blended so as to meet Stoichiometry requirements to
a film structure on the centrifuge at 3000 rot/min within
60 sec. — drying under 100 °C within 10 minutes — pre-
burning under 450 °C within 10 minutes in the open
air — repeating the processes from putting metal-organic
solution on the centrifuge before preliminary burning so
as to obtain the required film thickness — burning at
650°C for 1 hour in the open air. As a buffer layer on a
non-directional glass substrate the film Nd,Bi;Fe,Ga;01,
was formed in advance with 90 nm thickness. Schematic
diagram of the process MOD is shown in fig. 1.

Values of constants electro- and magnet- strictions
were defined as a relative film deformation under the
influence of electric and magnetic fields dL = (R (H;E) —
RMH=0; E=0))/R (H=0; E=0)), where R (H;E) —
strain gage resistance in electric or magnetic field,
R (H = 0; E = 0) — strain gage resistance without external
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fields. The ZFLA-3-11 strain gage was used. Polarization
was defined as a pyroelectric charge (Q) divided into the
area of contact (A) P = Q/A. Charge was measured apply-
ing the Keithley 6517B electrometer.

Results and discussions. Interaction of a magnetic
and elastic subsystem can be implemented as a result of
the single-ion mechanism, spin-orbit interaction and de-
formation dependence of exchange on the distance. The
latter mechanism is found in the field of magnetic phase
transition. Film magnetostriction constants on glass and
GGG depending on the external magnetic field directed
perpendicular to a film are measured. In fig. 2 and 3 tem-
perature dependences of magnetostriction coefficient in
magnetic field of 12 kOe for two films applied on differ-
ent substrates are presented.

For a film on glass in the range of room temperatures
the nonlinear dependence A is observed (N). Lower than
310 K a magnetostriction constant in magnetic field
of H = 12 kOe changes the sign. At a temperature of 200 K
the maximum film compression is observed. When cool-
ing from 200 K the constant magnetostriction value de-
creases and at 80K falls dramatically. A small anisotropy
of magnetostriction is observed, so that film lengthening
in the magnetic field, perpendicularly applied to a film,
exceeds the film lengthening in the direction of the field.
Under the film rotation relative magnetic field
film lengthening reaches a maximum at coal 24 °. Lower
than 280 K a minimum and a maximum of magnetostric-
tion is reached at 30 ° respectively and perpendicular
to the film.

The film on GGG substrate at 7> 300 K linearly ex-
pands in magnetic field and contracts below room tem-
perature. With the temperature decrease magnetostriction
changes the sign, passes through a minimum at 7= 160 K
and similarly to glass practically does not depend on tem-
perature at further cooling (fig. 3). Change of magnetic
field orientation hardly influences the magnetostriction
constant.

The film electrostriction value Bi: NIGNA on a glass
substrate was measured in electric field up to 400 V / cm.
The film slightly expands in the external electric field
at 7= 80 K. Above T'=120 K the film contracts not line-
arly and reaches the maximum size of compression in
fields of 300400 V/cm at T > 200 K. At temperatures
above room there are two competing mechanisms: the
first is connected with the film contraction, the second -
with expansion. Magnetostriction in this area of tempera-
tures changes the sign. Film deformation does not depend
on the electric field sign. Electrostriction under absolute
value increases at temperature rise, passes through
a maximum at 200 K and decreases under a further tem-
perature rise up to 360 K.

Polarization of Bi:NIG films is measured in the elec-
tric field of 400 V/cm amplitude with a frequency
of 10 MHz in the form of a rectangular impulse under
various magnetic field orientations. In fig. 4 and 5
dependences of polarization on time are represented at
different temperatures for both films.

Over time electric polarization of the film on glass
smoothly grows in external electric field. At switching off
the field, polarization falls abruptly and changes the sign
from positive value to negative below room temperature.
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At temperatures over 300 K residual polarization coin-
cides with external electric field by sign (fig. 4).

The time dependence of film polarization on garnet
qualitatively differs from films on glass (fig. 5). Under
switched off electric field residual polarization remains
positive and smoothly increases over time.

Observed effects are explained by charged defects on
the film-substrate interface which are compensated by the
shift of oxygen ions along certain directions in crystal.

organic solvent

External electric field removes degeneration in the direc-
tion of polarization, leads to turning of the local dipolar
moments across the field and to the formation of residual
polarization. In films on glass there are two interfaces and
double electric layer is formed causing the polarization
sign change after switching off the field.

In films on glass and on garnets the anisotropy of elec-
tric polarization in magnetic field which is caused by
magnetoelectric effect is observed.

Organometallic
compound

Substrate

Organometallic solution
application in a centrifuge

<

Drying ~100-200=C

<

CO,+H,0

e o °
e ® 8 g *
Substrate

Preliminary annealing
~450-550°C

G-

The resulting film

a®g®g@gege
Annealing in air
~H00-830°C

Repeat to abtain
the required
thickness

Fig. 1. Sketch flowchart MOD

Puc. 1. Dcku3Has cxema TexXHOIOTHIECKOro mpouecca MOD
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Fig. 2. Dependence of the magnetostriction coefficient
on temperature in Bi: NIG on a glass substrate

Puc. 2. 3aBucumocts kK03 GHIIHEHTa MATHUTOCTPUKIHN
ot Temriepatypsl B Bi:NIG Ha moanmoxke u3 crekia
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Fig. 3. Dependence of the magnetostriction coefficient
on temperature in Bi: NIG on a GGG substrate

Puc. 3. 3aBucumocth K03 GHIHEHTa MATHUTOCTPUKIIHN
ot Temnepatypsl B Bi:NIG na nognoxke uz3 GGG
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Fig. 4. Polarization of Bi: NIG film on glass over time:
a — at temperatures ¢ = 120° KH = 0 (1), in magnetic fields /' = 12 kOe when the magnetic field is oriented relative to the surface normal
at angles ¢ = 90° (2), ¢ = 180° (3), @ = 360° (4); b — at temperatures ¢ = 200° KH = 0 (1, 6), in magnetic fields 7 = 12 kOe when
the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2), ¢ =90° (3), ¢ = 180° ( 4), ¢ = 360° (5); ¢ — at temperatures
t=280°KH =0 (1, 6), in magnetic fields H = 12 kOe when the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2),
¢®=90°(3), 0 =180°(4), p =360° (5); d — at temperatures ¢ = 360° K H = 0 (3), in magnetic fields / = 12 kOe when the magnetic
field is oriented relative to the surface normal at angles ¢ = 90° (1), ¢ = 360° (2)

Puc. 4. Ionspuzanus mienku Bi:NIG Ha cTekie oT BpeMeHu:
a — ipu temneparypax ¢ = 120° KH = 0 (1), B MarauTHbIX nosisix H = 12 kD npu opHeHTauE MarHUTHOT'O TOJIsI OTHOCHTEJIEHO HOPMaJIi
HOBEPXHOCTH IpH yrimax ¢ = 90° (2), ¢ = 180° (3), ¢ = 360° (4); b — mpu Temueparypax ¢ = 200° KH = 0 (1, 6), B MArHUTHBIX HOJAX
H =12 kD npu opreHTaMK MATHUTHOTO MOJIsi OTHOCUTENIFHO HOPMAJIH TOBepXHOCTH TipH yriiax ¢ = 0° (2), ¢ = 90° (3), ¢ = 180° (4),
¢ =360° (5); ¢ — pu Temmneparypax ¢ = 280° KH = 0 (1, 6), B MarHuTHBIX nossix H = 12 kD npu oOpUeHTaLK MarHUTHOT'O T10J1s1 OTHOCHTENBHO
HOPMaJIM IOBEPXHOCTH IpH yriax ¢ = 0° (2), ¢ = 90° (3), ¢ = 180° (4), ¢ = 360° (5); d — npu Temneparypax ¢ = 360° KH = 0 (3), B Maruur-
HBIX TOJISIX /1 = 12 kO npH OpUEHTAMH MarHUTHOTO OISl OTHOCUTEIBHO HOPMAJTH IIOBEPXHOCTH 1pu yriax ¢ = 90° (1), ¢ = 360° (2)
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Fig. 5. Polarization of Bi: NIG film on GGG over time:
a — at temperatures £ = 120° KH = 0 (1, 6), in magnetic fields /# = 12 kO when the magnetic field is oriented relative to the surface normal
at angles ¢ = 0° (2), @ =90° (3), ¢ = 180° (4), ¢ = 360° (5); b — at temperatures ¢ = 160° KH = 0 (1, 6), in magnetic fields / = 12 kO when
the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2), @ =90° (3), ¢ = 180° ( 4), ¢ = 360° (5); ¢ — at temperatures
t=280°KH =0 (1, 6), in magnetic fields / = 12 kOe when the magnetic field is oriented relative to the surface normal at angles ¢ = 0° (2),
¢®=90°(3), p=180°(4), p =360° (5); d — at temperatures ¢ = 320° KH = 0 (1, 6), in magnetic fields H = 12 kOe when the magnetic
field is oriented relative to the surface normal at angles ¢ = 0° (2), ¢ = 90° (3), = 180° (4), ¢ = 360° (5)

Puc. 5. Tonspuzanust mwieaku Bi:NIG na GGG ot BpeMeHH:
a — ipu Temneparypax ¢ = 120° KH = 0 (1, 6), B MarauTHbIX nosisix H = 12 kD npu OpHEHTALUH MAaTHUTHOTO MOJIsI OTHOCHTENIEHO
HOpMaJIM TIOBepXHOCTH 1IpH yriiax @ = 0° (2), ¢ =90° (3), ¢ = 180° (4), ¢ =360° (5); b — npu Temneparypax ¢ = 160° KH =0 (1, 6),
B MarHUTHBIX MOJsiX H = 12 kD 1pu OpHEHTALUH MATHUTHOTO MOJIsi OTHOCHTENILHO HOPMAJIH MOBEPXHOCTH HpH yrinax ¢ = 0° (2),
¢ =90°(3), o =180° (4), ¢ = 360° (5); ¢ — npu Temneparypax ¢ =280° KH = 0 (1, 6), B MarauTHbIX nosisix H = 12 kD npu opueHTannm
MarHUTHOTO TTOJISl OTHOCUTEIBHO HOPMaJIH MTOBEPXHOCTH 1pH yriaax ¢ = 0° (2), ¢ =90° (3), ¢ = 180° (4), ¢ = 360° (5);
d — ipu Temueparypax ¢ = 320° KH = 0 (1, 6), B MarauTHbIX noaax A = 12 kO npu opHeHTaI[uy MarHUTHOTO OIS
OTHOCHUTEJIFHO HOPMAITH MOBEPXHOCTH Mpu yraax ¢ = 0°(2), @ =90° (3), ¢ = 180° (4), ¢ = 360° (5)

Magnetic field orientation angle is defined relative to Acknowledgments. The study was carried out with
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FEATURES OF ELECTROACTIVATED WATER PRODUCTION
AT A COAXIAL ELECTRODE LOCATION
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Important characteristics of any product are quality and reliability. One of the factors affecting product reliability
is the surface cleanliness provided by flushing with liquids. Electroactivated water and aqueous solutions can be used
as liquids. On the basis of domestic and foreign experience, leading experts have developed methodological instructions
for the widespread implementation of electro-activated water and aqueous solutions in instrument-making and
mechanical engineering. For the production of electrochemically activated water and solutions, non-flowing and flow-
through modular elements, as well as universal installations, have been developed. Analysis of the structures of these
devices has shown that flat metal plates are used as electrodes, therefore there are volumes of water that are subjected
to uneven electrical effects. As a result, the specific energy consumption for obtaining activated water is significant. The
purpose of the work is to reduce the specific energy consumption in the production of activated water and aqueous solu-
tions. Coaxial arrangement of the electrodes leads to reduction in energy consumption. The study of the electroactiva-
tor of water with a coaxial arrangement of electrodes allowed us to establish the optimal ratio between the volumes of
anolyte and catholyte and the time of electrolysis of water and an aqueous solution of sodium chloride. A new indicator
of efficiency (the specific energy consumption per unit of change in the pH of water or an aqueous solution) objectively
reflects the perfection of the design of electroactivators. The research results can be used in instrument and mechanical
engineering.

Keywords: water, electrochemical activator, anolyte, catholyte.

OCOBEHHOCTH MOJIYYEHUS DJEKTPOAKTUBUPOBAHHOM BO/IBI
TP KOAKCHAJIBHOM PACITIOJIO’KEHHUMU DJIEKTPO/10B

E. b. ITmrenko*, U. S1. Illectakos, B. U. [llectakoB

CuOupcKuit rocy1apCTBEHHBIN YHUBEPCUTET HAYKH M TEXHOJIOTHH HMEHHU akanemuka M. @. PemnrerHeBa
Poccuiickas ®enepamms, 660037, KpacHospck, mpocn. uM. ra3. «KpacHospckuit padbounii», 31
*E-mail: pshenko-64@mail.ru

Baoicnoit xapaxkmepucmuxotl 1106020 uzoenus s1615emcs Kauecmeo u Haoexcnocms. QOHUM U3 Gakmopos, eiusiio-
WUX HA HAOEICHOCMb U30eNUll, S6IAemcsl YUCMOmMA NOBEPXHOCMU, KOMOopas 06ecneuu8aemcs npOMbl8KOU HCUOKOCHIS-
mu. B xauecmee arcuokocmu mocym Ovims UCHONb308AHbI JEKMPOAKMUBUPOBAHHAS 6004 U 600Hble pacmeopel. Ha oc-
HOBe 0OMeuecmeenHo20 U 3apyOedCHO20 ONbIMA 6e0YWUMU CREYUATUCIAMY PA3PAbOMAHbl MEMOOUYECKUe UHCTPYKYUU
N0 WUPOKOMY NPUMEHEHUIO U UCNOTb308AHUIO INEKMPOAKMUSUPOBAHHBIX 800bl U B0OHBIX PACMEOPO8 6 NpUbopo-
U Mawunocmpoeruu. s noayueHus d1eKmpoXumMudeckKy akmueUpoSaHHol 600bl U pacmeopos paspabomanvl Henpo-
mouHble U NPOMOYHbIE MOOYIbHbIE DNEMEHMbL, d MAKHCE YHUBEPCATbHbIE YCMAHOGKU. AHANU3 KOHCMPYKYULU dMUX YCm-
POLICME NOKA3AT, YMO 8 KA4ecmee dNeKmpo008 NPUMEHSIOMCSL NIOCKUEe MEMALIUYECcKUe NIACTMUHbL, NOIMOMY UMEION-
cs1 06BeMbL 800bl, KOMOPbLE NOOBEP2AIOMCSL HEPABHOMEPHOMY IILEKMPUYECKOMy 8o30elicmeuio. B pesyismame 3mozo
YOelbHble IHEP203ampamvl Ha NOJYYeHUe AKMUSUPOBAHHOU 800bl 3HAUUMENbHYL. L]enblo pabomul A6UN0Ch CHUICEHUE
VOEIbHbIX IHEP2O3AMPAm NPU NOTYYEHUU AKMUBUPOBAHHOU 800bl U BOOHLIX pacmeopos. Koakcuanivhoe pacnonodicenue
INEKMPOO08 NPUBOOUN K CHUIICEHUIO dHepeozampam. Hcciedosanue 31eKkmpoakmueamopa 800bl ¢ KOAKCUATbHBIM
PACRONOMNCEHUEM ITEKMPOO08 HO3GONUNLO YCTNAHOBUMb ONMUMAIbHOE COOMHOUIEHUE MedCcOy 00beMamu aHOAUma
U Kamoauma u 6pemMeHeM 1eKmpoausa 600bl U 600H020 pacmeopa xaopuoa Hampus. Hoevlii nokazamens s¢phpexmug-
Hocmu (YOeibhble IHEP203ampamol Ha eOUHUYY USMEHEHUsT 6000POOHO20 NOKA3AMesl 600bl UL 600HO20 PACMEOPA)
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00beKMuUsHO ompasicaem CcoeepuleHCcmeo KOHCMPYKYUU DJIeKMPOaAKmueamnopoe. Pe3y/lbmambz uccnedosamnus moeym

ObIMb UCNONIL30BAHDL 8 npu6op0— U mawuHocmpoeruu.

Kniouesvie cnosa: 60061, 3]l€Kmp0xuMult€CKuﬁ akmueamop, anoaum, Kamojaum.

Introduction. The amazing properties of water ob-
tained by electrolysis were discovered in different coun-
tries independently. The unusual properties of the electro-
activated water were discovered by chance, not by the
doctors, but by the gas workers, not in the laboratory, but
on the drilling test towers of the Institute SredAzNIIGaz.
This institute was located in Tashkent and was engaged in
gas production in the Kyzyl Kum desert. The scientists of
this institute came up with an original installation: on the
basis of electrolysis, two solutions were obtained from
ordinary water. One of them, catholyte, was used to pro-
duce drilling mud with high physical and chemical indi-
ces. Another solution — anolyte — was used for coagula-
tion of excess clay phase.

The study and use of electroactivated water solutions
began in 1978 in the organization “Sreda-3 Nllgaz”,
where S. A. Alekhin, V. M. Bakhir, N. A. Mariam-
Polsky, U. D. Mamadzhanov et al. worked [1-3].

Three international symposiums were held on the elec-
trochemical activation of water and aqueous solutions
[4-6]. In the introductory report at the first symposium
the President of the Academy of Medical and Technical
Sciences of Russia, Doctor of Technical Sciences, Profes-
sor. B. I. Leonov noted that “electrochemical activation of
water and water solutions is the technology of the future,
which will allow creating an ecologically clean future for
the Earth and other planets”. Further work confirms the
conclusion of the scientist [7-9].

The widespread use of activated water is presented in
article [10]. Water with pH 2-3 was introduced into a
solution of ferric chloride for etching printed circuit
boards [11]. The etching rate has increased, the consump-
tion of chemicals has decreased, the process of industrial
waste regeneration has been simplified. For cleaning
printed circuit boards, a composition consisting of electro-
activated water (pH 12-14) and caustic soda has been
developed [12]. The cleaning time is reduced several
times. When cutting metals, the redox potential of the
emulsion was measured at the time of chip removal. As
soon as the cutting began, the redox potential became
negative. Having added electroactivated water (catholyte)
with redox potential from minus 300 to minus 800 mV to
the emulsion, a new coolant-lubricant was obtained [13].
Working on the process of industrial waste utilization, the
authors improved the previously developed coolant-
lubricant. The activator was close to the metalworking
machine. At the same time, the catholyte was directed to
the cutting zone, and the anolyte was mixed with the
spent emulsion. The effect of increasing the cutting tool
durability was obtained, the emulsion stability increased
1.5 times, and the used coolant did not require additional
treatment for utilization [14].

For washing printed circuit boards, various liquids are
used. In the study [15] electroactivated water was used for
this purpose, which led to a reduction in the consumption
of chemicals.
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To obtain electrochemically activated water and solu-
tions such devices are used as: STEL installations,
Aquachlor, Izumrud; flow modular elements PEM-3,
PEM-7, PEM-9; universal MB-11, MB-26, etc. With a
small consumption of activated water, a large variety of
electroactivators are offered: Iva-1, Melesta, AP-1,
Aqualife and others (fig. 1).

Analysis of the structures of these devices showed that
flat metal plates are used as electrodes, therefore there are
volumes of water that are exposed to uneven electro-
chemical effects. In addition, due to the small surface area
of the electrodes, the current density increases, which,
according to the Tafel equation, leads to an increased
overvoltage of electrochemical processes. As a result of
this, the specific energy consumption for obtaining acti-
vated water is significant and amounts to 1530 W - h /1.
The calculation is made on the basis of passport data.

In the Espero-1 electroactivator shown in fig. 2, the
anode is made in the form of a graphite rod of square sec-
tion, the cathode is made of thin-sheet steel in the form of
a cylindrical shell. The electrodes are mounted coaxially
to each other. The anode is in the center, the cathode is in the
periphery. As a result, all the water in the activator is sub-
jected to electrochemical exposure, which leads to a sig-
nificant reduction of energy consumption to 2+3 W - h /1
(when dissolving table salt in water 10 g/l). On the side
surface of the anode, due to the right angle, the electric
field strength and current density are increased, which
adversely affects the efficiency of the electroactivator.

Methods and equipment of research. To study the
activator with a coaxial arrangement of electrodes, a de-
vice with a graphite rod of circular cross-section was
manufactured [16]. Fig. 3 shows an experimental electro-
activator.

Tarpaulin cloth is used as the diaphragm. The anode is
a graphite rod, the cathode is a hollow stainless steel cyl-
inder. Fig. 4 shows the assembled electroactivator, power
supply, multimeter and pH meter.

Methods of conducting experiments in the study of
electroactivator with a coaxial arrangement of electrodes:

1. Filling the glass tank with cold tap water.

2. Settling water with the lid open for at least 8—10
hours at room temperature.

3. Control the pH of the source water.

4. Filling the anodic and cathodic spaces of the activa-
tor with water.

5. Installation of the electrode in the anode space.

6. Pause from 3 to 5 minutes to level the water levels
in the cathode and anode spaces.

7. Electrochemical effect on water by passing a cur-
rent.

8. Current control.

9. After disconnecting the voltage, the anolyte is dis-
charged into a separate container.

10. Control of pH of the anolyte (pHA) and the ca-
tholyte (pHK).
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Fig. 1. Electric water activators: Iva-1, Melesta, AP-1

Puc. 1. DnekrpoakruBaTopsl Bousl: MBa-1, Menecta, All-1

Fig. 2. Electroactivator “Espero-1”

Puc. 2. OnexrpoaxruBaTtop «Acnepo-1»

Fig. 3. Experimental electroactivator

Puc. 3. DxciepuMeHTaNbHbIA 371€KTPOAKTHBATOD
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Fig. 4. Used equipment

Puc. 4. Ucnosnp3yemoe obopynoBaHne
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Fig. 5. The change in pH of anolyte and catholyte from the time of activation of tap water

Puc. 5. U3menenne pH aHonuta u kaToauTa OT BpeMEHH aKTMBUPOBAHUS BOIOIPOBOIHON BOIBI

Specific energy consumption is determined by the
formula:
Q=1-U1/60V, (1)

where U is the voltage on the electrodes, V; V is the vol-
ume of activated water, 1; / is the amperage, A; t is the
time of water activation, min.

We believe that the specific energy consumption does
not reflect the efficiency of the electroactivator. It is pro-
posed to evaluate the operation of the device according to
the following indicator:
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q = Q/ApH, 2
where ¢ is the specific energy consumption per unit
of change in the pH of water or an aqueous solution;
ApH = pHK — pHA is the difference in pH values of ca-
tholyte and anolyte.

The experiments were conducted at a different ratio of
the volumes of anolyte and catholyte from 0.35 to 1.72.

Results. Experiments have shown (fig. 5) that the
minimum value of specific energy consumption per unit
of pH change is typical for a volume ratio of 0.57, there-
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fore, further experiments were carried out with this ratio.
It can be seen from the figure that with electrolysis time
from 3.5 to 7 minutes specific energy consumption for the
specified ratio of volumes is 15-20 % less than for other
values.

Fig. 6 shows the changes in the pH of anolyte and ca-
tholyte from the time of water activation. It follows from
the graph that the maximum change in the hydrogen index
(pH) occurs in 7 minutes of electrochemical activation of
water.

For the experiments an aqueous solution of sodium
chloride (0.9 % physiological solution widely used in
medicine and in everyday life — the Espero activator) was
used. The results are presented in fig. 7, 8.

The nature of the change in the pH of the solution and
the specific energy consumption does not change with the
activation time.

However, the specific energy consumption is an order
of magnitude less and the maximum change in the pH
value occurs in 3 minutes.

PH14

12

ka—

10

Fig. 6. The change in pH of anolyte and catholyte from the time of water activation

Puc. 6. smenenue pH anonuTa 1 KaTONKUTa OT BPEMEHU aKTHUBAIUU BOJbI

9 o.08

0,07

/7

0,06

0,05

0,04
0,03
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Fig. 7. Specific energy consumption per unit of change using an aqueous solution
of sodium chloride (0.9 % physiological solution)

Puc. 7. YV nenpHBIC SHEPro3aTpaTsl Ha €ANHUIYY H3MEHCHUS C HCIIOJIB30BaHUEM
BOJHOTO pacTBopa xyopuaa Hatpus (0,9 % dusnonornueckuit pacTBop)
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Fig. 8. The change in the pH of the anolyte and catholyte from the time of activation
of water using an aqueous solution of sodium chloride (0.9 % physiological solution)

Puc. 8. M3menenne pH aHonmMTa 1 KaTOJIKMTA OT BPEMEHH aKTHBAIMH BOJIbI C UCTIOJIb30BAHUEM
BOJIHOTO pacTBopa xyopuna Hatpus (0,9 % ¢usronormueckuii pacTBop)

Specific energy consumption per unit of change in the water pH

Model Ratio V,/V; Specific energy consumption q
Melesta 0.6 2.86
AP-1 0.33 2.77
IVA-1 0.75 2.96
Aqualife 0.11 2.76
Espero-1 0.2 1.5
Electroactivator under study 0.57 1.25

The results of the calculations of the specific energy
consumption per unit of change in the water pH are
shown in the table. It follows from the table that the elec-
trical activator has the minimum value of specific energy
consumption per unit of change in the pH value.

Conclusion. Existing devices for the electrochemical
activation of water and aqueous solutions have design
flaws, and therefore have increased specific energy con-
sumption. The developed electroactivator with a coaxial
arrangement of the electrodes has the lowest specific en-
ergy consumption per unit of change in the pH value,
which is very important at the present time.
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