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SOFTWARE AND MATHEMATICAL SUPPORT OF CALCULATION OF UAV MOTION
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Abstract. Prediction of the UAV motion plays the important role in the process of creation and
design of unmanned aerial vehicles. In this regard the problem of developing software and mathematical
support for the calculation of UAV motion is one of the key stages in the UAV design process and it is of
great scientific interest. In this paper, software and mathematical support for the investigation of aircraft-
type UAV motion under the influence of control forces and moments arising from the operation of the
thrust device and control surfaces and aerodynamic disturbances are considered. Aerodynamic
disturbances include lift force, lateral force, drag force and moments of aerodynamic forces. The basis of
the software and mathematical support for the calculation of the UAV motion is the dynamic equations of
motion of the apparatus in the inertial coordinate system derived base on Newton's second law and the
kinematic equations of translational and rotational motion that link the components of the position and
velocity of the UAV. The right side of dynamic equations contains the aerodynamic disturbances
including forces and moments. The design of the UAV motion calculation software was carried out using
the object-oriented modeling methodology. Using graphical notations of the unified modeling language
(UML), static diagrams are constructed that give an idea of the functionality and basic objects of software
and mathematical support of UAV motion calculation. The resulting UML diagrams were used in the
process of development of software and mathematical support. The developed software and mathematical
support allows to analyze all the necessary characteristics of the UAV motion with the help of a data
visualization system in tabular, graphical and three-dimensional form.

Keywords: unmanned aerial vehicle, unmanned aerial vehicle motion, software and support,
research, analysis.
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JA.HI.Axmenos , HI.2K.MycupaaueBa“, A.C.Cyxenko , lII.M.bopamosa
II/IHCTI/ITyT KOCMHUYECKOM TeXHUKHU W TeXHOJIOTUH, T. AnMatsl, Kazaxcran
*KasaxcKuil HALMOHANBHBINA YHEBEpCUTET NMeHH anb-DPapabu, r. Anmarsl, Kasaxcran

PABPABOTKA NIPOI'PAMMHO-MATEMATHUYECKOI'O OBECIIEYEHUA
PACYETA JIBHKEHUA BIIVIA

AnHoTamusi. B nganHO#N paboTe paccMarpuBaeTcs IMPOTrPaMMHO-MATEMATHYECKOE
obecnieyenne 11 uccienoBanusa aprkenus BITJIA caMoieTHOro THIA MOI BO3AECHCTBUEM CUI U
MOMEHTOB, BO3HUKAIONIUX BCJICJICTBUE PAOOTHI YCTPOWCTBA CO3MMaHMS TATU W YIPABISIOMIAX
MOBEPXHOCTEW, H adPOJUHAMMYECKUX BO3MYIICHUH. ASPOJMHAMUYECKHE BO3MYIICHUS
BKJIFOYAIOT TOABEMHYIO CHIIy, OOKOBYIO CHIIy, CHJIy CONPOTHBIEHHUS BO3JyXa M MOMEHTHI
AIPOIMHAMUYECKUX CHJI. B OCHOBY mMpoOrpaMMHO-MaTeMaTHUECKOTO OOEeCHedeHus pacuera
newxeHus BITJIA mosoxeHbl JUHaMUYECKHE YpaBHEHHUS JABMKECHHS alllaparta B MHEPUHAIbHOMN
CHUCTEME KOOpIMHAT, BhIBEICHHbIE Ha 0aze BTOpOro 3akoHa HbIOTOHA, W KUHEMATHUYECKHE
ypaBHEHHUS TMOCTYNATEIbHOTO M BPAIATEIBHOTO JBUKEHHUS, CBS3BIBAIOIIME COCTABJISIOIINE
nonoxenus u ckopoctu BIUIA. IlpoekTHpoBaHume NpPOTPaAMMHOTO OOECIIEUEHHUsI pacyera
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neuxkeHus: BITJIA mpoBeneHO ¢ HCMONB30BAaHHEM METOJOJIOTHH OOBEKTHO-OPUEHTHPOBAHHOTO

MOACIINPOBAHUA.

Pa3zpaboranHOe TPOTpaMMHO-MATEeMaTHYECKOE OOECIEYeHUE TT03BOJISET

IPOBOAMTH AHAIM3 OCHOBHBIX XapakTepucTuk aABwkeHus BIIUJIA ¢ mnomomplo cuctemsl
BU3YyaJIM3allUH JaHHBIX B TAOJIIMYHOM, rpahuueckoM U TPEXMEPHOM BHUJIE.

KiroueBble cioBa: OecnMIOTHBIA JI€TaTeNbHBIA amnmapar, IBM)KEHUE JIETaTEeIbHOTO
anmapara, IporpaMMHO-MaTeMaTH4ecKoe o0ecrieueHue, ucciael0BaHue, aHajus3.

B HacTosiiee Bpemsi OeCHMIOTHBIC
JICTCJIIbAJIBHBIC alIapaThbl SABJIAOTCSA OJHUMU
u3 Haunboiee UCCIIETYEMBIX TEM.
becnuiaoTHble JICTAaTCJIbHBIC arraparkl
(pucynok 1 [1]) mmMpoKo HMCHOJIB3YIOTCS BO
BCEM MHUpPE B BOSHHOW U TPakIaHCKOU cdepe

TSt IPOBE/ICHNUS 9KOJIOTHYECKOTO
MOHUTOPHHTA, a’pooTochreMKH,
re0JIOrOpa3BeIKH, OCYIIECTBIICHHS

BU3YaJIbHOTO KOHTPOJS JJs oOecredeHus

O0e3omacHOCTM W T.J. BaxHylo poibp B
Mpo1iecce COo3AaHusl U MPOSKTUPOBAHUS TAKHX
JIeTaTeNbHBIX anmnaparoB Urpaer
nporuo3upoBanue asuwxeHus: BIUJIA. B cBs3u
C JTUM, 3aJaya pa3pabOTKU MPOrpaMMHO-
Marematndeckoro  obecrieuenus — (IIMO)
pacuera naBuwxkenus BIIJIA sBigercs omHum
u3 KIIFOUEBBIX 3TanoB npoiiecca
npoektupoBanuss BIIJIA u npencrasisier
OO0JBIIION HAYYHBIH HHTEpEC.

Pucynok 1 — becnnitoTHBIH JeTaTeabHBIN anmapar
Figure 1 — Unmanned aerial vehicle

Ha texymmii MomeHT pa3paboTke
POrPaMMHO-MaTEMaTHIECKOTO O0eCTIeUeHUs
pacuera gBwxkeHus BIIJIA  mocssieHo
MHO>KECTBO pabot. B wactHoCcTH, B padote [2]
IPEJICTaBICHO MpOrpaMMHOE oOecredeHue
JUTSL UCCIICJIOBAHMS JBVIKCHHSI U OTPaOOTKHU
CHUCTEeMBI ympaBiieHUsi potopHoro bBIUIA -
kBagpokonrtepa. PabGora [3] mocesmeHa
pa3paboTKe MPOrpaMMHOTO OOCCTICUCHHS IS
pacuera aMHaMuUKM U ynpasieHus BILJTA
CaMOJIETHOTO TUIIA C BEPTUKAILHBIM B3JIETOM.

B nannHOli pabote paccMaTpuBaeTcs
3agada pa3paboTKu IPOrpaMMHO-
MaTeMaTHYeCKOro oOeclevyeHus, KOTopoe
O3BOJISIET HcciaenoBaTh nBwkeHune BITJIA ¢
y4ETOM OCOOCHHOCTEW ero KOHCTPYKILIUH, YTO

MIPOSIBIISIETCS B bopMyIHUpOBKE
MaTeMaTH4YeCKOM MOJICIIN pacueta
YIOPaBIIAIOIIUX n BO3MYIIAOIINAX
BO3JCHCTBHUM.

MarteMaTH4YecKas MO €eJIb

asm:xenns BITJIA

49

Hns  ommcanms aBwkenus  BIIJIA
BBOJATCSI CJIEAYIOIIME CUCTEMBbI KOOPJMHAT:
WHEepIaabHas cucTeMa KOOpJIMHAT,
CBSI3aHHAs cHcTeMa KOOpJMHAT,
TTOJTYyCBSI3aHHAS cHCTEMa KOOPJIHMHAT,
CKOPOCTHAsI CCTeMa KOOPUHAT.

st BBLIBOJIA JTUHAMUYSCKUX
ypaBHEHUH JBUKEHUS arapaTa NpUMEHsIeTCs
BTOpOM 3akoH HproToHa.

JuHnaMuueckre ypaBHEHUS JABUKEHUS
uenTpa macc BITJIA umeror Bua:

T+D

L, |,

m
qu— pv L,

rv—gqw

u
v pw—ru |[+—
w

macca BIUIA, p,q,r

CKOpPOCTh Kp€Ha, TaHTaxka, pbICKaHbsA, D -
CWJIa  CONpOTUBIEHUS  Bo3dyxa, L -
MoJAbEeMHAs Cuiia, T - CHJIa TATH.

Bripaxkenue 17151 CUITbI CONPOTUBICHUS
BO3[yXa, OOKOBOH W TMOABEMHON CHIJIBI B
npaBoit yactu ypaBHeHui (1) umerot Bup [4]:

rane m -
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D= %pVazS(— Cpla)sina —C,(a)cosa + (— Cpg sina —Cy, cos a)%) , (2)

a

1 ) b b
Ly =EPVa S(Cyo +Cyﬁ + Cyp Wp + Cy’ 7r+ Cyfgaéa +Cy5r5r) > (3)

a a

1 . .
L = EpVazS(—CD(a)cosa +C;(a)sina—-C cosaiq +Cp, sin an -

2, w, 4)

—Cps, cosad, +C 5 sinad,)

rie p - IUIOTHOCTH  BO3JyXa, p) (B=Clgr+Mm +M"
S - momans cedenus BITJIA, 7, - ckopocTh gl= (C-Apr+m, (5)
HaOeralomero mOTOKa, « - YroJd arTakw, r (4-B)pg+M.
Cp, C, - KO3 PHUIMEHTHI
a’pOAMHAMUYECKOT'O 71060BOTO rge 4,8,C - MOMEHTBI MHEpPIIUH,
CONPOTHUBIICHUSI U TOJBEMHON CWIBI, ¢, b - M, M, M, - MOMEHTHI a3pOJMHAMUYECKUX
Cpe/Hss adPOIUHAMUMECKAA XOPJa U PasMaX oy 4/7 _ \oMenT CHth TATH.
Kppl1a, 6,, 6,, O, - YIJIbl OTKIOHCHHA BbipakeHust s MOMEHTOB
3JICPOHOB, pYJICil HampaBJCHUS H PyJeH a’POJMHAMUYECKUX CHJI UMEIOT BHJ B MPaBO
BBICOTEI. 4yacTH ypaBHeHH (5) umerot Bun [4]:
Jlunamuyeckue yYpaBHEHUSA
BpAaIaTeIbHOTO JIB)KCHUSI UMEIOT BH/I:
M, = %prSb(CLO +Cp, %p +Cy, %p +C,, %r +Cp5. 6, +Cps 5,) s (6)
M, = % ijSc(cmo +C, a+Cpy %q +Cps, 5e] , (7)
a
M, =%pVa2Sb(Cn0 +Cnﬂﬂ+Cnp%p+Cw%r+Cnsﬂ 3, +Cn5r5,). (8)
a a
rope C;, C,, C, - a3poguHaMHYECKHUE Kunemaruueckue YpaBHECHUA
KOA(DPUITMEHTHI TTOHEMHON CHIIBI, MOMEHTa NOCTYIIATCIBHOI'O ABMIKCHMS CBS3BIBAIOT TPHU
[0 OCH TaHTra)ka, BAOJb OCH z CBS3aHHOMU COCTaBJIAIOIIHNC MOJIOKCHUA u TpHu
CUCTEMBI OTCYETA, S - YIOJ CKOJbXKECHHUS. cocrapjistorue ckopocTi BILIA.
X cos@cosy singsinfcosy —cosgsiny  cos@sindcosy +singsiny \ u
¥ |=| cos@siny sin@gsinOsiny +cos@cosy cos@sin@siny —singcosy | v |, 9)
z —sin @ sin g cos @ cos¢cosd w
rme x, y, z - HWHEPIHUAIbHBIC  IOJOXKEHUS M TPU COCTaBIAIOLIUE YIJIOBOU
KOOpAMHATH monoxennss BIUIA, ¢ - yrom  Ckopoctu BILJIA.
KpeHa, ¢ - Yyroia TaHraxa, y - YIoal
pbICKaHbs, u,v,w - CKOPOCTH B CBSI3aHHOU é 1 singtan@ cosgtand | p
CUCTEME. 0|=10 cos¢ —sing | ¢ (10)
AHaJIOrM4HO KMHEMATUYECKUE v| |o Sing cosg | ,
ypaBHEHUS BpanaTeJIbHOTO JIBKEHUS cosd cosd

CBA3BIBAIOT TpU COCTABJIAIOINIUC YIJIOBOTO
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IIporpammHuoe ol0ecneyenue
pacuera nuxkeHuss BIIJIA

[Ipu mpoexTupoBaHUU MPOTPaAMMHOTO
obecrieuenust pacuera JgBwkeHus BILUIA
UCTIONB3YeTCsl  METOJNOJIOTUS  OOBEKTHO-
OpPUEHTHPOBAHHOIO  MoOJenupoBaHusi. B
KauyeCTBE OCHOBHOI'O CpPEJICTBA BU3YaJbHOI'O
NPEACTABICHUS]  MOJEIM  MCIOJb30BaHbI
rpadpuyeckie HOTAUUMU YHU(DUIUPOBAHHOTO
sa3bIka MoaenupoBanusi UML.

[IporpamMmmHoe oOecriedeHune pacueTa
nBmxeHust BITJIA cocTouT U3 Tpex OCHOBHBIX
00BbeKTOB — «BHemHss cpenay, «JlBrkeHue
BITJIA», «CucteMa ynpaBieHUs IBUKEHUEM
BIUTA» (OmmoOka! MUCTOYHUK CCHUIKM He
Haii/leH.).

N3 npuBeneHHON auarpaMMbl BUIHO,
yTO0 O00BEKT «BHemHss cpega» BKIIOYAET

aTMochepsl» MpeaHa3HAYCH TSI BBIYMCICHUS
BO3MYIIIEHUS OT COMPOTHUBJICHHUS aTMOCHEpPHI
nekennto BITJIA mo 3amaHHO# TpaekTopuw,
BBIUHCIICHHS BO3MYIIEHUS oT
a’POIMHAMUYECKOTO MOMEHTA, BIUSIOINIETO
Ha BpallaTeIbHOE JBIKCHHUE, BBIYUCICHUS
OOKOBOM, MOJIBLEMHOM CHJI M CHUJIBI JIOOOBOIO

COTIPOTHBIICHUSI.

OOBeKT «/IBmxenue BITJIA»
MpelHa3HaueH [ pacyera  OCHOBHBIX
XapaKTEePUCTUK JBH)KECHUS BIUIA:
MOJIOKEHUST M CKOPOCTM ILIEHTpa Macc,

YIJI0BOT'O TIOJIOKEHUS U YTIIOBOM CKOPOCTH.
OO0BekT «Cucrema YIIpaBJICHUS
JBIDKEHUEM» BKIIOYaeT 00BeKThl «OpraHbl
YIPaBICHUS», «YCTPOHUCTBO YIpPaBICHUSY,
«datunkuy. O0bekT «OpraHsl yIpaBICHUS
MpelHa3HaueH g pacyera YIpPaBJISIOLINX

caenyromue OOBEKTHI: «Bo3genctBue  cua1 M MOMEHTOB  OT  YIPAaBISIOIIMX
TPaBUTAIMOHHOIO  MOJs», «Bo3meicTBUe  MOBEPXHOCTEN M yCTPOWCTBA CO3JAHMS THTH.
aTMOCQepbD». OOBeKT «Y CTpOUCTBO YIIPaBICHUS»
O0BeKT «Bo3neiicTBue MpeIHa3HAYeH ISl pacyeTa YNpaBIISIOMINX
TPaBUTAOUOHHOT'O IIOJISD» IMPCAHA3HAUCH JIA CHUT'HAJIOB, MOCTyHarounux Ha OpTraHbl
BBIYHUCJICHUA T'PaBUTAIHOHHOT'O BO3MYILICHUSA YIpaBJICHUA. OOBeKT «I[aTLH/IKI/I»
3€MHI/I, BJIMAIOIICTO Ha MABHWXCHUC MLCHTpaA npeaHasHauCH JJIA pacucTa TCKYIIHUX

Macc BITJIA. OOBEKT «Bo3neiicTBue xapakTepucTuk apuxenus bITJIA.

Buemmnas cpena Jlenxenue BITJIA
BoseiicTBue rpaBuTallHOHHONO nouﬂ‘ BoseiictBre arMochepst ‘
Junamuka
I'paBuTanmonHas cuia ‘ boxkosas cuna ‘
HauasbHble napaMeTpsl ‘ Hobentias cita ‘
> *‘ — Kunemarnka —
AsposmHammyeckue K03GHIHEHTE!
Cuta 1000BOrO CONPOTUBIICHHUS
HavanbHbie mapameTpst ‘
I'paBuTanMOHHEII TapamMeTp ‘
‘ TpasurauuoHHbIi napamerp ‘ Hauanbueie yciosus nsukenus BITTTA
| T
Cucrema ynpasyienns apikennem BITJIA
Oprasbl ynpBIeHHs VerpoiicTBo ynpapneHus Jatunku ‘
Dnepon ‘ Py:tb HanpaBieHus JlaT4HK yrII0BOTO MOJMOKEHHS
e e -
Pyiib BLICOTBI ‘ Verpoiicrso st coznanus Taru JlaT4uK YIioBOM CKOpOCTH

Pucynok 2 — Inarpamma 00bextoB [IMO pacuera apmxenust BITJIA
Figure 2 — Object diagram of software and mathematical support of UAV motion calculation
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Komrnekc 3amad, KOTOpbie BBITOTHSIET
IPOTPaMMHO-MaTeMaTH4eCcKoe oOecreueHue
pacuera nBwxkeHus BIUIA, mpencraBien B
BUJIC TUArpaMMBbI MPEIECICHTOB Ha PUCYHKE 3.
W3 npuBeneHHOW AMarpaMMbl BHIHO, YTO
OCHOBHBIMH (YHKIHSIMH OOBEKTa SIBJISIFOTCS:
3a/1aHue HAYaIbHBIX YCIIOBHIA
MoaenupoBanus aBwxeHus BIIJIA u 3amyck
MOJICTTMPOBAHUS, pAacyeT TOJOXKEHUS W

CKOpOCTH JBMWKeHus ILeHTpa Macc bBIUIA,
pacdeT yYIJIOBOTO IIOJIOXKECHHMS W YIJIOBOM
ckopoct BITJIA, Bu3yanu3anus ABMXKEHUS U
tpaektopuu BITJIA.

ITonyuennsie UML - guarpaMmsl
HCIIOJIb30BaHbI JUIS pa3paboTku
HMHTAIIMOHHOM Mozaenn aBmkeHust BITIA,
KOTOpas NPEJCTaBJICHA HA PUCYHKE 4.

alaHNe HAYalTbHbIX Y CIIOBUR
MozenupoBanus aBikeHust BITITA
M 3aITyCK MOJICITPOBAHHS

TTosb30BaTeb

Pacuer nonoxxeHust U CKOPOCTH
N mBwkenust nenrpa macc BITJIA

Pacuer yrioBoro nosnoxenus,
yrnooii ckopoctr BITJIA

Busyanuzaims 1BwKeHUS 1
Tpaektopun BITJIA

IIporpammuo-
MaTeMaTHIeCKoe
obecrieueHne pacyera
nerokenus BITJIA

Pucynok 3 — Jluarpamma npenenentos [IMO pacuera nmwkenus bITJIA
Figure 3 — Use cases diagram of software and mathematical support of UAV motion calculation
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Figure 4 — Simulation model of UAV motion

52



KasKKA Xa6apbicel Ne 3 (102), 2017 ISSN 1609-1817 The Bulletin of KazATC
BectHuk KasATK Ne 3 (102), 2017 www.kazatk . kz 2017,Vol. 102, No. 3

Pazpabotannoe MIporpaMMHO- A IIPOEKTUPOBAHHUS CHCTEM  YIIPaBIICHUA
MaTeMaTUYeCKOe O0OeCIieYeHNE MOKET OBITh nemwxkenneM BITJIA camoneTHoro Tuma.
HUCIIOJIB30BAHO AJId HUCCIICAOBAHUA AWHAMHWKU

JUTEPATYPA

[1] RQ-11 Raven Unmanned Aerial Vehicle, United States of America [DnexTponnsiii pecypc]. - URL:
http://www.army-technology.com/projects/rql 1-raven/ (nata obpamenwms: 24.07.2017)

[2] Carlos L. Design of a trajectory tracking controller for a nanoquadcopter, Technical report, Mobile
Robotics and Autonomous Systems Laboratory, Polytechnique Montreal, 2016 — 103 p.

[3] KycamnoB A.A. Pa3paborka cucTeMbl ynpaBiieHHS OECHHMJIOTHBIM JIETaTENbHBIM amnapaToM I10
3aJJaHHOM TPaeKTOpuu: Juc. ... mar.: 230100.68. — HoBocubupck, 2013. — 60 c.

[4] Beard R.W., McLain T.W. Small unmanned aircraft: theory and practice. — New Jersey: Princeton
University Press, 2012. — 300 p.

REFERENCES

[1] RQ-11 Raven Unmanned Aerial Vehicle, United States of America [Electronic resource]. - URL:
http://www.army-technology.com/projects/rql 1-raven/ (date of the application: 24.07.2017)

[2] Carlos L. Design of a trajectory tracking controller for a nanoquadcopter, Technical report, Mobile
Robotics and Autonomous Systems Laboratory, Polytechnique Montreal, 2016 — 103 p.

[3] Kusainov A.A. Razrabotka sistemy upravleniya bespilotnym letatelnym apparatom po zadannoi
traektorii [In Russian: Development of a control system for an unmanned aerial vehicle along a specified trajectory]:
dis. ... mag.: 230100.68. — Novosibirsk, 2013. — 60 p.

[4] Beard R.W., McLain T.W. Small unmanned aircraft: theory and practice. — New Jersey: Princeton
University Press, 2012. — 300 p.

PA3PABOTKA TIPOIT'PAMMHO-MATEMATHYECKOI'O OBECIIEYEHUSA PACYUETA
JABUKEHUS BILJIA
Axmenos Jayner ladurynaosud, A.17.H., aupekrop JATOO “UHCTUTYT KOCMHUYECKON TEXHUKH H
TexHoJyorHit”’, T. AnMathl, Pecrryonuka Kazaxcran, lacp@mail.ru
MycupanueBa Illeinap encumbexoBHa, K.Qp-M.H, JoueHT, Ka3axckuii HaIMOHAILHBIH
YHHUBEpCUTET UMEHH anb-Papadu, r. Anmatsl, Kazaxcran, mussiraliyevash@mail.ru
Cyxenko Anna CepreeBHa, PhD, mo crenuanpbHOCTH MEXaHWKa, 3aBeAyOmuid cekropoM, JJTOO
“MHCTATYT KOCMHYECKON TEXHUKH M TeXHOJIOTH’, T. AnmMatsl, KazaxcTas, anna.sukhenko@gmail.com
Bopamora Ilosman MannkoBHa, MarucTpant, Kazaxckuil HallMOHANBHBIA YHHUBEPCUTET UMEHH
anb-®apabdwu, r. Aamarsl, Kazaxcran, sholpanborashova@gmail.com

YUHIKBIHICHI3 ¥11IY AIIIMAPATBIHBIH KO3FAJIBICBIH ECENITEY AIH
BAFJJAPJTAMAJIBIK-MATEMATUKAJIBIK /KACAKTAMACBIH 93IPJIEY

Axmenos Jayaer IladurynoBuy, T.F.7., «FapblllIThIK TEXHUKA )KOHE TEXHOJIOTUSIIAP UHCTUTYTH»
EXUIC nupekropsl, Anmartsl K., Kazakcran, lacp@mail.ru

MycupanueBa lIsinap KencubekoBHa, §.-M.F.K., fo1eHT, an-Dapadbu atbiHgarel Kazak ¥IaTThIK
yHHBepCUTETi, AiMarthl K., Kazakcran, mussiraliyevash@mail.ru

Cyxenko AnnHa CepreeBHa, MexaHMKa MaMaHJIbIFbl OoiHbIIa PhD, cekTop MeHrepyuiici,
«FappllITBIK  TeXHUKa KoHe TexHosorwsuiap wuHcTuTyThy EXXKIIC, Anmarer k., Kazakcran,
anna.sukhenko@gmail.com

bopamoa Illosmman ManukoBHa, Maructpanr, on-®apabu areiHAarel Kazak  ¥ITTHIK
yHHUBepcuTeTi, AnMarthl K., Kazakcran Pecnyonukacel, sholpanborashova@gmail.com

Angatma. bByn KympICTa a’pOoJMHAMUKANBIK aybITKyJIap MEH 0acKapbUIAThIH JKa3bIKTHIKTap MCH
TapTyAbl )kKacay KYPBUIFbUIAPHI )KYMBICHIHBIH 9CcepiHeH maia O0NaThIH KYIITep MEH MOMEHTTED SCepiHeH
0ONaThIH YINIAK THITI YINKBINICHI3 YIIYy anmapaThl KO3FANBICHIH 3€pTTEyre apHaJFaH OarmaapiiaMaibIK-
MaTeMaTHKAJIBIK JKacaKTaMa KapacCThIpbLIaibl. ASPOJAMHAMUKAIBIK aybITKyJap KOTepy KYIIiHeH, OyHip
KYIIiHEH, ayaHblH KeIepri KYIIHEH >XKOHE ad’pOJAMHAMHKAIBIK KYIITCPAiH MOMEHTTEPIHEH TYPaJIbl.
YUIKBIIICHI3 VI ammaparhl KO3FAIBICHIH €CENTeyiH OarmapiaMaliblK-MaTeMaTHKAIBIK jKacaKTaMaHBIH
HeriziHe HbBIOTOHHBIH eKiHII 3aHbBl HETI3iHAE KOPBITBUIFAaH MHEPUUANIbl KOOpAMHATTAp KyieciHaeri
anmapar KO3FaJbICBIHBIH JIWHAMUKAIBIK TEHJACYJICpl MEH VIIKBIIICHI3 VIIy anmapatbl Kyil MeH
KBUTIAMIBIFRI KypaMaac OeNKTepiH OalIaHBICTRIPATHIH 1TEpiIeMeNi KOHE aifHAIIMAaITbl KO3FaIBICHIHBIH
KHHEMATUKAIBIK TCHACYJICPl albIHFAaH. ¥YIIKBIIICHI3 YINY ammapaThl JUHAMHUKACHIH €CENTeYIiH
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OarmapiraManblK KaMTaMachl3 €TyiH jkoOanay HbICaHFa OaFBITTAIFAaH MOJCIBICY OMIICTEMECIH KOJIaHy
apKBUTBl KYPTi3UITeH. O3IpJIeHreH OarmapiaMallbIK-MaTeMaTHKAIBIK —JKacaKraMa VITKBIIICH3  YIITy
anmapaThl KO3FaJbICBIHBIH Oap KaXETTi CHIaTTaMajiapblHa ACPEKTEp/i KECTEeNiK, IpadUKalblK KOHE
VIIOJIIEeM Il TYple BU3yalu3anusiay KyHeciH KOIany apKbLIbl Talaay Kypri3yre MyMKIHIIK Oepeni.
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ESTIMATION OF INTERFERENCE OF SIGNALS OF SATELLITE NAVIGATION SYSTEMS

Baiserkenov Madiyar Nurkalymovich, PhD doctor student, Al-Farabi Kazakh National
University, Almaty, Kazakhstan, m.n.baiserkenov@mail.ru

Abstract. The aim of the work is to estimate the interference of various kinds with navigation
receivers of global navigation systems. The study was carried out using mathematical modeling. Also for
the practical study, a navigation receiver has been designed and assembled. To simulate various types of
noise, frequency generators and electronic boards with quartz oscillators controlled by microcontrollers
were used.

Mathematical models of interference of satellite navigation systems GLONASS, GPS and Galileo
are considered. The criterion of the influence of structural interference on the ground control system of
satellites is determined. Noise interference is estimated. The noise immunity of satellite navigation
systems is estimated by the criterion of the interference-to-signal ratio at the output of the correlator of the
ground control complex. The influence of structural and noise interference on the noise immunity of the
ground segment is estimated. The results of the work can be applied in various fields, from civilian to
military appointments. Navigation receivers are widely distributed throughout the world. Widely used in
the navigation of telephone sets, vehicles, shipping and various kinds of aircraft.

The obtained results are valid for estimating the noise immunity of one navigation satellite. The
frequency separation of channels used in the GLONASS satellite navigation system, from the energy
point of view, makes it more noise-resistant than the GPS satellite navigation system and Galileo, in
which code division of signals is applied. To disrupt the operation of the satellite navigation system, the
effect of interference on at least three satellites is necessary, in order to provide unreliable information to
the ground control complex.

Keywords: GLONASS, GPS, Galileo, ground control complex, noise immunity.
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OINEHKA TIOMEXO3AIMMIIEHHOCTH CUT'HAJIOB CITYTHHKOBBIX CUCTEM
HABUT'ALIUN

AHHOTaUMA. PaccMOTpeHBI MaTeMaTHYeCKHE MOJIEIH TIOMEX CIYTHHKOBBIX CHCTEM
Hapuranuun (CCH) T[JIOHACC, GPS wu Galileo. Ompenenen KpuTepuil BO3ACHCTBUS
CTPYKTYpPHBIX IIOMEX Ha HazeMHbIl koMmiiekc ynpasieHus (HKVY) cnyraukxamu. [IpoBenena
OIlEHKa ITyMOBBIX moMeX. [IpoumsBenena omnenka nomexo3zamuineHHocTd CCH mo kputepuro
OTHONICHUSI TTOMeXa-CUTHAN Ha Bbixoje koppenstopa HKY. Oneneno BiausiHUE CTPYKTYPHBIX U
IIYMOBBIX TIOMEX Ha MOMEXO03alUIIIEHHOCTh HA36MHOI'O CETMEHTA.

KaroueBbie ciaoBa: ['JIOHACC, GPS, Galileo, HazeMHBIII KOMIUIEKC YIpaBICHHS,
MOMEXO03aIIUILEHHOCTb.
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