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1. Opwwumn

XNUAM3M OKYH yXxaaHbl Xerkun Xunaap ouw, capaap, 6apar egpeep ynam 6yp
yparwmncaap 6anHa. Xvmiman OKYH yxaaHbl O3BLUAVAT aX YWUNABIPT HIBTPYYISICHIAP
BYTIIMXK NX X3IMXKIIraap HAIMIrA3X OOMCOH.
1.1 Tecnuur rynuaTrax yHA3CNan, Waapanara

TyyHunaH Accenture-aac rapracaH TauWnaHg XWUMAMN OKYH YyxaaHbIr  ax
YMnaBapuinH canbapTaa awurnax 9XaNCaH eHOep XenkunTan 12 opHbl 34MAH 3acruiH
ecent 2035 OH raxaa X0€p AaxuH HAIMIrAax xananararam 6anHa.
OHeenep, TEXHUKUNH eHOeP XeNKUNTAN yNnc opHyyaan, XMNMan OKYH, XYH TepXT poboT
YUIMANWAH cydanraaHbl axnyya eapeec edepT Xypaaraa Tancasp 6GarnHa. PoboTbiH
cyfanraaHg CYYMNH X343H apBaH XUINNH TypLU axuu, O3BLUMN Xapargax banraa xagun
4 poboTYYA Hb YUNABIPIIANUIH XIPIrNIIHMI XYPIIHIIC TOANNIOH XarnbX rapy Yagaarym
n G6anHa. [3C3H xoaun 4 3apuMm TepnunH poboTyyn XYHUW eaep TyTMbIH ambapani
OPOSILOXK, XYHTAN 39PIrLdH OPLUMK, TOOHUA ambpari TOOOPXOM X3IMXKI3raap Tycarx
axnaag Gamraa 6unas. XyHA awoynTtam opumHg 6ue gaaH axunnax dageap Oyxun
pobOTYyAbIr awmurnaH cyganraa TaH4anTbliH TYPWUNTYYObIr XUWXUAH 33paruad Lapar
33BCar, TarHyyn, Teppopu3MbIH 3CPAr POOOTbIH TEXHOSTOMMIAT 8PreHeep X3ParnaX axnasg,
GarHa. [a3paap siaar, eepeep xanbars, 2 XaMK33CT Xe4eNreeHTan poboTbiH XyBbA caag,
TOMPOX 3aMblH TONEBNONTUNT HAN334 canH cygancaH 6on 3D opuyvMHA 3aMm Tenesnex,
caaj TOMpOX 33par acyyaan 6ypaH WunaBapnaraaarym n 6anHa. ©Hee yeunH poboTbiH
TEXHOMOrN, XMMMan owyH yxaaH 605oH Bycag HOMANT TeXHONnoryaTam xaBcpaH ynam
NINyy COHUPXON TaTcaH, cyfanraaHbl TOMOOXOH OPYHbIr yycraag 6aviraa tom.
1.2 CypanraaHbl apra 3ym

BugHuin cyganraaHbl @xnblH YHACOH 30pUATO0 Hb 4 COHCT HUCAJr Tapar Byoy
APOHbI TAHLUBIPXKUMATUAT XMAM3IS OKYH yXaaHA CyypwunaH yampaax cyganraar XMMAC3H.
OHAXYY cyaanraar XMNCHI3P O3NXMIN JAaXMHbl CyaanraaHbl aXuntam Xen 33paruaH anxax
B6ONOMXTOWN oM.

bug emHex cypanraaHf OepBeH CA3HCTUWH yaupanarbir PID G0noH TenesunH
rogpar xonbooTon yaupanarbiH apraap TOHUBIPXYYN3H yaupacaH 6unas. [0aapx
AypAcaH apryya Knaccuk yavpanarbiH apryygag Toouoragor oM. OHAXYY yaupanarbiH
apryya Hb MaTeMaTuK TOOLIOONON UXT3KN, ePBOH CIHCTUMH MaTeMaTuK 3arBapbir HAPUIH
TOOL0ONOX Waapanaratan 6angar. bua OpoHbl TaHUBIPXUNTAA Perpecc, AHrvnan,
HenpoH cymkaa 6onoH Reinforcement xuiimMan OKOYHbI aprbir X3parnaH Xenkyynaxaj
OPLUMHO. DHAXYY yaAMpAnarbiH apra Hb XypaaTran 60M0H rMpockon M3APYYPUNH TYYXUiA

ereraneec M34narunr rapraH aBax samaap OpPOHbl TOHLUBIPXUNTUNT XUAHD.
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Reinforcement aprbir po60TbiH TEXHONOMMA, 6PreHeep X3aParnax axarnk 6avraa 6a aHaxyy
apra Hb CUCTEM ©6pPUINH raprax Oyn ymnngnaac Typwnarbir 6un 605roCHOOP M3LNArmMnr
OInX aBAar.
1.3 TecnumnH 3LUCUUH Yp AYH:
OHAXYY TOCIUMH aXnblH 3UCUAH Yp OYHO XWWAM3M OKYH yXaaHg CcyypuricaH OepBeH
C3HCTUWH yampanara 6un 6oncoH. MeH gapaax yp AyHryya rapcaH:
< [lepBOH COHCTAA TOXMPOX XMMMIN OKYH yxaaHbl apra 6onox Perpecc, AHrunan,
HenpoH cymkaa 6onoH Reinforcement apryyabiH matemaTuk 3arsap rapcaH.
% XWAM3N OKOYH yxaaH[ CyypurncaH OepBeH CIHCTUMH TEXHUK XaHraMXUNT LUMWACIH
s XUNMan OWYH yxaaH4 cyypwurcaH OepBeH C3HCTUMH nporpamMm XaHramxumnr
WMNOCIH
< lapaapgblH caTryyng eryynan, 4OTOOAbIH CITIyyng eryynan Tyc TyC X3BIyYCaH
¢ AXncaH TeBLUMHA OPOX XNYIINUNH XeTendep 6uin 6oncoH
1.4 TecnunH yp AYHIMAH WWHI3M3r OyOy A3BLUWUNTTIN Tan
OHAXYY TOCMUMH LUNMHAMAM Tan Hb XUAM3M OKYH yXaaH4 CyypuncaH OepBeH C3HCT M.
OHAXYY A3BWINNTIA yaMpAnarbiH aprbir HyTarwyyrncHaap 36BXeH AepBeH CIHCTI3C ragHa
ax ymnaBapuirH canbapTt epreHeep HIBTPYYIAX BOMOMXKXTON oM.
1.5 TecnunH 3aMNH 3acar, LWKMHXI3X yXaaH, HAUFMUKH a4 xonoborgon
Tecen xapankCaH33p XMIUMII OKYH yXaaHg CyypurncaH yaupanarbiH aprbir HyTarwyynax
B6onomx 6un 6ok GarHa. XMinMan OKYH yxaaH XyHUIA aMbaparbir XeHreB4nexeec ragHa
ax YWNOBIPUNH candapbir XenKyyrnax, Xenknuur xypgacrax Tynxyyp 6onHo. bugHun
cyfanraaHbl axXIblH Yp OYHI33C axucaH TeBLUHUN XMY33NNnH xetenbep 6un GoncHoop
ONOH OlyTaH 3anyydvyygaa XWNM3S OKYH yxaaHbl Tanaapx M3afiarvnir Xyprax 3am

HA3rA3H3.



1.6 XaBnyyncaH eryynan

Bua noTooablH 3pA3M LUMHXUTISHUIA CITIYYNA HUAT 8 eryynan XaBrnyyscaH 60mHo.

s LU.Tanrnc, A.batmenx, J1. Yypuanx “Control of Single Propeller Pendulum with

Supervised Machine Learning Algorithm” Khureltogoot 2019

s U.TaHruc, A.batmenx, I'. Opxambasp “[epBeH COHCTUNH TIHLBIPKUNTUAT MaLLUH

cyprantblH 6aTaTraH cypax apraap wungax He"’, WYTUC, MXTC-unH apasm

LWMHXNII3HUK amxaTrang, 2020

GaTaTraH cypax apraap wningax He", MMT2020

s U.ToHrnc, A.batmeHx “[lepBeH COHCTUWH TIHUBIPXKUITUAT MaLUWMH CypranTbiH

s LU.Tanrnc, A.batmenx “Neural Network-based Quadcopter Control", Khureltogoot

2021, xyypac 110

s U.TaHruc,"Henpon CymxkaaHg CyypuncaH epseH CaHcTuH Yaupanara", MMT2021

s bat-OpgsHa, U.Tanrmc “[lepBeH COHCTUWH yavpanarag HeuWpoH CYIDKISHWUN

3areapyyabir xapbuyynaH Typwmx Hb" WYTUC-uMH 3pasm  LWNMHXUNTI3HUN

amxatrang, 2021

CoHcTunH Yaupanara” MatemaTuk, TOOH TeXHONorumH xypang 2022

s bat-Opgana, U.Tanruc, A.batmeHx "HemnpoHn CymxkasHg CyypuncaH [depseH

s bart-OppaaHa, L. TaHruc, Y. llogonpascan A.batmenx “Quadcopter Stabilization using

Neural Network model from collected data of PID controller” ICTFocus journal, 2022

Bva ragaagblH 3pAsM LWMHXUNTISHUIA CITIYYNA HANT 5 eryynan xaBnyyncaH 60mHo.

single-axis using classifier decision boundary”, IFOST 2019

s Tengis Ts, Uurtsaikh L, Batmunkh A, "Machine learning for stabilizing quadrotor’s

s Tengis Ts, Uurtsaikh L, Batmunkh A “ Control of seesaw balancing using decision

boundary based on classification method ” International Journal of Internet,

Broadcasting and Communication Vol 11, Nnumber 2, page 11

« Ts.Tengis, L. Uurtsaikh, A. Batminkh, "Balancing a seesaw with reinforcement

learning"”, International Journal of Advanced Culture Technology Vol.8 No.4 51-57

(2020)

s Staroletov S, Tengis Ts, “Model-Driven Development Methods and Formal

Verification Algorithms for Cyber-Physical Systems as Applied to System Software of

Unmanned Aerial Vehicles", CeteBoe n3gaHne CoBeTa pekTopoB By30B bornbLuoro

AnTaga, 2020

s Ts.Tengis, “Quadrotor stabilization in hovering mode based on the stereo vision",

International Conference on Electrical, Computer and Energy Technologies Journal,

2021



2. TecnunH cyaanraa 6a rynuaTran

MawwH cyprant ( machine learning, ML) ragar Hb HapunB4YMNCcaH Nporpamynanrynrasap
KOMMNbIOTEP ©6pee cypanuax acyyanbir cygangar LWWHXN3X yxaaHbl canbap tom [1, 2, 3,
4]. ©epeep xanban, KOMNbLIOTEP 66Pe6 TYYXUI ereraneec Maanar ok aBax Yyagsaprtan
B6onox xapartan oM. SHAXYy YagBapbir machine learning 6yly MawwuHbl cypanuax
YaaBap raHa. MawwnH cypranTbliH anropuTMbIr 4OOPX YHACSH 3 X3CarT XyBaagar 6arnHa
[1,5, 8, 9].

s Xanantryn (Unsupervised)

s Xananttam (Supervised)

+ bartatraH (Reinforcement)
XAHaNTryn cyprantbiH 30pUAro Hb aHrmnaarym Gywy ToMmaarryi erergen OOTPOOC TycC
ereranunH gang éytunnr xamx onoxod opwaor 6on xsaHantTanm cyprantbiH 30pUIro Hb
aHruncaH 6yy ToMA3rTan ereranunr alwmnrnad TaamarnansiH OYHKUUIAT TOOOPXONIOX0,
opwwuHo. CypranTblH erergesnt Hb oponT 60MOH rapanTblH ereranMnH xoc bGaruyynaac
Tortgor 6amnHa.
XaHanTTanm cypranT Hb 34radp erergeng LUMHXUAr33 XUMK Xapransax XxamaaprblH
QyHKUMAr yycrax 6Gereeq 9H3 YHKUWWAM LWIWHO erergnuir Gomnoscpyynaxag AaxuH
awmrnax Hexuenuur 6ypayynaH XaMrminH OHOBYTOM anropuTMbIr YYCraH3. YyYHUA Tyna
TOOH pPErpeccunH Tycnamkramraap oponT OONOH rapanTbiH ereranunH XxapunuaH
XamaapnbIr TO4OPXONIIOX Ba OPONTLIF X3PX3H rapant 6oMroH XyBuprax 0yn yHKLMIAr
Taamarnax 6awgar. MawwuvH cyprantblH anropuTM, TYYHUWA Yp AYHr MaTeMaTUKUIAH
LWMHXUITTASHUA  aprblH - TycnamkTamraap Toouoonox 6onowmkron 6ereen 3H3 Hb
KOMMNbIOTEPbIH LUMHXKI3X yXaaHbl OHOMbIH HAraH canbap tom [10, 11, 12, 13].
OHAXYY TOCNUMH XYpP33HA4 OuAa HAr CI3HCT, XOEP CIHCT OONOH A6pBeH COHCTUINH
TAHUBIPXKUNT 60M0H yaupanarbiH aprbir MalvH cyprantaap W1ngaxmnir 30pbCOH.
YyHA 61a fapaax MawuvH cypranTtbiH apryyablH cyganraar Xumx, TYpLUWK, HIBTPYYIICAH
6onHo:

«» PerpeccuiH apra

< AHrMNNbIH apra

% HenpoH cymxaaHun apra

+« bartaTraH cypax apra
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2.1 ONOH rMwyyHT hyHKLUWT MaALLUUH CYpranTbliH apraap yycrax 3amaap Har C3HCT
AYYXUHIMWH TOHUB3PXUIITUUT cCanKpyynax Hb

OMHex cypanraaHbl axnyygaap HIr C3HCT AYYXMHI TOLOPXOW ©HUerT TOrTBOpTOun

GapuxbiH Tyng 6ug PID 60noH TeneBuiiH ragpar xonboo 6yxui yanpanarbiH apryyabir

TYC TYC X3parnaH yaupgnarbir aMXunitam Typwwmxk y3caH 6onHo [1-8]. [Ooapx

yavpanarbiH apryyabir Xaparnaxaas lyHbl ©MHe, TyXalnH CUCTEMWAH ANHaMUK GOMOH

KMHEMAaTUKUIAH 3arBapbIr TOAOPXOMNOX Waapanaratan banaar.

o

3ypar 2.1.1 Har C3HCT AYYXUHIWIAH 3areap

3ypar 2.1.1-g TypwunTbiH 3arBapbir xapyyncaH 6a aHg, | caBnyypblH TeBE6C CIHCT
Xe4enryyp Xypax 3an, Y Hb X TOHXJIAMMWH aaryy yycax Oyn eHuer, m C3HCT Xe4enryypumH
XWH, F C3HCT Xe4enryypaac yyCcax eprex xyd, g TatanusibiH xypaartran.
mnynbcunH epreHnin mogynsuaap (PWM) xegenryypunH apranTtuiH Xypabir yanpaax
6a TyxalrH xef4enryypunH aprantuiiH Xxypaaac xamaapaH MyLUrMX MOMEHT YYCIXK OYY>KUHT
epreHs.

—IF + lmg cosyp = —lplm Q)
QHA Y Hb eHUer xypaaTrar.
OHaxXyy cydanraaraap cygamk Oynm oO6bekTblH (HAr COHCT Oyly X3BT33 AyYxuH 3ypar
2.1.1) gnHamuk GOMNOH KMHEMAaTMKUMAH 3arBapbliH rapranraar yn xaparnax 6ereeq sHa
CUCTEMUNH 36BX6H OponT OOMOH rapanTbiH YTryyabir awurnaH xsHanttam MaluuH
cypranT g33p cyypuncaH 6oauT yaupanarbiH CUCTEMUIT BYT33K KOMMbIOTEPLIT Cyprax

aprbiH TYpLMATYYObIT XUIAB.
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3ypar 2.1.2 Har caHCT ayyXuH. bapyyH Tanaac AyyXWHrMiH aHxHbl 6anpnan, ayyxuH

45° 6anpnang, 90° 6anpnang, 110° 6anpnang,

PerpeccuiiH apra 60mnox XxsiHanTTan MaluH CypranTbiH Oyl caHaa Hb UYrnyyncaH
cypranTblH erergeng xapransax (yHKUMIAr AyrHax ynn axunnaraa 6ereeg [1-5] eMHe Hb
TOAOPXOWNCOH CypranTblH Yp AYHr YYCraX Oylh CUCTEM Hb X3p 36B TOOOPXOMITK
cypanucaH 60noxbIr AyrHaxag opwumx oM. MaHan cyganraaHbl axmblH 30pUTO Hb HAr
COHCT AYYXXWHI TOAOPXOW 6HUerT TortBopton Oapux yaupanara tom. YyHun Tyng
Xe4enryypunH aprax Xypablr eepuniex 3aMmaap eprex Xy4mmr eepumnsmK OyY>KUHMMAH TOrToX
eHLrMnr BypTraxk aBcHaap cyprax erergnuir yyCraHa. MInHxyy Lyrnyyrk aBcaH ereranuinr
XYCHarT 2.1.1-T y3yynas.

CypranTblH ereranuinH xamaapnelir 3ypar 2.1.3-T y3yynaB.

PWM
980.00

o 940.00
0© 900.00
860.00
820.00

780.00

740.00

-95 -75 -55 -35 -15 5
Omnner (rpan)

3ypar 2.1.3. Cyprax ereranumnH xamaapsbiH rpaguk
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XycHart 2.1.1 Cyprax erergen

m X - y- m X - y-
(©Huer) | (PWM) (©Huer) | (PWM)

1 -84.36 760 16 -69.26 850
2 -86.41 766 17 -67.14 856
3 -86.72 772 18 -64.51 862
4 -87.4 778 19 -59.92 868
5 -88.34 784 20 -57.22 874
6 -88.64 790 21 -54.76 880
7 -87.52 796 22 -51.06 886
8 -86.82 802 23 -46.15 892
9 -84.35 808 24 -42.99 898
10 -83.3 814 25 -39.4 904
11 -81.41 820 26 -32.27 910
12 -77.88 826 27 -27.05 916
13 -76.51 832 28 -22.4 922
14 -74.67 838 29 -16.65 928
15 -73.28 844 30 0 934

OHp,

m — cypranTbiH Xuwur Too m=30

X — OPONTbIH XyBbCary

y—rapanTblH XyBbcary

(x®, yO) — cypranTbiH XuLmr

XKnwaa He,(xD), yb)) = (-84.36, 760)

OMHex cyganraaraap xsiHanTTa MalwuH CypranTbiH anropuTMbIr X3P3rfaH Lwyram
perpeccunH aprbIr almriaHd WynyyHsl (OYHKUUAT TO4OPXONncoH 6onHo. 3ypar 2.1.4-T1
ynaaH wwynyyHaap MalvH cyprantbiH wyram ¢yHKL, TogopxonnoracoH 6onHo. boaut
TypwunTbiH yeq 0° eHUerT TOrTBOPTOM TOrToox 6onomkryn 6arraa Hb xapargax 6anHa.
MeH 3apym eHUryyasa oumx xypaxryn 6anraa angaanyypg rapy 6anraar 3ypar 2.1.4-T
Y3yynaB. YYHUWT camxkpyynax YYAH33C OJSIOH MMLYYHT OYHKUMAT TOOOPXOMUSTOX 30PUIIro

TaBWUH axxuraa.
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PWM
980.00

Anpaa

940.00

900.00

860.00

820.00

780.00

740.00
-95 -75 -55 -35 -15 5
Onuner (rpax)

3ypar 2.1.4. MalvH cypranTblH WyramaH XamaapibiH rpaduk

XsAHanTTan cypranTblH apra Hb Japaax anroputMmbliH garyy axwunnaHa (3ypar 2.1.5).
LlyrnyyncaH cyprax ereranuir cyprantbiH anroputmg opyynHa. CypranTtbiH anropuTmbiH
ron yypar Hb rapantgaa TaamarnanbliH QYHKUUMAT  TOAOPXOWSIOXO4  OPLUMHO.
TaamarnanbiH (PYHKL Hb OpPONTOA erergceH TOIrTBOPXMX ©HUMMWAH YTrbIr aB4v TyxawH

eHuerT TOFTBOpTOI7I 63pI/IX XG}J,GJ'IFYYpMVIH 3pF3]'ITI/Il7IH XypAbIlr TOOLUOOJTHO.

[ CypraiarsiH 6arn ]

v

[ Cypaxyiin aJiroputm ]

TorrBop:kux Toonoosicon
OHIOT h XO616JITYYPHITH XypPI
3ypar 2.1.5. CypranTbiH anroputm

Trinmaac h pyHKY Hb X-MUr y-T aypcnaH 6yynrax yHKy oM. TyxarH cuctemuinr éua
WwyramaH 6yc cuctem rax y3aB. QHA, h- TaamarnansiH yHKY, (hypothesis).

ho(x) = 6y + 0,x + ,x2
OHA, hg(x) — TaamarnanbelH YyHKU, 6, 6, 8,— napameTpyya Tyc Tyc BOMHO.
bug 6,, 6,, 6, napameTpyyaunUr TOOOPXONITOX 30PUMTOTON TYPLUMATLIM AByYyncaH. [aapx
napameTpyyaumr TOO4OPXOUNOXbIH TYNA Cyprax erergnyygran xaMrmnH onp gampd rapax
LWYTYYHbIr TOAOPXOWNHO. YyHUA Tynga TaamarnanblH (PyHKY OOMNOH rapanTtbiH YTrbIH

anraBap xamruiH 6ara 6anx waapgnaratan oM.
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he(x®) =y
TyxanH CUCTEMUINH YHINTI3HUI (PYHKL, J -UIr (2) NapXxXmmnniasap To40PXONSHO.

J (60,81, 02) = —— X (hg (x©) — y®)? 2)
Bepeep xanban, J/(0,, 61, 6;) DYHKUMAH MUHUMYM 6, 6, 6, TOOOPXOMNNOX0A OPLLMHO.
ol ](90' 91,92) 3)

0 YV1Y2

TaamarnanbiH yHKUMAr ToMbEONBON,

ho(x) = 6y + 6,x + ,x2 (4)
Tyc cdyHKUMIH napameTpyya Hb 6,, 6, 6, 6arHa.
YH3MragHUn (pyHKUMIMH napameTpyyammH MUHUMYM YTrbIlr TOOOPXONIIOX Waapanararamn
BonoxbIr 433p aBy y3C3H. YYHWUIA Ty rpagueHT ByypanTbiH anropuTtMbIr allmriaHa.
oxnaag 6,, 04,6, napameTpyyaunr oypblH 6angnaap COHrox asHa. MxaBunaH 6, =0,
0, = 0, 6, = 06anxaap coHrox asgar 6a J(0,, 6,,6,) pyHKuMNH yTra 6aracax 6angnaap

napameTpyYAWIH yTrbir eepyninHe. MporpaMMbIH anroputM xanbapasp aypcanotan,

Haexuan yycman daem()
)
{0j:=6,—«a 50/ (60,61, 62)} ()
J

OHA,j =0, j=1,j =2 6annHa.
[aBTanT xunx asuan napameTpyyanrH erergivnr HaraH 33par eepynex waapanaratan.
for (3;)
d
{t0p:=06p —a 51(90: 61,62)
0

9]
t0;:=0; —a 6_01](00' 61,6,,)

d
t92: = 02 —a 5](001 91! 92,)
2

00: = teo
01: = t91
02: = tez} (6)

3HA, a Hb cypax Xypa oM. a -H yTra 6ara yeq cypax XypA yAaaH 6anHa. XapuH a XaT ux
YeA YCpanTyya YYCCaHMI ynmMaac napameTpuiiH MUHUMYM YTTbIF OFIOX GONOMXKIYIA FOM.

MapamMeTpuH MUWHUMYM YTrbIr ONOXbIH TYNA YHONMA3HUM (PYHKUI3IC X3CIrYMICaH

]
ynamxnanbir 5](90,91,92) aBHa.
j

9 a 1 , N2
6—91_](90, 6,,6,) = " Ly (he(x®) — y®) @)
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a 0 1 . . N2
6_91,](90, 01,0;) = aTj; ?;1(90 + le(l) + szz(l) - y(l)) (8)
d 1 ; ;
Bo: 8_90](90» 601,6;) = ;Z?Q(ha (x(l)) - y(l)) 9)
d 1 ; ; :
0;: 8_91](90» 01,6;) = ;Z?Q(ha (x(l)) - y(l))(x(l)) (10)

6230 (B0, 61,0,) = =TI (o (x©) = y ) (x2) (11)
MporpammbIH anropuTMmblH axunnnaraar Arduino gaap gapaax 6avgnaap 6u4mracaH.
2.1.1 TypwunTbiH Yp AYH

3ypar 2.1.1-O y3yynCOH H3r COHCT AYYXMH Hb -90°-+10° 3aBcapT caBnaHa. bwug
cyprantbiH 30 erergnuir uyrnyyncaH 6a KOHTPONNEpP A33p TOOL0O0S0N XUNX 3amaap
napameTpyyauir TogopxonsioB. Toouoonneir 8 MHz gastamxug axunnagar Atmega32
KOHTPONNEp A33p rymuaTracaH 6a cypax xypa a = 0.02 Ganxaap COHrocoH ©OOnHO.

CypranTbiH yp AYHA Aapaax napaMeTpyyauinr TOoL0O0SOB.

By: = 926,67
6,:= —0,4046
0,:= —0,0229

3HAdac TaamarnarnbiH QYHKL, Hb
hg(x) = 926.67 — 0.4046x — 0.0229x2

ra rapHa. TOOLIOOMCOH LWyramaH xamaapnbiH yp AyHr 3ypar 2.1.6-4 HOrOOH LynyyHaap

LYPCIaB.

-95 -75 -55 -35 -15 5
Omnner (rpan)

3ypar 2.1.6. CypranTblH yp OYHI33C YYCC3H XaMaapriblH LWyyyH

Anpaa 6ytoy 3epyyHum ytra 6yypcaH 6onoxbir 3ypar 2.1.6-c xap>x 60nHo.
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2.1.2 Ayruant

Har CaHCT TOrTBOpryn AYYKUHMMWUH CUCTEMUUT XAHANTTaW cypranTtbiH apraap cyprax
TYpWUATLIr aMmxuntTan sasyynas. Cypax xypa 60nox a-r Typwmnraap TOAOPXOWSCOH
Gereen a=0.02 6arix Hb oHoBYTON BariHa. KOHTPONNEPLIH COHrONTOOC Aapaax 2 3ywun
xamaapd 6anHa.

HarayraspT, caHax OMH XOMXA33HI3C Xamaapy cypax ererajimimH XoMXxa3 XssraapTaun
6arnHa. Cypax ereranuiH 100 nx 6anx Tycam angaa Oyypax maragnan eHaep 6anHa.
ByTapxanH TOOH yTra awmrnax yeg perucTpyyaumiH ytra ayypy Xanunr yycax 6ans.
XoéppayraapT, napameTpyyaunir TOOL0OSOX Xyrauaa KOHTPOMNEPbLIH axunrax xypaHaac
Xamaapax Tyn MaHan TypwvnTtag napameTpyyauur toouoosnoxon owmponuyooroop 90
CEKyH[, 3apuyyrik 6ams.

©OMHex TypwmnTaap WynyyHsl (YHKUMIAT awnrnacaH Tyn aHxHbl Mypyn 60MOH LWyIyyHbl
GanpnbiH 36pyyH33C OOMXK 3apuM GHUIMAH yTrag 3C XYpax 3CB3N JaBX rapax
TOXMONAON axurnargax OancHbIr 2-p 3paMOUMAH  OMNOH  TULLYYHTUWAH  PYHKLMIAT
X3ParnacHaap A33px angaar 6yypyyrx Yagnaa.

Cypax anropuTMbIr cyynracaH 3H3 CUCTEM Hb TIXKI3SIMIH ©6p eep XYYA3NUNH yTryyaas,
TYYHYUN3H ©6ep eep XUHTAM ayaaHbl yTraz gaxvH cypanuax 3amaap AYYXWHr erergceH
eHUerT TorTBopTon 6apbx Yagax 6ans.

TyxaH CUCTEMUNH KOAbBIr 3HAXYY CyAdanraaH L3MrapaHryn opyyrk ercHeep MaluuH
CypranTblH aprbir COHMPXOX By 3anyycbiH UaallabliH cyaanraabl axung 49mM 00MnHO rax

Hanpgax 6anHa.

2.2 OYY)XMHIMAH CUCTEMUMH T3HUB3PXUNTIA LWUAABIPUAH XUITMWAT awuurnax
GonomxunH cyaanraa

OMHex cypanraaHbl axnyygaap XO0Ep C3HCT AYYKMHI TOLOPXOW ©HUerT TOrTBOpTOM
6apuxbiH Tyna MU0 (PID) 60noH TenesuiiH ragpar xon6oo 6yxun yampanarsiH apryyabir
TYC TYC X3p3rfaH yaupgnarbir aMmxuntTam Typlwmk y3caH 6unas [12-17, 31, 42].
YavpanarbiH A33pX apryyabir X3parnaxasad lyHbl ©MHe, TyXalH CUCTEMUWH OUHAMUK
BOMOH KMHEMATUKUINH MaTeMaTUK 3areapbir TO4OPXOWMOX Waapgnaratan 6angar. Jaspx
COHroor apraap 9H3 CUCTEMUNH ANHAMUKUAH UNI3PXUNITINAH raprasnraar XapxaH Xumx

OyWr xnwaa 6onroH 4Oop xapyynas.
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3ypar 2.2.1. X0€p C3HCT OYYKMHIUIAH 3arBap

3ypar 2.2.1-g TypWwunTbIH 3areapbir xapyyncaH 6a ang, |1, l> caBnyypblH TeBOOC CIHCT
XeOenryyp Xypax 3an, @ Hb X TOHXNArMMH Aaryy yycax Oym eHuer, mi, Mz C3HCT
XeOenryypumH >xuH, Fi, F2 C3HCT Xegenryypaac yycax eprex XyuHyyad, g TaTtanunbiH
xypaaTtran. 9Hg mi 60M0H my Maccyyq anraatan, MeH CIHCHUIN O3N633HUIA XAMXK33 Hb
anraatan Tyn F1, F2 eprex xy4yHyyg xapunuaH eep 6arnHa. YYH33C AYrHaxag 3Hd cuctem
Hb TOITBOPIyW, TOHUB3Pryn cuctem 60510X Hb TOAOPXOMN OM.
mnynbcunH eprennn mogynsauaap (PWM) caHe Gyxui xegenryypunH apranTtuiiH Xypabir
yampaax 6a TyxanH xefenryypumH 3pranTunH XypaHaac xamaapaH MyLIrMx MOMEHT
YYCIX OYY>KUHI ©PreHe.
CucteMuniiH MaTemaTtuk 3arsapbir 4OOPX UNIPXUANIIIAP Y3YYII9B.

—lmyg cosp — lymyg cosp + L1 Fy — L F, = —Em, — 15)m, (1)

(limy — l;my)g cosy + L Fy — LF, = —(12my + 13my)y
Ln = 3my + I5m,

Lima —lyma

. l l
j=lp -l - g cos @

lin
QHA Y Hb eHUer xypaaTrar.

[33px cucTteMuiH T3HUBIpUNr xaHrax PID acBan TeneBuWH yaupanarbiH aprbir
X3P3ArNAXUIH TYNA AYYKUHIMAH MEPHYYAUNH YPT (l1, 12), XKMHMMAH XaMX33 (M1, M2), eprex
Xy4Hyyaur (F1, F2) HapyiiH TOQOPXOWIMK, raapar Xonboo yycrax 3amaap yampaaHa.
OHaxyy cyganraaraap cygamk 6yn obbekTbliH (3ypar 2.2.1) xeaenreeHunr xaHanttam
MaLUMH cypranTbiH apraap yampaax Tyn Tyc CUCTEMUIAH AUHAMUK 60MOH KMHEMAaTUKUIAH

3arBapblIr Y1 X3parnaHa. XapyH 3H3 CUCTEM Hb TYPLUMIT XWX siBUAA LyrnyyrncaH oponT
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GONoH rapanTblH YTryyablH M3433M3N 433p TYyNryypraH MalluH cypranTbliH aHruMmnmbiH
apraap TAHUB3IPryn 604UT CUCTEMUII TIHLBIPXKYYIIAX axunnaraar x3pankyynax oM.

3ypar 2.2.2-1 60auT 3areapbIr Xxapyynas.

3ypar 2.2.2 Xoép caHCT ayyxuH 0° 6anpnang

2.2.1 AHrunnbiH apra 6a WMNAB3PUNAH XUN

MaHan cyganraaHbl axriblH 30pUIITO Hb @HMUIMbIH apraac rapraH aBcaH LWWNOBIPUINH
XWUAWIAT alwnrnaH Xo€p CIHCT AYYKMHI TOOOPXOW eHUerT TorTBopTon 6apux yanpanarbir
X3PANKYYN3X34 OpLKMHO. OHI yaaa 6ug 3eBxeH xoép ytra (0, 1)-bir aBax GONOMXKTOMN
XOEPTbIH aHMMNNbIH acyygang aHxaapnaa xaHgyynax oM. YYHUW Tyng xegenryypyyaumiH
3Prax XypAabir eepynex 3amMaap eprex XYYUnr eepunsiK OYYXUHMMAH TOrTOX eHuer -r
OypTraX aBcHaap cyprax ereranunr yyCcraHa. XeaenryypumH apranTUnH XypaHaac yycax
F2 Xyunnr cypranTblH OPONTbIH X1, XapWH F1 XY4HWIA yTTbIr CypranTbiH OPONTbIH X2 6aruas
OypTrax aBHa.

F2 > F1 6anx yeq w eHurmmH ytra aepar 6anx 6a yyHUWAr cyprantblH rapanTtbiH yTra y=1
Barxaap 6ypTrax 6a xapuH F> < F1 6anx yea @ eHUrminH ytra ceper TaMaartan 6anHa.

YYHWAT cypranTbiH rapanTtbiH yTra y=0 rax TaMaarnax asHa (XycHarT 2.2.1).

XycHart 2.21. Cyprax erergen

Nef1 |2 (3 |4 |5 |6 |7 |8 |9 |10 |11 (12 |13 |14 |15 |16 |17 |18 (19 |20 [:|110
X1 1830 (840|850 (860|870 |880 (890 (840 (850 (860 (870 (880 (890 (840 (830 | 780 (790 (800 |810|820 |: (880
X2 |800 {800 |800 [800 |800 (800|800 (810|810 (810|810 (810|810 (820|800 {850 |850 (850 |850 850 |: (810
y |+ |2 |2 j» j» j12 12 12 2 12 12 12 12 2 12 (O (O O |O |O |:1

OHg,
m — cypranTblH HUWAT XuUwur To0 M=110, X1, X2 — OPONTbIH XyBbCary, y—rapanTbliH

xyBbcary, (X, y0) — cypranTbiH i 43X )uwwmr xoc ytra. XXuwwas Hb, (x@, yM) = (830,800,1)
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CypranTblH ereranuiH xamaapnbeir 3ypar 2.2.3-T y3yynaB. YnaaH gyryn gypcasp y=1

Banx yeunH yTryyabir, L3HX3ap ayrym aypcasp y=0 Ganx yeunH yTryyabir Aypcnas.

900 !

890

880
870
860
850
]
= 1]
Al 1]
11 1 1 T T 1
1 1 1 1

840

830

820

810

800
Xz

760 780 800 820 840 860 880 900

790
3ypar 2.2.3. Cyprax erergnmnH xamaapsbiH rpaduk
AHIMNNbIH aprbir X3ParnaH ynaaH 60M0H L3HX3p Aypcyyaunr 3aarnax Oyn LwynyyHbIr

TOAOPXOMNNOX OONOMXKTON oM. YT LWYNyyHbIr wniaBapuiiH xmn (3ypar 2.2.4) rax ba

TyXauH LWMAOBIPUAH XUIN A33p MaHam cuctemM w=0 eHUerT T3HLB3PTIN OpLUMX BOMHO.
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2.2.2 WvnaB3apunH Xunmmur ToaopPXonnox Hb

XsHanTTan cypranTbliH aHMUIMbIH apra Hb Japaax anroputMblH garyy axunnaHa (3ypar
2.2.5). LlyrnyyncaH cypranTblH ereranunr cypaxymH anroputmg opyynax 6a cypaxywH
anropuUTMbIH YHAC3H YYP3Ar Hb 033PX XUINAT TOAOPXOMIMK By rapanTbiH TaamarnanbiH
PYHKUNNH KO3 PUUMEHTYYObLIr TOAOPXOUNOXo4 oOpwwuHO. TaamarnanbiH OYHKLI3C
WANOBIPUAH  XUNUWAT  TOOOpXOMmK  W=0 eHuert TOrTBOPTOM ©Bapux  COHCT

Xe[enryypyyYAvMnH 3pranTuiH Xypabir TOOLOOSTHO.

{ CypranTbliz 6arn ]

v

[ Cypaxyiin axroputm ]

TorrBop:kux Toomoosicon
OHLer h X6160JITYYPHIiH XypA
3ypar 2.2.5. CypranTtbiH anroputm

OHO933C xapaxap, TaamarnanbliH h yHKL Hb X-UIT Y-T OYPCN3aH Oyynrax gyHKL oM. OHA,

h-r TaamarnaneiH ¢yHKky (hypothesis) rax 6a 6ug [O0OpPX HeXUenuiur xaHraxaap

TOOLL00JSTHO.
0<hg(x) <1

[33pX HEXLONWUIT XaHraxblH TyNng curmong g — yHKUMIr Joopx 6ananaap XaparnaHa.
hg(x) = g(67x) 3)
z=0Tx =0, + 0,x; + 0,x, (4)
ho(x) = 9(2) = 7oy = 5)

1+e™?  14e-0Tx
g(z) dyHKUY Hb AypbiH 6oauT Toor (0, 1) nHTepsang Gyynrax 6a WHreCHIdp OypbiH
YHAMAracaH YHKUMIT aHrunang unyy TOXMpoMXKTOn gyHKL, 6onroH xyBupragar 6anHa.
MHracHaap, hg(x) Hb rapant 1 6anx yeumnH maragnanbir erHe.
ho(x) = P(y = 1|x;0) =1 - P(y = 0|x; 6)

OHA, hg(x) — TaamarnanbiH yHKU, 6, 61, 8,— 3H3 PYHKUMIH NapamMeTpyya TyC TycC
6onHo.
AnckpeTr 0 acBan 1 aHrunnbIr aBaxblH Tyna 6ua TaamarnanbiH QYHKUUAH rapanTbir
Aapaax 6angnaap xepByyimk 60MHO:

hg(x) 20,5300y =1

he(x) < 0,530y =0
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MaHan 3opunro Hb 6,, 6;, 6,NnapameTpyyaunr TOOOPXOWSIOX TYPLUMAT M. 3Araap
napamMeTpyyaunr TOO4OPXOWNOXbIH Tyng cyprax erergnyyaran xaMruiH onp gampd rapax
LWYTYYHbIF TOAOPXOWNHO. YYHWA Tyng TaamarnanblH (PyHKY OO0MNOH rapanTtbiH YTrbiH
anraBap xaMrmnH 6ara 6arnx waapgnaratam tom (1).

he(x®) =y (6)
bua wyram perpeccunH agun YHINMA3HUA PYHKUUMWT NOMUCTUK (PYHKLS X3P3rnax
Bonoxryn 6a xaparnacaH TOXMONAOMA 3HS Hb OSIOH TOOHbI fIOKan MUHUMYMWIAT YYCraaar.
Bepeep xanban 3H3 Hb XOTrop PyHKL, GuLw oM. TyxanH CUCTEMUIH YHINTI3HNA DYHKL, J
-nAr (7) UN3PXUNNN33P TOLOPXOUITHO.

J(8) = -3 Che(x ), y ) ()
XapaB y =1 6on

C(he (x(i))»y(i)) = —logyo (he(x))
XapaB y = 0 6on
C(ho(x@),y®) = —logyo(1 = hg(x))

LUaawwnnban, yHanrasHuMi QYHKUUNH XOEpP HexXUenT TOoXMonanbir Har ToXuMongong

bartaax goopx 6ananaap 6uymx 6onHo.
J(0) = = - [y ©log (he(x1)) + (1 = ¥) log (1~ he(x"))] (8)
[33px J(0) DYHKLMIAH MUHUMYMUIAT TOAOPXONNCHOOP 6, 6,, 6, NnapaMeTpyyaunr osiHo.

eor%ilnezj(eo' 6’1,92)

2.2.3 MMapameTpuir Togopxonnox 6yry rpagueHTbiH OyypanTt

YHONraaHnn oyHKUUMH napameTpyyaunH MUHUMYM YTTbIlr TOAOPXOWIOX LWaapanaratam
BGonoxbIr 433p aB4 Y3C3H. YYHWUIA Tyna rpagmeHT ByypanTbiH anropuTtMbIr allmriaHa.
oxnaag, 6,,60,,06,napameTpyyannr aypbiH 6angnaap COHroX aBAaar X34unM Y, UXIHX
Toxuongonga 6, =0, 6, =0, 6, = 06anxaap COHronTbIr xungar GamHa. J(6,,6,6,)
PYHKUMNH yTra Oaracax Gavanaap napameTpyyaunH yTrbir eepunnHe. NporpammbiH
anropuTtMm xan6apaap aypcanban,

Haexyan yycman dasem()
)
{0j:=0; — a 55-J (80, 61, 62)} (5)
J

3HA, j=0, j=1,j=2 6anx 6a a Hb cypax XypA oM. a -H yTra bara yeq cypax xypa
yaaaH 6anHa. XapuH a XaT uUX yeq YCpanTyy4 YYCCIHUN ynmaac napameTpumnH MUHUMYM

yTrbir onox 6onomxryn 6ongor.
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MapameTpymH MUHUMYM YTIbIr OMOXbIH TYIA YHIMr33HUM (PYHKUS3IC XICIAr4YUCcaH

2
yrnamxnanbir 51(60,61,92) aBHa.
j

2.2.4 TypwunTbiH Yp AYH

3ypar 2.2.1-4 y3YY/ICAH XO0EP CIHCT OYYKMH Hb X3BTI3 TIHXNAITIN xapbuaHryn =+20°
3aBcapT caBnaHa. bug cypranteiH 110 erergnuir uyrnyyncaH (XycHart 2.2.1) 6a
KOHTPOSNINEP A33p TOOLO0OMON XMWX 3amaap napameTtpyyaunr togopxonnos. Cypax
xypabir a=0.02 6anxaap coHrox 8 MHz gastamxng axunnagar Atmega32 KOHTpPoOnnép

[133p TOOLIOOMMbIF MYMUITFACaH 6onHo. CypranTblH yp AyHA Aapaax napameTpyyauir

TOOL|0OJIOB.
0,: = —1,2483
6,:= 0,0087
0,:= —0,0067

OHAd33C TaamarnanbiH QYHKL, Hb
hg(x) = —1.2483 + 0.0087x; — 0.0067x,
raX rapHa.
TaamarnanbiH QYHKUMAT hg(x) = 0.5 K TOOLOH HAr CIHCHUN XYpPAHbl YTrbil COHIOH
aBCHaap X0Ep AaXb CIHCHWUWN YTTbIl LUMAOBIPUNH XUITA3C TOOLLOOSTHO.

0.5+ 1.2483 4 0.0067x,
1= 0.0087

ToOoUOOMCOH WyramaH xamaapnbiH yp AyHr 3ypar 2.2.4-T HOrooH LynyyHaap OypcriaB.

Typwwuntaap 6ug 3XHUN CIHCHUN XypabIr X2=830 Ganxaap COHrOH aBaxaj XOEp Aaxb
CIHCHUN XypAabIr X1=788 raxk TooL00SK rapraHa. XypAHbl HaM yTrag AYYXXWH TOHUBIPT
opX Yapgaxryn GavicaH Gereen xypabir Xo=870 Garxaap COHrox aBcHaap cuctem =0

OHLerT Xyp4 Yagax bannaa.

2.2.5 OyrHant

XOEp COHCT TOrTBOPryn OYY>KUHIMAH CUCTEMUNT XSIHANTTan CypranTbliH aHMMASbIH apraap
Ccyprax TypwunTtbeir amxunttan sasyynae. Cypax xypg 6onox a-r Typwwunraap
ToaopxomnncoH 6ereen a=0.02 raxk TOrToos.

OHAXYy yaupanarblH gaByy Tan Hb TyXallH CUCTEMUWAH (DU3MK erergnyyavir
TOOLIOOSIOXTYMraap, eepeep xanbasn, CUCTEMUINH MaTeMaTUK 3arBapbIr Xap3arnaxrymrasp

36BX6H CypranTbiH erergen A33p TynryypnaH AyYKUHI TOrTBOPXKYYImK 6aiB.
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[[3BY aHrMNnbIH aprbliH A0OpX cyn Tanyyn axwurnargas. CyprantbliH erergfiviiH TOO
NXCOXUNH X3P33p TOOLIOOSMbIH XypA 3pc Byypd 6arncaH 6a YHINraaHUn yHKUMIAH YTTbIr
J(6) = 0.03 XYypProxwnH Tyna KOHTPOMMEP O33pX TOOLOOMNbIH AaBTanT 3 uar opyum
YPramxkumk 6annaa.

Cypax anropuTMbIr cyynracaH 3H3 CUCTEM Hb TIXKI3STUMH ©6p eep XYYOdNUnH yTryyaan,
TYYHUII3H ©ep eep XUHTOM adaaHbl yTraj AaxuH cypanuax 3amaap AYYXUHr erergceH

eHLerT TorTBopTon 6apbX Yagax Hb Xxaparaas.

2.3 lepBOH CIHCTUMH TIHLBIPXKUITUAT MalLMH CypranTblH 6aTaTraH cypax apraap
WKUUA3X Hb

CyynunH yen Tarw XxXaMmT OyTaUTON O6PBEH COHCT HWUCTArYrym HUCO3M TIPIrHUN
X3P3rnasHuin Myxxyya ynam 6yp HamMargcasp 6anHa. YYHUIr garan TYYHUIAT yanpgax ofoH
apryyn 6uin 6oncoop 6arHa. [JepBeH C3HCTUWH LLyramyurcaH AMHaMuk 3arsapsir [21, 22,
23] yayynaeB. YgupanarbiH apryyablH TOOHA4 CoHrogor apra 6onox [0, wnyy
camxpyyrncaH apryya 6onox teneBuinH ragpar xonb6oo 6onoH LQR apryya 6artaHa [34,
35].

CuctemMuH OuHaAMUKMAT MaTemaTukaap OypaH 3arBapynaxag XyHOPanTan, 3CBan
LyramyurcaH 3areap Hb CUCTEMUINH LWyramaH 6yc AMHaMUKUIT eHaep HapurBYnanrymn
3arBapT XYPracaH TOXMONASNbIr aB4 y3be. OHI3 TOXMONZONA ynamxnanTt yavpanarbiH
apradnanbsIr awurnad yavpaaxag 6apxwaantan TynrapHa. YYHUAr MawuH CypranTbiH
apraap camxpyynax 60noMXTon oM. QHIXYY cyganraaraap oua 0epBeH CIHCTUMH Har
MOpUUr MalWH cypranTbliH apryyabliH Har 6onox 6artatraH cypax (RL-reinforcement
learning) apriir alimriaH TIHUBIPXKYYIIAX yanpanarbir MallnH cypranTtaap cyprax 3o0punt
TaBbX TYPLUMH XIPIANKYYITK y3naa. IHA 6ua AepBeH CIHCTUH yavpanarbiH acyyanbir

MapKOBbIH LLMNAB3PUIAH NpoLiecc BONroH ToaopXonmk 6anHa.

2.3.1 baratraH cyprax apra

baTtatran cyprant (RL) ragar Hb TyxarH OPYMHA areHT aMap Har yungan Xumx 3amaap
XYPUMTAYYFCaH LWarHanbIr HAMIrayynax 3amaap cypanugar MalunH CypranTbliH HIrdH
yurnan 6ereen xaHanNTTam cypranTblH apraac TYYHUIA anrapax 3ynn Hb CypranTbiH OpOnT-
rapanTbiH XOCbIr ©rex Laapanararyn, areHT eepee Ynnaan xvix saamaap TyplLunaraacaa
cypanuaxag oplwuHoO [6]. OHaxyy apra Hb pobOTbiH yaupanarag wunyy TOXMPOMXKTOW
G6angar [1, 13, 14, 15, 16, 40-44]. bataTraH cypax aprbiH 6yTuunr 3ypar 2.3.1-4 y3yynas.
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AreHT

‘ OpuuH

3ypar 2.3.1. batatraH cypax aprbiH 6yTaL

OHJ, OSIOH TOOHbI S Tenesyya Hb OpPYUH Teneenex 6a areHT Oyty poboT Hb TOrTCOH
ynngnyya 6onox A-C HIrMUr COHrOH Xxapransax YWAngnvir xyrauaaHbl OUCKpeT
anxmyygan XyBaaH rynuaTraHa. ©epeep xanban, xyrauaaHbl t anxam TyTampg areHT
OpPYHbl TONIOB St -UI aXUrnaXx 9HO33C XUMWX ECTON YWNA3M ar-WWr COHroHo. Yungan
XWUACHUN dapaa areHT Hb [+1 WarHanbelr XypTax 6ereef 3H3 Hb B6OrMHO xyrauaaHg xap
CarH yWngan XWUACHUWT untrax 6a areHT Hb OpPYHbI LUMHI St+1 TONIOBUWM aXurnaua.
BaTaTraH cypranTbiH ron 30puinro Hb 34ra3p gapaannaac (S, at, r+1, St+1) Xypumtnargax
Typlwnarbir aBy y33x 6a Har TeneBeec Hereen LUMITMKUX YHI LSHUUT Cypd, YYHUNra3d
OHOBYTON YTrblH (PYHKL, X Togopxonngor [1, 4, 5].
OHaxyy cydanraaHg 6ug 6aTtatraH cyprax aprbiH Q-cyprantbiH anropuTMbIr alumriacaH
6onHo. Q-cypranTtbiH OHOBYTON YTrblH OYHKUMIT Aapaax 6angnaap TogopxonsniHo (1).

Q*(s,a) = E[R(s,a) + y™43Q"(s",a')] 1)
OH3 Hb S TONeBT a YWNANUAM r'YUSTIACHI3P s’ TONeBT LUMIMKUX YEUNH XYN3araax oyn
YHO U3HUNT unapxminHa. lNapameTp y-r Gyypyynax daktop (0<y < 1) rax Gereep
MPI34YMA aBax LlarHanblH X3MXA33HA X3p MX ady Xonboraon erexunr TogopXOMISTHO.
HarsHT oHoBYTON Q dpyHKUMITr Q™ (s, a) TOAOPXOMNCOH Bon XxamMruiH oHoB4YTOM 60AM0ro
*(s)-r Tooyoonoxoa xanbap Gereen yyH4 TyXanH Teneseec XMnraax byx ynnonyyamiH
XaMIMNH NX yTraTanr COHrox tom (2).

m*(s) = arg "%gQ(s, a) (2)
Q-DYHKUMIAT MX3BYSIAH XYCHArTa4 Xxagranax 6ereef tenes s, YUnaan a-p UHAEKCKYYIAAT.
[ypblH TeneBeec 3XSI9H OPYMHI AaBTaH axurnax 3amaap 6ua oHoB4YTOM Q OYHKLMIT
Togopxonmk 6onHo. PoboT ynngan xuiix 6ypg TyplinarbiH gapaanan (St, at, 1, St+1) oun
6ongor. Tenes s OOMNOH YNNA3N a-UH XYCHArTUAH HYOUUr Aapaax 6angnaap WUHIYMHI
(3).

Q(st,ar) = Q(sp,ar) + a(rey +¥™45Q7(s",a") — Q(sy, ap)) 3)

OH3 Hb 3L3CT33 OHOBYTON Q OYHKL, pyy XyBUpPaH OOXHS.
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OHAXYY CypranTbiH aprbir 3apuM ToxXuongong warHanbiH R(s,a) dyHKUSa4 cyypuncaH
yovpanarbiH apra 4 rax Togopxowmngor [37, 38, 39]. Joon TeBWHWA yaupanarbiH
Toouoonnbir 60noBCcpyynaxblH OpoHA 6ua warHanbiH YHKY, X3aN63apaap unyy 4334
TOBLUHMI JaanraBpbir 60MOBCPYyynaH Xapankyyimk 60nHO. NxaHx Toxuongong poboTbiH
Aaanrasap GOMOH wWarHan Hb OpYHbl (PM3MK YN axunnaraatam ToXMpaor. TYYHYNaH,
WwarHanbliH QYHKUMAT CURpar GoMoH wuryy Gananaap ToO0pPXONSIoX GOMOMXKTON HOM.
YpamLuyynnblH CUAPAr YHKL, Hb LGOH X343H ra3pblr 3C TOOLBOJS Xaa canrym Tar ytratau
Gangar 60n Wwuryy warHanbiH QYHKUWMINH XyBbA YNA3n 6ypuiiH gapaa unyy nx Magaanan
erex 60Mn0BY yr YHKUMIAT BYTI3X Hb CUAPAT (PyHKUIIC nnyy xyHa 6anaar [22].

Q cypranTblH apra Hb AUCKpPeT TeneB GONOH xapransax YWnanyyauur waapgaaHa. Ha
TOXMONJONA 3aBCPbIH HYYL, TONeBYYAUUT UNpyynax 6onomxryn Gywy xaHranTTam 3eB
cypanuax 6onomxryn 6ongor. 3apum cyganraaHg 493pX TenieB OOMOH yunanyyaunr
YPrarmkuncaH 6anxaap wWmnacaH banHa [26].

Q-cypranTtbiH XyBb/J, OpYHbl Tanaapx M3A33MIMAI HI3H OfK aBax LOPbIH raHL, apra 3am
Hb SIMap Har ynngan XMNCcHI3p OpYHbI 3yraac erex xapuy yp Hemneer axurnax sisgan om
[18, 19, 20, 21, 22]. CypranTblH 9X3HA XYP33N3aH Oy OpYHbI Tariaap cMcteM simap HaraH
TOOOPXOMN M3A33Nan ort Ganxryn 6anx Tyn caHamcapryn 6angnaap, anb 3CBaN Xy43ap
AMap HAarsH yWngan XWUAXUMWAr CUCTEM LaapdaHa. Ywmngan OypuinH gapaa warHan
XanbapunH mMaalanan uyrnapax 6ypa Q-cypranTt Hb YTrblH (PYHKUUMAT OMPOSILOOSIOH

camxpyyrk bangar.

2.3.2 CnctemMuiH 3arBapT b6aTatraH cyprax aprbir H3BTPYYNaX Hb

CypanraaHbl cuctemuiiH 3arBapbir 3ypar 2.3.2-T y3yynaB. bug sHaxyy cuctemuir 0
rpagyc (XaBTa3 TOHXMATANM gaBxuax 6anprian) 4o3p TIHUBIPID OSIK Cypax 30punroop
OYyT93CaH  BOMHO. OHAXYYy CUCTEMWUWH  CcypranTblH  MPOrpamMm  XaHramxumr
Atmel SAM3X8E ARM 32-6UTUMH MUKPOKOHTPOSNNEP A33P X3PINKYYNC3H OBOomHo.
OHUIMNH M3OPYYPUIAT NOTEHLMOMETP alumrnaH wunacaH. Mephuun 3axag 2000KV sprant

6yxun 30 AmnepbiH ESC yanpgnaratanm CaHCT X0€p xeaenryyp 6arpnaHa.
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Juckper .
o S,
OHITHIH _
2.

ToJIeBY Y1

3ypar 2.3.2 X0€p C3HCT TOHLUB3Pryn CUCTEM

BugHui cyganraaHgaa 4epBeH CIHCTUMH HAr TOHXSIAMMWUM CydanraaHsl 3arsap 605rocoH
TYNn 9H3 CUCTEMWUNH S TeneBYYAWUWAH ONOHMOr Hb eHUer Y, MeH eHuer xypa y'-aap
TogopxonnorgoHo. CucteMuiiH xXyBba Mep Hb +20° 3aBcapT casnax 6a eHuer xypa Hb
+49%sec 3aBcapT XyBbCaH eepunergeHe. OHLUer Hb Har rpagycbiH OUCKPET anxamTai,
eHuer xypabir 9 TeBLWNHA OUCKPETYMNCIH 60STHO. MIHFACHI3p MaHam cuctemMunH Q Tenes
Hb 41X9 XaMxa3Tan 6onox 6a XycHarT 2.3.1-4 aapaax 6ananaap xapyynas.

XycHarT 2.3.1. Q cypranTblH OUCKPET TONIOBUNH XYCHIrT

O ny/
OHIIOT XYyPI
-4

-20 -18 |-17 (... |0 1 ... 19 20

4
Ywnnaan A-r cucteMuiiH Tenes OypAa xapransax ynanyyamnH ONOHMOr FaXX TOA0PXONICOH
BGa 9H3 Hb COHCHUW JPranTUNH Xypabir eepynex PWM goxuo tom. Huat 9 auckpet
YANOAUIAT CUCTEMUINH TONEBYYA3 66pynenT opyysik Yagaxyul 6arixaap COHroX aBCHbIM
XYCHarT 2.3.2-T y3yynaB.
XycHarT 2.3.2. AnckpeT ynnanyyg

Yungan | ax az as as as as az as ag
PWM1 | 800 | 825|850 |875|900 | 900 | 900 | 900 | 900
PWM2 | 900 | 900 | 900 | 900 | 900 | 875 | 850 | 825 | 800
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HepBeH caHcTag ESC yaupanara 6yxuin 3ypxaBuryin Tortmon ryngnuiid motop (BLDC)
awwmrnagar 6ereeq aHaxyy TeXeepemx Hb XxeaenryypunH xypabir 20 Mc Tytamg eepunex
yagsapTan oM. ESC-g PWM poxuor erex 3amaap xefenryypuvH Xypabir yaupgax
6onomxrton 6onHo. PWM AOOXMOHbI MUHUMYM yTra Hb 770 MukpocekyHa Ganx 6a
makcumym yTtra Hb 2000 mukpocekyHn GaviHa. ©Oepeep xanban 6ug xegenryypuiiH
XypAabir 1 MUKPOCEKYHOANNH HapurBYNanTam eepynex 60MoMXTON oM. YYHI3C xapaxaj
6masHa yngan A-uinH XyBba epreH coHronTt 6anHa. ©epeep xanban, Tenes s: bypa Har
xepenryypunH xyeba 1230 ynngnuir coHrox OONMOMXKTOM X3OUM 4 3HI3 ToXMonagong
MaHan Q XYCHIrT acap TOM X3MX33Tan OOMNCHOOP CypranTbiH Npouecc TeBertan 60nox
toM. COHroCOH YWNANyyad3C XxXamaapaH Har TerneBeec Hereed LWWImKMX xyrauaa
eepunergeHe. ©epeep xanban, AMap HAIr3H YANANUWT TYNUITIOCHI3C XOML X3Car
XyrauaaHbl Japaa LUMHS TeneBunr axxurnax waapgnaratam 6ereef aHa xyrauaar é6ug 20
MUNNUcekyHn 6anxaap COHrox aBas.
Bug 6yypyynax daktopbiH y = 0.7, cypranTtbiH Xypa 6onox a = 0.1 6anxaap Tyc Tyc
COHIOH aBCaH.
MporpaMmbIH anropuTMbIr aBy Y3B3N:
1. Q xycHaamutle aHxHbl 0 ymaaap Oyypaax adyaanax
while (1)
2. Canamcapeayt ylndan cOHeox t moosnyypbIH ymebl2 a4aanax
3. for (t >1) 6on s; meneseec caHamcapayl yurnodasn coOH2oX 3cean a; = "% Q(s,a)
COH20X 2yuyamasax
4. Xynaax 20 mc
LluHa menesule s;,,; axuanax 6ypmeax aeax, waaHarnbiH pyHkyula R(s, a)
moouyoosiox
6. Q xycHsamulz  wuH34NaX  Q(sy ar) = Q(spap) + a(rep +y™4%Q*(s',a’) —
(s, ar))
MaHan cuctemuinH Q matpuy, Hb [9x41x9] xamxa3Tar 6a yyHA 9 TepnuinH eHuer xypa U,
41 TepnuiH eHuer Y, MeH 9 TepnuinH A ynnanyyg 6artraHa. Yr matpuubiH Hyg 6ypa 32-
6uTtuiH float TepnuinH ytra xagranargax 6a aHg3ac ayrHaxag 6uaang xamrund 6aragaa
13 K6anT xamxaaHMI1 caHax Ooun waapgnaratan. TenesBunH T00 UXCIX, YUNANMUAH TOO
nxcax Bypa caHax OMH X3AMX33 TOMOPHO.
OHAXYY CypranTblH aprbir LwarHang CcyypurncaH cypranTblH apra rax 6a warHasnbiH
OYHKUMAT  OHOBYTOM TOLAOPXOWSICHOOP Cypax npouecc 3eB 4dBargaHa. buagHun

TypLUMnATaap X4 X343H TOPNNH LarHanbiH PYyHKLYYAUAT aBY Y3C3H 60SHO.
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2.3.3 TypuwwunTt 6a yp AyH

Typwunm 1

OH3 TypLnnTaap CMMPar WwarHanbiH QYHKUMAT XaP3aNKYYN3H TYPLUNATLIN XMNC3H 60HO.
if (p==0&& ¢’ == 0)

Reward=1;

else

Reward=0;

OH3 TOXMONZONA HAr TeneB A33p CUCTeM yWNnaan Oypunr Xmmx rynuatracoH 6onoB4
LWarHanbIH yTra eepynergexryn yrimaac CUCTEM 3XHUM TerneBeec rapy Yagaxryn 6ams.
©epeep xanban 6ua Har 30punrbiH TeNeBTan 6a 3H3 Teneseec bycan TenesyyA LarHan
XYPTAIXrym 60sHo.

Typwunm 2

OHI TypwmnnTaap Wwuryy warHanbiH QYHKLUUAT X3P3DKYYSIaH TYPLUMATLIN XMNC3H BOSHO.
Reward =abs(y) *(-1);

OHa Toxmongong cuctem -20 rpagyc 6onoH +20 rpagycbiH yeq XxamruiH eHgep ceper
warHansIr (wuntran) xypTax 6a 0 rpagyc A4a3ap 0 warHanbIr XypTaHa. SHAXYY TYPLUMNTLIH
yen CUCTEM Har Tenes [33p rauaxry 6051084 TAHLBIPUAT Xaararmk Yagaxrym X0€p TUNLL
TacpanTtryn caBymx 6ams.

Typwunm 3

Reward =(yp)+ y';

OHAXYY LLarHanblH CUCTEMUNH XyBbA X34MNI3P eHLer Xypabir OpyysiK erceH 60nosy Y=
-1 GoNoH W= 1 TeneB [AO93p TAHUBIPUWI ONOXbIH TYNA eHuer Xypabir eHaep ©Ganx
YWNANUUr coHrox Banraa Hb xapargcaH 6a w= 0 Tenesuur eHgep xypgaap gavpad
eHrepy bavraa Hb xapargnaa.

Typwunm 4

Reward =1-abs((yw)+ ¥");

if (abs(y)==20)

Reward=-100;

if(abs(y)<=3)

Reward=100

OHaXyy LWarHanblH CUCTEMUIAH XYBbA OVA LUMATIANUIAH YTIbIr OPYYiK erceH 6a xapaB
caByypblH OHLUMNH XaMX33 UX, ©HLer XypaHbl XaMxkaa 6ara 6on ceper LwarHanbir ux
aBHa. OHUMMIAH X3MX33 UX, XapwH eHuer XypA WX TOXWOMAonA ceper arHaneir 6ara

aBHa. XopaB 6HLUIMMNH XaMxa33 6ara, xapuH eHuer xypa ux 6on ceper wwarHanbir UXUAr
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aBax 6a eHUrMH xamxa3 6ara eHuer xypa 6ara 6ansan ceper warHanbir 6ara aBaxaap
LUMNAC3H OOMHO.

Typwunm 5

Reward =1— Y + ¢')%2 —abs(¥')

OHaxXyy TypwmnTaap 6ua TaBbCcaH 30punrogoo xXypy Yyagcad 6onHo.

3ypar 2.3.3 WarHanbiH dyHKL,

YYH33C ragHa, VYWANa4sn XWWCHUMM p[apaa  TOoAOpXOW Xyrauaaraap caaTan asax
Waapgnaratanmr Typwmntaac ToOOOPXOWSNCOH BONHO. St Tenes A93paac 6ug XxamMrumnH
eHaep yTratanm ymnngan a: —F COHroH aBy rynuuaTraHa. YyHu gapaa 6ug WHS Tenesuinr
St+1 YHLIMXK aBHa. X3paB YWIANMUUT T'YWMUSTIAK Ayycax XaHrantTan Xxyrauaa eHrepeeryu
TOXMONAonAa Tenes eepynergex 6onomxryn 6ereen aH3 TeNeB A433P MaLl OSTIOH YUNASIMIAT
XUMXK TYMUITracHI9p Q XYCHAIT Xygan yTraap WUHAYNaraaHa. ESC texeepemx 50 Hz
AaBTamxXTanm axunnax 6anraa Tyn 6ug 20mc caatan aBcaH 605HO.

XycHarT 2.3.3a-4 9xHun 60000 gasTanTblH fapaax Q YHKUMIAH YTrbliH YP OYHT Y3YYIICOH
60nHO. DHAXYY XYCHArTUNH mep Hb (1-p mep -20 rpaayc, 41-p mep +20 rpagyc) eHUrMnH
Y Tenes, GaraHa Hb eHUer XypAHbl YTrbir y3yyrncaH 6onHo. YnaaH eHreep ceper
LarHanbIr, HOrOOH ©Hreep 3epar warHanbir AypcancaH 6onHo. XycHart 2.3.36-a

1000000 pasTanTtbiH Aapaax Q YHKUNAH YTIbIH YP OYHI Y3YYI19B.
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XycHarT 2.3.3 Q oyHKUMIH yTra

-156 -1.22 -1.74 -252 -329 -23 -145 -0.96 -0.96
-1.38 -13 -1.77 -2.43 -3.68 -2.08 -144 -0.83 -0.9
-1.3 -1.38 -1.37 -257 -3.39 -2.63 -1.59 -1.05 -0.91
-1.01 -1.43
S 0
-1.26 -1.14
-1.28 -1.42
-1.39 -1.38
-1.36 -1.87
-1.82 -1.87
-2.05 -2.53

-1.01 -1.61 -2.92 -3.65

-2.83 -2.68
-1.34 -1.73
ilE Al
-1.13 -1.49
-0.87 -1.27
-1.09 -1.28
-0.64 -1.13

-1.05
-0.81 -191 -3.27 -52 -3.84 -192 -132 -0.91
-091 -0.68 -1.64 -3.14 -539 -3.57 -1.81 -0.87 -0.97
-0.74 -1.06 -1.35 -3.38 -5.03 -3.57 -2.05 -0.97 -0.92
-0.84 -0.73 -1.54 -3.27 -432 -3.01 -1.77 -113 -0.7

-1.08  -0.6 -1.26

-0.73 -0.85

-1.01 -0.85 o

-0.62 -3.72 -3.08 -463 -65 -819 -757 -582 -35 -3.11
-4.02 -3.39 -4.02 -507 -6.63 -6.18 -5.03 -35 -3.12
-4.39 -3.33 -3.89 -471 -531 -565 -449 -3.26 -3.09
-4.33 -3.01 -3.43 -403 -465 -451 -3.84 -2.64 -23
-5.17 -3.58 -3.58 -3.92 -3.95 -412 -3.53 -2.67 -2.45
-5.03 -3.41 -3.57 -3.79 -404 -381 -3.09 -2.14 -2.11
-5.46 -4.34 -4.04 -417 -425 -395 -3.33 -2.15 -2.18

0.99 -064 -0.7
411 -056 -0.79
111 -0.91 -0.93
149 -1.07 -138 -1.56 -1.8 -125 -0.73 -0.65 -0.62
168 -113 -141 21 -2.2 -147 -087 -0.65 -0.57
211 -1.83 -21 -2.73 -3.09 -224 -143 -0.78 -1.05
228 -155 -228 -3.09 -347 -254 -15 -1.02 -138
229 -169 -233 -3.24 -417 -284 -2.01 -118 -115
256 -2.32 -2.86 -4.04 -476 -34 -2.22 -145 -172
237 -249 -2.92 -3.93 -452 -347 -251 -176 -15
245 -2.44 264 -428 -516 -415 -2.69 -1.79 -1.76
31 -35 -457 -48 -4.32 -2.83 213 -2.34
-3.65 563 -4.35 -284 -19 -175
412 -3. 47 -582 -4.96 -3.58 -2.08 -2.38
6.22 -472 -3.06 -2.42 -2.37
611 -547 -357 -2.8 -2.49
6.06 -52 -418 -3.09 -3.23
681 -519 -411 -2.83 -3.34
775 -62 -461 -3.26 -4.22
7.23 -6.81 571 -4.78 -5.14
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XycHarT 2.3.4-T Tenes 6ypAa xapransax yunanyyaumH yTrbir y3yynaB. QHIXYY CUCTEMUIH

cypax xyrauaa xamrunH 6aragaa 8 uar 6arHa. AHXHbI Toxmongong Q XyCHIrTuiH Hya

6yp O ytraap ayypcaH 6anx 6a aHg 36eB YWNANUWH YTIbir ONIOXbIH TYS4 XYCHArT 6YpuinH

HYOHUIW YTIbIr CamXpyynaH LUMHAYNAX Waapanaratan Gawpar. 3apym cyganraaHbl

axxnaac xapaxap cypax xyrauaar 6aracrax apryyn 6annHa [21, 22]. Tyxann6an, axnasj

rap yaupanarbiH apraap TOHUBIPXYYNAX YANONUUT XMUX 3amaap Q XYCHArTUWH Hy4

Oypuir onMponuoo 36eB YWUNASIUAH

yTraap [LOYYProCHUM 3USCT camXpyyfaH cyprax

npouecchbIr NA3SBXXKYYIICHI33P CypaXx XypAabll UX3Crax banHa.

XYCHarT 4. Tenes 439pX YUNOaN

~|o|lo|ld]d]| o]l o] A A | of Hf | o] ®

oldld|o|lo|~| S| o | d| o | wfwf~] ] | ]| ]| of A o =

o|lolo|ld]| || | d| o | | A §f of =]

ol t|lw|~|lo|o|mo|ofl | ofcfwfofo| || ||| o ~|of~

20
19
18
17
16
15
-14
13
12
11
10
9
8
7
6
5

Ounor|xypal |xypa2 |xypa3 |xypa4 [xypaS |xypaé |xypa7 [xypa8 |xypa9

CypranTblH ynn aBuUbIr Mg XsHax

anarpammbir 3ypar 2.3.4-T y3yynaB.

YYAH33C 30pUNroT TeneBT Xyp4y Oyn XyrauaaHbl

Cypanuax siBL, 60MOH 30pUIroT TeNeBT XypPaX TOO

anxam anxmaap Mxcax bavraar goopx 3ypraac xapx 60mnHo.

e
250 30pHITOT TEISBHITH
100

200

150

100

54

1 11 21 31 41 51

JABTanTEIH T0O
(20000)

61 71 81 91 101 111 121 131 141

3ypar 2.3.4 3opunroT TenesT xyp4y 6y Too
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3ypar 2.3.5-T cyprantbiH 604NT CUCTEMUIAT Y3YYN3B.

3ypar 2.3.5. CyprantblH 60auT cuctem

2.3.4 AyrHanTt

OHAXYy cypanraaraap XOEp C3HCT CaBrnyypblH cuctemuir 6artatraH cypax apraap
cypracaH yp AyHr taHunuyynnaa. CUCTEMUAH ANHAMUKUAH MaTeMaTuK 3arsaprym 4 Q-
cyprantaap T3HUBIPUNI XaHrax 4agax yaupgnarbir yycrax 6onowmskronm 6anraa Hb
xapargas.

Cyprax axxunnaraar MUKpOKOHTPONNEPT CyypuncaH yanpanaraap xapankyyncaH 6eree
9HA nx GartaamkTan caHax OWH Waapanaratan 6arHa.

TenesuH G0ONOH YANAAWAH yTryyabir OM4 OUCKPETYMUIICHUIA yriMaac Hyyramarn Ternes
GonoH yungnuir Togopxomnooryn 6onHo. OWCKpeT ynnasan COHroCOH Toxuongong
YAN4aN rynuaTrax gyycax (caatan) xyrawuaar 3eB COHrox waapanara rapy 6arHa.
Cunpar 60M0H WUryy warHanbiH (OYHKUUIT alimriad cyprantbir XMNC3aH 6a warHasnbiH
QYHKUMAT mMaw 36B 30XMOH Banryynax waapgnaratanm 6avHa. LWarHanbliH dyHKU33C
XamaapaH cypranTtbiH Yp AYyH eep rapy 6anHa.

OHAXYY aprblH CyNn Tan Hb cypanuax xyrauaa ypT 6anHa. Laawwng 6ua cypax xyrauaar

Baracrax (boost) apreir Typwmxaap axunnax 6anHa.
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2.4 HenpoH CynxaaHa CyypuncaH [lepeeH CaHCTUMH Yaupanara

OHAXYY cydanraaraap HEMPOH CYIMKI3aHA CyypuncaH yampanarbiH apra awwimriaH 4epBeH
COHCTUWI TOFTBOPXYYNCaH YP AYHMA3C TaHunuyymk 6anHa. Hucraruryn Hucax
TOXOOPOMXKUNH ANHAMUKUIAT CypaxblH Tyng Har gang gaBxapraTtan HEMPOH CYIMKI3HUMN
3arBapblir awmrnaH toouooncoH 6onHo. Ctangapt PID ygupanara awwurnaH HerWpoH
CYIDKO3HUA  cypranTblH  ereranuir uyrnyyncaH. HenWpoH CYImKI9HWUWN  HUCNArMNH
TOrTBOPXUNTLIN Wanraxgaa PID yaupanaraap uyrnyyncaH erergnvir awumrinaca.
HelnpoH cymkaaraap cypracaH yp ayH 6onoH PID yanpanarbiH apryyabiH TYPLUUATBIH YP
AYHI XOOPOHA, Hb XapbLyyncaH yp AyHr TaHunuyynas. bugHun cyganraaHbl OHUMNOT Hb
TOHLUBIPI3 OSDK cyphar XWKUM XOMXI3HUA HEWPOH CYIDKIAI MUKPOKOHTPOMNEP 093P
cypraxag, OpLUMHO.

CyynuiH >xunyyasa gepBeH C3HCT Hucaar Texeepemxyya (UAV, quadcopter) npraHun
OOMNOH U3prMMH canbapT epreH xaparnaraax ©OanHa [41, 42, 43]. [JepBeH C3HCT
HUCTaryrym HUCIX OHroubIr aBpax axwunnaraa, TaHganT, 3yparfnan Xumx, uaxunraat
AamKyyrnax wyramg y3nar XMnx, XOT CYYPUH ra3pblH X64enreeHunr XxaHax, TapmanaHrmmH
XAHANT, WYPLUKX, XUIWAH 3pryyn, cyparryn anra 605CoH Xymyycunr xamx, 6ara oBpbIH
ayaa TI9L XYPrax 33par OfIoH TePSIMMH Xaparnaa 6angar [34, 35, 36, 37].

MXaHX O6pBeH C3HCTYyA Hb COHrogor yampgnarbiH apra 6onox PID (nponopumoHans,
WHTEerpan, ngepvBaTtvMB) yaAupAnarbiH aprbir awwvrnaH xonoogorggor [1-10].  PID
yaupanarbiH apra, TYYHURN $SIH3 OYypuUMH CUCTEM [3X X3P3rfdd Hb Maw WX HOM
3oxuonyygan camH TamnbapnargcaH 6auvpar [1-10]. JepBeH caHcTuir youpaaar eep
onoH apryyn 6Gampgar, yyHa: Linear Quadratic Regulator (LQR), Sliding mode,
Backstepping, Feedback linearization, Adaptive, Robust, Optimal, L1, He~, Fuzzy logic
rox MaT. [lepBeH COHCTUWH yaupanarbiH anroputMyyablH Xapbuyynantbir [11-15]-g
cyganraang xuncaH 6anHa. Cyganraaraap wnyy yp QYHTOM apryyabir aBy y3caH 6ereef
YYHL XMIM3I OKOYH yXaaHbl anroputm, HEMPOH CYIMKI3aHUA yaupanara, 6atatraH cypax
apryyn 6anHa. CoHrogor apratan xapbLyynaxag HEMPOH CYSDKI3HUIM ron AaByy Tan Hb
yavpanarbiH wyramaH 6yc WwuHx YaHap oM. HenpoH cymkaar ctaHaapT PID yanpgnarsiH
cUCTeM alumrnaH cypracaH 6anHa [36, 37, 38, 39, 40-44].

MalumH cypranTblH HAr apra 600X XaHanTTan cypranTbiH XyBbJ OPONTbIH yTra (4epBeH
CIHCTUNH eHUer) 60M0H rapanTbiH yTra (COHCHUIN 3PranTUnH Xypa) 33praac 6ypaax xoc
ereranyyavir awwurnad cypgar 6anHa. CypranTblH erergen A33p cypanucaHbl gapaa

CUCTEM Hb MpSS,D,VIZH OPONTbIH erergen A33p Tynryypriad rapanTtbiH yTrbil TaamMarmnagar.
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2.4.1 [lepBOH CIHCTUNH MaTeMaTUK 3arBap

HepseH caHCT Hb "CROSS TepnunH" Hucaar Toxmprooton (3ypar 2.4.1) Gereen acpar
TasrblH XOEP XOC COHC UarMmH 3yyHWUW aaryy, Heree XoC C3HC Hb LarvMiH 3yYHWW acpar
AProngdX aprangdx XyYUnr TIHUBIPXKYYIHS [20, 21]. XyCccaH rapanTbir rapraH aBaxbliH
Tyna uMmnynbCcuiH epreHnn moaynsay (PWM) awwurnad caHcHUn eprex xyd 6onoH Roll,
Pitch, Yaw eHuryyaunnr eepunex 3amaap ygupagar. 3ypraaH 4enieeHun 33par Gyxun
A6pPBOH C3HCTUUI aBy Y3be. [1epBeH CIHCTUNH XOL6SNITOeHUNT 3PrafiTUNH O34 CUCTEM
(Roll, Pitch, Yaw) eHuryya 60mnoH ortopryia Wumkmux 0sg cuctem (eHgep 6a x 6a y
Ganpnan) racaH xoép A3 cuctemMa xyBaax 6onHo [20-24].

Waapgnarata XaMXXUNTUWAT aBaxblH Tynh [O6PBEH C3HCTS4 TOXUPOX WHEPLAH
XOMXKUNTURH cncTemasp (IMU) ToHornoracoH 6anx écton. JHaxyy IMU Hb xypa 60noH
OWNEepUNH eHUrM1Ur TOOLI0OSIOX0  LWaapaargaar xypgatran ©60noH eHuer XypaHbl

Magaannuur erger [6]. [lepBeH C3HCTUIH TeB MaccbiH TeBa banpnagar, 3ypar 2.4.1-T

Y3YYnaB.

Pitch (X2)

D

ws w:

3ypar 2.4.1. [1epBeH C3HCTUINH nx Grue TaHXNar

XeOenreeHnn apranTUinH TIFLWNTIIANAT UX BUENAH TOHXITAMNH HbIOTOH-OWNEPUINH aprbir
almrnaH gapaax epeHxu TOMbEOSINOOop raprax asgar [23, 24].

Jo+wXjo+ M; =M, (2)
OHA, J-06pPBEeH CIHCTUNH AnaroHarnb MHEPUMIH MaTpuy, w- GuennH eHUrmind xypa, Mg -
POTOPbIH MHEPLIAC YYCCAH MMPOCKOMUAH MOMEHTYYA, Mb- O6pBEH CIHCTIg YMNYNax

XYYHYYA. [lepBeH COHCTIA YANUMaX XYYHYYA:

LU, le(w% - w%)
M, = (lUs]| = IKp (w3 — w3) (2)
Wal K (02 — 02 + 0 — wd)
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OHa, Kf 6a Km —yya Hb aspoaMHaMuk xyd 6a MOMEHTUWH TOITMOJST, Wi Hb i-p POTOPbIH
eHuer xypa. Potop 6yp Hb 433 YAINIACIH Fi Xy4mir yycrax, xapransax poTopbiH i-UiAH
SPranTUIH YUMN3NUAH 3CPAr Ynrnang Mi MOMEHTbIM YYCragar.

XedenreeHnn apranTuinH TarwnTran (1)-unr (2)-p TarwuTrang opryyrcHaap Aapaax

XaMaaprsibilr rapraHa.

Ixx 0 0 (,0 <P Ixx 0 0 (,0 (P 0 lUZ
0 Iy O16|+|¢[x|0 Ly Ofle|+|e[x| 0 [=]|WUs 3
0 0 I,|ly| leo 0 0 I,|lgl lol Lo, U,
CyYYNYUIAH TIrWMTIANUIAT OHUMMINH XypaaTtran 60MaroH gaxvH 6uysan
. l Ir I . Ipz ~ :
¢ =—Up =00, + 224p0 — = by (4)
b= 1Us— = gw, + 290 — 2269 (5)
lyy Iyy Iyy Iyy
. 1 Ly 1 .
P =Uy =09 +2p8 (6)
[1epBeH CIHCTUNH XOA6NreeHUn LWUIMKUATUAH TArWunTran Hb HbTOHBI 2-p Xyynb A33p
cyypvngar.
0
mi=| 0 |+ RF, (7
mg

YyHA: 7 = [x y z]T MHEepUUIiH TOHXM3raac AePBOH CIHCT XYPTAnX 3ai, r —3an, r' — xypa, r’
— XypgaTtran, m — 0epBeH COHCTUIH Macc, g — O3NXUWH TaTax xypaatran, Fo, — 0epBeH
CIHCT3L YWNUMax rpasutauunH Oyc XxXyd. YYHUAT Xe[desnreeHurn XepByYSIanTUnH

TarwmnTrang, (7) opnyynaH ToOMbEOr eprexxyynbéan 6ug gapaax TarlMTraNMnE oK aBHa.

X 0 cypcl cyYspso spsyY + cocysO1r 0
m|y|=| 0 |+ |cOsyp cOcy + spsyPsO cospsO —cypsb || O (8)
Z mg —s6 cOsp cpcl -U,

XypaaTtranbiH XyBbA TArWNTrAINUUN AaxuH 0mMyBan gapaax xandaptan 6onHo. YyHA: C -

COS, S-Sin TOBYWUJICOH HAPLUWI.

X = %’1 (sin@ siny + cos ¢ cos Y sin O) 9)
y = %’1 (cos @ siny sin 8 — cos Y sin @) (20)
7=g- %’1 (cos ¢ cos 0) (11)

WnmknnTunH 434 CUCTEM Hb LUMIDKUITUAH TONeBUWH XyBbcard OOMOH 3pranTUiH
XyBbcarygaac 6ypasHa. Laawung 6ug epBeH CIHCTUNH YONeeHUn 33parT AyPCNaracaH
X1 -93C X12 XYPTANX TONOBUNH BEKTOPYYAbIr Aapaax TereBuMWH OpPOH 3ail xanbapaap

TOLOPXOMSTHO.
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[xl X, X3 X4 Xs Xg X7 Xg X9 Xi9 X171 X12]7
X = . : ; . . i
o ¢ 66 06 Yy Y z z x x y y

X1 =@ =X

Xy = @ = X4XQ1 — X40pAz + by U,

.X:3 = 9 = X4

.X:4_ = 9 = X2Xg03 + XoWyQy + b2U3

.X:S = ll} = Xg

Xe =Y = xyx4a5 + b3U,

.X:7 = Z = x8

. .. U
Xg =Z=g— El (cos x; cos x3) (12)
.X:Q = )'C = x10
. . =Up, . : :
X190 = X = 7(sm X1 Sin x5 + cos x4 Sin X3 €OS X5)
X114 =Y = X2
: . Uy, . : .

X1 =y = ;1 (sinx; cosxs — cos x4 sin x3 sin x5)
PID youpanara awurnaH epBeH C3HCTUNT TOrTBopXXyynaxblH Tyng éug IMU magparyaac
uyrnyyncad Roll, Pitch, Yaw eHuryyannH erergnuir awmrnada. YyHa: al1-a5 6onoH b1-

15 Hb MHEPLWNH TIrWMTIANIMIAT TOBYSIOH OUYCAH.

2.4.2 NUO yavpanarbiH CUCTEM
MO yanpgnarelH apra Hb YANOBIPNANUUH yaupanarbiH cuctem GOMOH TacpanTtryn
eepunergoer yaupgnara waapggar 0Oycag OnoH  TeprvAH - X3pParnasHg  epreH
X3parnargaar ragpar xondoo 6yxun yagupanarbiH MexaHmam tom [10-20]. PID yanpgnara
Hb e(t) angaaHbl yTreir XyccaH ytra (SP) 6050H XaMXCaH npouecchbiH xyBbcary (PV)
XOOPOHAbIH 36pyyr TacpanTryn TOoL0osriox400 NponopunoHans, UHTerpan, gepueaTme
HexXLen A33p YHOICNAH 3anpyynra Xmnaar.

e(t) =SP — PV (t) (13)

de(t)

T
u(t) = Kpey + Ki [y ey dt + Ka—;

(14)

Naapx Tarwmtrang Kp, Ki, Kda — yya 0yra separ banx 6ereeq nponopumoHanb, MHTErparn,
AepuBaTUB HEXLIONUIAH KO3 PULMEHTLIr TOMAIrN3A3T.

Roll eHUrMnr 3acax ToMbEO:

Rer,roll = X1 — Srou (15)
Rer rol - roll eHUrMitH angaa
X1 - roll IMU-C XaMXCaH yTra
Sroll— roll @HUrMMH XyCCaH yTra
Rerrron = Kirou * Rerrou (16)

Rerr,rol —roll eHUrMnH xypumTtnaracaH angaa

Kiron — roll eHUrniH nHterpan koapduuneHT
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Uroll = Kp,roll * Rer,roll + Rerr,roll + Ki,roll * (Rer,roll + Rd,err,roll) (17)
Rd.err.roll — roll emMHex angaa
Uron - roll eHUrnnH 3accaH ytra
Pitch eHUrnnr sacax ToMb€Eo:
Rer,pitch = X3 — Spitch (18)
Rer,pitch — pitch eHUrMnH angaa
X3 — pitch IMU-C XaMXC3H yTra
Spitch — pitch eHUrMmH XyccaH ytra
Rerr,pitch = Ki,pitch * Rer,pitch (19)
Rerr pitch — pitch eHUrMiH xypumTtnargcaH angaa
Ki pitch — Of pitch eHUrMnH nHTerpan koadppuuneHT
Upitch = Kp pitcn * Rerpitch + Rerrpiten + Kipitcn * (Rer,pitch + Rd,err,pitch) (20)
Rd.err,pitch — pitch eHUrMnH emHex angaa
Upitch - pitch eHUrninH 3accaHx ytra
Yaw eHUrmmir 3acax TOMbEO:
Reryaw = X5 = Syaw (21)
Reryaw — Yaw eHUrMnH angaa
Xs — yaw IMU-C XaM»C3H yTra
Syaw— pitch eHUMMNH XyCCaH yTra
Rerryaw = Kiyaw * Rer,yaw (22)
Rerr,yaw —yaw eHUIMMNH XypuMTnaracaH angaa
Kiyaw —yaw eHLUIMNH NHTerpan KkoagphuuneHT
Uyaw = Kp,yaw * Reryaw + Rerryaw + Kiyaw * (Rer,yaw + Raerryaw) (23)
Rd.erryaw — Yaw eHLUIMH 6eMHexX angaa
Uyaw - ®HLUIMWH 3accaH yTra
BugHun awwurnagar anektpoH xypa xaHard /ESC/ Hb 800-2000 PWM xoopoHAa
axunnagar. 9caH xagum 4 6ug PWM rapanTblH yTreir 4334 Tan He 1700, xamruinH
6aragaa 1300 xypTan xasraapnacaH. PWM-uiH Toxupyynard yTreir Wo=1500 6anxaap

ToXupyyncaH. Motop 6ypuiH 3pranTUnH XypAablr Aapaax TOMbEOroop TOOLIOOSTHO.

wy = PWM; = w + Upiten + Urout — Uyaw (24)
wy, = PWM; =  + Upiten — Urou + Uyaw (25)
w3 = PWM;3 = 0 — Upiten — Urou — Uyaw (26)
wy = PWM, = @ — Upiten + Urou + Uyaw (27)
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2.4.3 CaHan 6onrox 6ym HeMpOH CYJIKI3HUM 3arBap

[epBOH C3HCTUWH yaupanarag HeMpoH CYSDKI3r alumrniax COHrofT Hb napamMeTpunH
TOOL0O GOMOH araapblH Heneenen 33praac LwantraanaH UX X3aMXKI3HUA TOLOPXOUrym
Gangnbir WWMAABIPNAX XAParuds waapanarag yHA3CnacaH 6onHo [9]. Uim anHamukmir
HEWMPOH CYIDKIIr allumriaH 3arsapysiax Hb 60noMXKUT Har apra oM. HerpoH cymkaar (NN)
yHMBEpcan O6xXenTUnH QYHKL MIT onnrox 6onHo. TagHui 6yTay wyraman 6yc
YHKUYYaAnnr 3areapynax 60noH axurnargaaryn Tenesyyaumnr LyrnyyrncaH erergneec
3arBapynax 6onomxuir onrogor tom [10]. Tyyrasp 4 30rcoxryn LyrinyyrcaH erergneec
epeHxmn 3areapT cypanuax 6onomkTon. 3caH x3gum 4, caHan 6onrox 6yn NN-g
CyypuIricaH 3areapbir CUCTEMUIT yanpaaxag awurnax 60omnox acax, cypcaH AMHaMuK Hb
cypranTtaj awmurriacaH erergneec unyy CUCTEMUIAT YHIH 36B UNIpXunmk 6anraa acax Hb
Togopxounryn 6anHa.

OHaxXyy cyganraaraap rypsaH gasxapratan NN 3arsapbir caHan 6onrox 6anraa 6ereeq
YYHA, OPONTbIH AaBxapra, gang gaesxapra, rapantblH gaexapraac 6ypasHa. NN-uiH
apxutekTypbir 3ypar 2.4.2-T y3yyncaH 6ereeq yyHuir gapaax Gangnaap Tannbapnax

OONHO: OpONTLIH AaBxapra Hb CUCTEMUNH O0OMMNH Tenes 60NoH oponT OONroH aBaar.

1)

CpraJ'ITbIH ©MH6 OpPOJITblH AaBXaprbiH XXUHTMUT CaHaMCcapryun gi,j OHOOX, b1l CYypb yTra

HOMC3H. X0€p Aaxb AaBxapra Hb 10 HEMPOHTOW Ba XWHI caHamcaprym 91.(?) bangnaap

COHIFOX HOMANT Cyypb, b2-r HAMCAH. Crrmouna pyHKUMIr 3HA aBy y3H3. N gang Hark Tyc

(1)

Oyp Hb 0, ; -UMH BMHBX YPXB3pUIr Toouoongor. [apanTbiH gaBxapra Hb MOTop GypuiiH

XypabIr UN3apXnMnnaar 4 HEMPOHTOMN.

3ypar 2.4.2. HENPOH CyImKaaHMIA 3areap
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3areapblH MaTpUL, AYPCN3NUAT OOP Y3YYNaB.

_b(z)_

2
b1 [d?] theCos
ol | _ |he@2
X2 . hg(x)3
X3 . ho(x)4

2

Ao 4

Hang naBxaprbiH HENMPOHbBIT fapaax TArwmTranaap (1-7) TooLoomk 605HO.

a? = g(87x) (28)
Z=9Tx=90+91x1+92x2+"- (29)
a?=g(z) =—==— (30)

1+e™2  14e-0Tx

Curmong gyHKU Hb annBaa 6oauT Toor 0-33c 1 mMHTepBang Xysupragar.
2 1 1 1 1
a? = (g(té?l(o)b1 + 0% +0Dx, + 91(3)953)
2 1 1 1 1
a? = (g(té?z(o)b1 + 0% +00x, + 92(3)953) (31)
2 1 1 1 1
a® = g(@r(lo)b1 + er(zl)xl + Hr(lz)xz + 97(13)x3)
OHa, n = [1:10]
[apaax TOMbEOroop rapanTblH HENPOHYYAbII TOOLLOONAOT:
3 2 2 2 2 2 2 2 2 2
ho (o1 = af = wy = g(6[b% + 070 + 0Fa +63a? + -+ 63a7)
3 2 2 2 2 2 2 2 2 2
he(x), = ag '=w, = 9(6'2(0)192 + 92(1)‘15 '+ t92(2)‘15 '+ 92(3)ag Y4t 92(1%6150))
3 2 2 2 2 2 2 2 2 2
ho ()3 = S = ws = g(053b2 + 6500 + 07 a? +67af + - + 65737
3 2 2 2 2 2 2 2 2 2
ho(x)s = 0 = w, = g(05'0% + 60 + 63a? + 00 + -+ 670 (32)
OHAa:
Xn — OponTyyA

)

a; -

j maBxaprblH i MO3BXXKYYIIArd HINK

6 j naBxapraac j + 1 pyy xepsyynax i-p yTra

BuaHnn 3opunro 6on gaexapra OYpUNH XXUHIMWH 91'(,? napamMmeTpyyamnr Tog4opXomnsiox
aBaan oM. Oaraap napaMeTpyyavnr 3eB TOAOPXOUNOXbIH Tyng Taamarnax yHKL hg (x);
GOMNOH rapanTbiH YTrbIH y' XOOPOHAbIH 36pYYr XamruiH Gara Xxomxa3Ha 6Gannrax
Wwaapanaratan. OHA y' Hb HEMpPOH Cyrmkaar cypraxelH Tyna PID  yaupanaraac
LyrnyyrncaH MOTOPbIH 3PranNTUH Xypa oM.
loss = hy(x®) — yt (33)
HenpoH CcymKkaaHUM YHaINraaHNn pyHKL J(B) Hb (34) TarwmTranasp To40pXonsioraaor.
J(O) = =3 T [vilog (e (x)) )+ 1=y log (1= (Re(x®)) )] (34)
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OHA, K Hb rapanTblH HANKUWH TOO.
YHaNragHun yHKL, Hb TaamarnanblH QYHKUMAH yTra ©6a rapantbiH YTrblH 36pyyr
Togopxonngor. CypranTblH YN SBUbIH MO caHaa Hb YHAMAragHUn OyHKUUnH J(8)-ninH
XamrumH 6ara yTrbir TO4OPXONIIOX ABAas oM. XaMruiH 6ara yTroir TO4OPXOMNOXbIH Tyna
Oua YHINrAaHUA PYHKLIIC XICIArYmMncaH anddpepeHuman aBgar. 3HIXYY X3CArdmncaH
andpdpepeHumanbIr TOOLOOSOXbIH Tyng 6ua "dyuax TapxanTt" anropuTMbIr awurnagar.
Oxnaan 6un y® rapantbiH yTra 6a Taamarnacad rapantbiH ytra a'®) xoopoHaplH
51 3epyyr TooLoo01Ho (35).
W = g — y® (35)
[apaa Hb faBxapra 6ypuiH anraar gapaax TOMbEOroop TOOLLOOSHO (36).
sE-1, §C=2 @

O = ((6HTsE ) xaW.x (1 — a®) (36)

YYHUM gapaa X3cardnncaH gudpdepeHuymnansir ToouoosHo (37).

0 D o(l+1

KWHrMmH 91-(,? napamMeTpyyaunr gapaax TOMbEOroop LUMHIYUITHA (38).
O ._ o 9
0;f = 0;f — a@](e) (38)

OHA, @ Hb CypranTblH XypA.

YHanragHun (yHKY, xaMrminH 6ara ytrag Xypax XypTan Oua XXMHMMAH napameTpyyaunr
LLUMH3YUIICOH.

2.4.4 TypwunTbiH YP AYH

CypranTag 3opuysk erergen uyrnyynaxelH Tyng 6ug PID yavpanaraap axunnax 6anraa
3arsapaac (x1-roll, x2-pitch, x3-yaw eHuer) Tenesnnr oponTbiH erergen 60NroH, 46pPBEH
COHCHUI 3pranTuiH xypasir (w1, w2, w3, w4) rapanTtbiH erergen 60nroH OypTrax aBcaH.
TypwuntblH opumHr 3ypar 2.4.3-T y3yynaB. bua HEWpPOH CyrkaaHWW 3arBapbir
6onoscpyynaxeiH Tyng 7000 erergen uyrnyyncaH. HuMT erergen rypBaH XacarTt
xyBaargaHa: 70% Hb cyprant, 20% Hb 6Gatanraaxyynant, 10% Hb TecTnaxag

3opuynargcaH.
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3ypar 2.4.3. [lepBeH CIHCTUIH CypranTbiH OPYUH

HenpoH cymkasHmi 3arsapbir  MATLAB awwurnaH cypracaH. CyrmkasHUMA  3apum
napameTpyyauir papaax Gamgnaap ToxupyyncaH: cypanuax xypa  (0.001),
30XULYYnanTbiH Xy4uH 3ynnryr, gastant (9M), gaBxaprbiH TOO, Aang AaBxapra gaxb
HENMPOHbI TOO. HEWpPOH CymK3ar cypraxaacaa ©MHe Oua ereranunr ypbauvvna
BonoBcpyynax xag X343H anxMyyabir Aarax mepaaer.

Bua apoHbl 6anpnaneir oponT 60MAroH aBaaryn, XapyH APOHbI OHLITMAT HEUPOH CYIMKI3HA,
oponT 60nroH erceH. PoTtopblH aprantumnH xypg 6ytoy PWM ytriir 800-aac 2000 xypTanx
WHTepBanaap erceH. bug uyrnyyncaH rapantbir (3prontuiH xypa - PWM ytra)
macwTabaap TooucoH Gereep T3Ara3p Hb Tyc Oyp Hb 0-33C 1-MMH XOOpOHA yTratau
GanHa (39).

=700
Vi = (o) (39)

OH3 Hb HEMPOH CYIXKa3 LyrnyyncaH erergen T3HUYY XWH erex sisfan oM.
bua gpoHa 3oxuomnioop 15-20 rpagyc xasawnraH ragHbl Hemree Y3yyrbkK, OHrouoHg
YYCC3H eHUIMIr xamxux 3ypar 2.4.4-T TamgarnaB. Tyc 3ypart XaBTa3 6ytoy X TOHXNIrMnH

Aaryy cypranTblH ererger, 60Co0 TOHXNAIT eHUryyaUIr y3yynas.
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x1-Roll x2-Pitch

X3 - Yaw

25
20
15
10

5

0
51 7 81 351 421 491 561 631 701 771 841 911 981

-10
-15
=20
-25

3ypar 2.4.4. NagHbl Heneereep YYCCaH APOHbI OHLMWH eepynent

ApoHbl axunnaraaHg 6ug motopt erergex 6yn PWM ytra 60nM0H APOHbI ©HUIMIAH
eepunentunr 1 cekyHgsg 50 ypaa OypTrax aB4y CypranTblH €reraivinH LyrnyyrncaH
6onHo. YyHun gapaa supervised learning apra awwrnan xwkur Neural Network-uiiH
3areap YYyCroH cypracaH ©6onHo. 3ypar 2.4.5-aac 3ypar 2.4.8-n PID yauppgnaraap
TOXWPYYfiCaH MOTOPbIH 3JPraNTUNH  XypAHbl  OHUIMMWH  eepyrienteec XxamaapcaH
XamaaprbIlr LAHX3p eHreep, ynbap wap eHreep HEMPOH CYIMKI3HWIA 3arBapaap CypcaH
MOTOPbIH 3PranTuUrH XypAabIr MOTOp TyCc Oypaap Hb xapyyncaH 6onHo. 3ypart 6ocoo
TOHXIAMMAH Aaryy MOTOPbIH 3PranTUNH Xypd, X3BTA33 TAHXMAIT CypranTblH ereranunr
y3yynaB. MoTopbiH aprangax Xxypablr rotation per minute (rpm) -p TOOOPXOWSHO.

QpranTunH xypabir 6ug PWM 6ytoy uMnynbCUNH epreHnin moaynsauaap yaupaaHa.

1 71 141 211 281 351 421 491 561 631 701 771 841 911 981

w2 w2p
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0.82

0.8
0.78
0.76

0.74
0.72

1 71 141 211 281 351 421 491 561 631 701 771 841 911 981

0.88
0.86
0.84
0.82

0.8
0.78
0.76
0.74
0.72

0.7

1 71 141 211 281 351 421 491 561 631 701 771 841 911 981

w4 w4p

3ypar 2.4.5. PID moTtopbiH apranTuinH xypa, NN-uiH cypcaH aprantuiH Xypa

Xoép paxb TypwwunTtaap 6ug gang gaexapra gaxb 3aHrunaadbl Toor eepuunnceH. Jang
AaBxapra faxb 3aHrurnaaHbl TOOHOOC XamMaapaH HUCIArdrym OHrouHbl AMHAMUK 3areap
eepuneraeHe. YHaNrasHUM PyHKUMIAH YTIbIr TOAOPXOMNOXbIH Tyna 6ua 3anrunaar 3, 10,
20 6onrox eepuunceH. 3ypar 2.4.6-4 3aHrunaaHbl TOOHOOC XamaapaH YH3Mra3Hun
MYHKUUWH YTrbIH eepynenTtuir xapyynas. [dang pasxaprblH Toor 6yp MX3acraBan
KOHTpONNEépbIH Toouoosnon uxcax 1 cekyHasn 50 yaaa 3acBap XuMx xyrauaa ypTcax

TOHLIBIP33 ONOX HexLen Myyaax maraaryu.

| J(6) Cost function value vs Hidden layer neuron numbers
“
5 y

\
4N

NS
~N .
3 e LT
-..____-. -------
et o B P

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501
Epochs

= = = 3newon = ——Il0neuron ceceec- 20 neuron

3ypar 2.4.6. YHONraaHUn oyHKUMIH yTra 6a 3aHrnnaaHbl TOOHbI Xamaaparn
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Bua ypramknyynaH gang AaBxaprbiH TOOr HAMXK Xacax cypranTt siByynaxaap TeneBnex

banHa.

2.4.5 iyrHant

OHAXyy cypanraag Y3yy/ACaH TYpPWMATbIH YP AYH Hb HEMPOH CYIPKI3HMK yaupanarbir
A6PBOH CIHCTUNH HUCNArMAM TOFTBOPXKYynaxag awmrnax 6onoxbelr xapyyncaH. Hucgar
GueTaa WMAM XAHaNTbir awurnax Hb OOBEKTbIH TOrTBOPTOM OGananbir camxkpyynax
BONOMXUIAT ONrOHO. YUYMp Hb HEWPOH CYIDKI3HUW yaupanara Hb ragHbl HOneennuinir
oponTon erex yen yauvpanarbir unyy camH tortBopxyyngar 6amHa. PID youpanarag
OHUMMNH Toxupyynra 6ypa 3 koadhdumumeHT awwuvrnagar 6ereen L0OpBOH CIHCTUNT
yovpaaxag HUMT 9 koadpduumeHT waapgnaratan. lang nasxaprag 3 HermpoHTon NN Hb
A6pPBeH COHCTUWH yauvpaaxblH Tyng 28 koaddvumeHT waapgnar. Jang HenpoH Too
HOMAr4ax X3pasdp KOIPPUUMEHTbIH TOO HAMIrasH3. ©MHex cypanraaraap 6ug PWM
BGOMOH MOTOpPbLIH 3PranTUNH XOOPOHAbIH XamMaapnbir rapracaH ©6onHo. Cyganraadbl
AapaarmMH wataHg 6ug HemMpoH CyImpKaar cyanaH camxpyyrk baTtatraH cypanuax

/Reinforcement/ cypranTbiH 3arsaptan XocnyyricaH TypLvnTyyabir Xumix 60Ho.

3. Tecneec yyccaH 6ycaa cyaanraaHbl axnyyn
OHAXYY cyfanraaHbl axrblH YHACIH 0933P 6Ua XMMMAN OKYH yXaaHbl MalUMH CcypranTbiH
apra gaap TynryypnacaH X34 Xo49H CcydanraaHbl aXmbir aMXKUATTam XUMXK rynuaTrocoH

0onHo.

3.1 XenknunH 63pXLwWwasanTan XYHUN TIPraHUPUNH XONKYYNanT
©HeernH 6argnaap MoHron Yncag xenknunH 6apxwaantan xyHun 1oo 105,730 GanHa.
MoHrong xaparnax 6yly TIproHUdp Hb MexaHuK Oyly XyH eepuirH rapaap Aayryvraa
apryynax 3amaap yaupgar. OpuvH YEeunH TEeXHOMOMM XONKCeHeep XenKIWMH
BapXLLI3ANTIN XYMYYCT 30puyricaH Tepen BypuinH aBToMat cuctemyya 6un 6omk 6anHa.
YYHUIM HAr XU Hb: aBTOMAT TIpraHuap oM. Llaxmnraan xegenryyp 6onoH 6atapeiH
TEXHOMNOrNy A XKUI33C XUNA camknpy banraa Tyn xegenryypT CyypuncaH TIpraHupyya nx
6ok 6anHa. TapraHUpUnH au3ariHbl BuoMexaHuk Tanyya ove 6angpbiH XyBbd Yyxan
YYPAr rynuadtragar XenknunH O3pXLIIaNTan UPragunH yun axunnaraa, HUArMUnH
oposnuooHa ma vyxan. LlaxmnraaH tapraHupyyaumir Joystick-H Tycrnamxravraap Tynxyy
yanppaar 6anHa. 3apum Toxmongong Joystick awmrnana yanpaax 6010MXryn XenknunH

Gapxwaantan xymyyc 6anHa. OpuvH yewnH yavpanarbiH H3r apra 60onox malumH
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CypranTblH apryyq 3Haxyy canbapTt epreH HaBTapY axnaag 6anHa. TexHoNnornmH 60mnoH
MaLUMH CypranTbiH apra awiuriaH 9Haxyy acyyanbir wungsx 60noMXTON HOM. OHIXYY
cyfanraaraap rapaap yampaax 60noMxKryn XenknmiH 03pXLuaanTanm XyMyycT 30puyraH
XYHUI TOSNTOMH XeAesIreeHUr cypax 3aMmaap HEeMpOH CYIDKIdHUIA apra O93p cyypunaH
LuaxunraaH TAProHUpWWr yampaax aprbiH cyganraar TaHunuyymk 6anHa. YyHui Tyng
9X11334 61Aa CyynuiH YEUH Laxunraad xegenryypyyaumH cyganraa, XxapbLyynantyyabir
XUNC3H MEOH XMIM3N OKOYH yXaaHbl HAr apra 600X HEMPOH CYIMKI3HUI CypranTbiH aprbir
cypnancaH 60nHo. XyHWA TOMArOWH 5-H TepnuiH XeAenreeHnn erergnyyavir Lyrnyysmk
LaxunraaH TOpraHUpUiH XxeaenreeH 6onrox yanpanarbiH acyyanbir HEMPOH CYIMKISHWM
apraap cypraxaap 30punoo. XyYHUA TONITOMH Xe4esIreeHunr cypax 3amaap uaxunraaH
TIPraHUpUIr yanpaax 60noMXKTONM 3HAXYY cydanraaraap 6ua xapyyncax.

Llaxunraan TopraHupwuir 3ypar 3.1.1-T y3yynaB.

3ypar 3.3.1. bogut Texeepemx

CypanraaHbl aXIblH XYP33HA TYr33aMasl Xenkun TeB A33P OYMXK TAPraHUdP X3parnagar
XYMYYCT amap acyygan Tynrapgar tanaap apunucad. TOpraHupyiiH MaLl OfNOH 3areapyys
G6angar 6arHa. TyyH 4OTPOOC XaMIMMNH TYraaman Hb XOMHO TOM AyryriTan TIPraHuap oM.
130 6yTaL Hb XONKCeH rasap MXaHX TOXMOMAONA COM3ry MoTop BOSOH AYryn XVKUITIN
TAPraHupyya awmrnagar. TorrMon ryngniviH MOTOPbIH AaByy Tan Hb Cyn 9pranT yrym Tyn
Hanyy 3am [033p XOWLW Cyn 3prax y3argan Ganmxryin. TOpPraHUpUAH MOTOPT KOHTaKT
ToopMoc awwurnagar 6a cyn 30rconTblH yea rymMxaac xamraangar. Llaxunraad
TOpPraHupunH xepenreeHunr Joystick rap awwvrnad yampgax 6avHa. TaproHUpuWiH
X64enreeH Hb yparwl, Xonw, 3yyH, 6apyyH aprax ymnanyyg 6artax 6anHa. XenknuimH
6apXLL3NTIN XYMYYCUNH TOOHA BMeninH gepBeH MevHui acyygantam xymyyc 6angar 6a
9HAXYY XYMYYC ©6ep XYHWUI Tycnamkranraap LWMImKUNT xegenreeH xungar 6avHa. bug
TOMrOVH X©4eNreeHunr awurnaH uaxunraaH TIPraHUPUNr X3pXaH yaumpaax ©6onox
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Tanaap cyganraa XuWWC3H. TONroWH xedenreeHwnr xypgatran ©0MoH rupockon
M34PYYPUIH TycnamXTtanraap mMagapy 6anHa.

XYHUIA TONMOMH XO46NreeHunr uaxunraaH TOPraHUpUH xeaenreeH 605rox gyHKUMAD
TOOOPXOMNOXbIH TYNA XYHUA TONMOWH XeOerireeHnin Tepryyauvnir cyanax aapgnara

rapcaH.

3ypar 3.1.2. TonronH xeaesireeHuin Tepen

XYHUI TONrOWH XeaenreeHnnr 3 Hexueng asy y3caH. 3ypar 3.1.2a-4 XYHU TONron Xy3yyH
A33p TeBnep4Y XedesnreeH xumx Gonomxkronr xapyymk 6amnHa. 3ypar 3.1.2b-g xyHuin
TONIMONH X6A6SIre6H L33XHUN XeaenreeHTan xamTt xumnx 6onomkron 6arnHa. MeH 3ypar
3.1.2C-A4 XYHUIA TOMrOMH Xe46MreeH TIPraHUPUNH XO4eNreeHTaN XaMT XMnX 60TOMKTON
Xap 60nHO. OH3 ByX X6O4enreeH WUMKUNTYYA Tonron A33p 6anpnax mMagpyypTt eep eep
yTryyabir erex 6a 3sHO33C OMA TAPraHUpUAH yaupanarbiH LOXWOr snrax Laapanara
TynrapHa. 3apym XenknunH G3PXLLS3MTAN XYMYYC CaaXunTbliH yriMaac TONron caBrnax
ynnanyyguir xuipar 6a aHe goxuor 6ua yavpanarbiH OOXMOHOOC sinrax acyyanbir
LUNAOHS.

TonroH xegenreeHWnr ygupanarbiH 40XMo 60nroxeiH Tyng 6ug MawuvH cypranTbiH Har
apra 60510X HEMPOH CYIMKIHUI aprbir XaP3rnacaH. QHAXYY aprbir XaparnaxumH Tyng éug
TONMONH XeAenreeHunr yaumpgnaroiH goxmo 6onrox 6o5oH Oycag xenenreeHyyn rox
aHrumk erergnunr uyrnyyncad. Lyrnyyncad ereranuur Matnab nporpamm awiuvrniaH
Cyprantbir X3p3anKyyncaH. YaupanarbiH OyTuminH cxemunir 3ypar 3.1.3-T y3yynas.
Matnab nporpamMmm [33p YYCCOH MaLUMH CypranTblH 3arsBapbir MUKPOKOHTPOMNEPT
cyynracaH. XyHun TonronH xegenreeHur MPUG050 magpyypuiH Tycnamkram Magaapy

MUKPOKOHTPONNEP Yy AamxyyrHa. MUWKPOKOHTPOMNEP TONMIOWH  X64eNreeHunr
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TOPraHUPUIAH XeaenreeH 60Mrox AOXMOr YYCraX LaxunraaH TapraHUpUinH xeaenryypuinr

yaupaaHa.

Konrpoanep

Taka571 I I Computer

3ypar 3.1.4 LlaxunraaH TapraHupuinH Xnny,
MawwuH cypranT Hb cuctemz TOOOPXOW NPOorpaMMuynanrymrasp erergreec asTomaraap
cyparnuax 3amaap camkpax Yagsaptan Xmnmasn otyH yxaaH (Al)-bl canbap tom. MalumH
cypranTblH anropuTMyyn Hb anvsBaa M3O33MMNUAH LWUMHX YaHapbir TaHWH cydanx,
acyyanbir 6ve gaaH WWNABapnax YagsapTan 60nroxbir 30pbaor.
HenpoH cyrmkasaHun oponto 3 TIHXNArMWH XypaaTran ax, ay, 8z MeH 3 TOHXITArMWH

FMPOCKOMbIH gx, Gy, ¥z 6OMHO.
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(:::) 3YYH 3prax
O Bapyyu sprax

3orcox

Hyyraoman
nasxapra

3ypar 3.1.5 HelpoH cymkasHui 3areap
HenpoH cyrmKasHWn rapantag uaxunraaH TIproHUpunH 5 TepnuinH xepenreeH (3ypar
3.1.5) banHa.

CuvcTeMuiiH nporpaMmbiH anroputmelr 3ypar 3.1.6-4 y3yynas.

HenpoH cymx3axun Axunnaraassl
Cypax anroput™ anropuT™
Oxnan Axnan
Cyprax 100 n-iitr rapaac | i cyypuyasir
f opyynax / ROM-c0c yrwmx
¢ T asax
& p=1:1:n u ‘
1 /" Hwir erormi ook “ % Sxnax T8 ; o
i=1:1:k 3 ] ‘t
; A r k’i
A K, Cyypuynsir .
canamcapryi 6aianaap
COHrOX MPUG6050
A\ a8ax Magpyypuim yTreiK
. HeApOK CYKIaHIA
XKuw cyypuyasr ROM-3 $ 0pONTOR 8N4 Xapranaax
xanranax
OponToa xapranaax gty b
rapanTeir raprax l
5 Heitpon cymiaanmit
388 rapanTTai XapsuyymK XK | rapanTair xepeyynx /
CYypHyAaA WaapanaraTan [ MOTOPT 818X
SOPUNBNTHIT XWX ‘
Tercren % R
i
Tercren

3ypar 3.1.6 lNMporpaMmmbiH anroputm
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3.1.1 TypwunTbIH Yp AYH

OHaxXyy cypanraaraap 6ug 5 TepnuruH TONMONMH XeaenreeHunr 3 TepnunH Hexueng
uyrnyyncaH 6onHo. TapraHupuinH xegenreeH 6ypa 500 cypranTbiH erergen LyrnyyrncaH
6a HunT cyprantbiH erergen ( XychHart 3.1.1 ) 2500 6arHa.

XycHart 3.1.1 CypranTblH ereranyys

xl x2 x3 x4 x5 x0 y | Yiiama
190 | -057 | 1052 | 001 0.04 | -0.02 1 30IC0X
-171 | -023 | 1064 | -012 | -023 0.91 1 30IC0X
215 | -138 | 1035 | -007 | -007 | -0.06 1 30ICOX
-1.82 -1.71 10.38 0 0.07 -0.05 1 300C0X
254 | <119 | 1033 0.02 -0.03 | -0.19 1 30TC0X
321 | -1.93 7.96 1.62 139 0.23 2 yparm
433 | -0.38 8.31 -0.33 158 0.07 2 yparm
417 | -0.32 8.15 1.38 L65 0.26 2 yparm
295 | -2.64 7.77 -0.71 216 | 013 2 yparm
372 | -0.53 8.68 1 1.34 0.21 2 yparm
14.88 0.5 5.21 0.1 -0.6 -0.07 3 Xoiimm
1203 | 203 5.89 0.13 -1.26 0.1 3 xoiim
11.34 1.84 6.18 0.58 -176 | -0.03 3 Xoiim
8.93 1.48 5.86 0.39 272 | 018 3 Xoiim
6.13 238 6.9 0.89 205 | 022 3 Xo#mm
308 | -9.87 7.34 -0.94 -04 -0.08 4 3YYH
280 | -1089 | 694 -119 | -043 | 023 4 3YYH
327 | 997 7.24 -169 | -044 | -0.08 4 3YYH
-3.75 -6.1 7.41 232 | -019 | -0.13 4 3YYH
426 | -8.56 6.9 233 | -044 | -031 4 3yYH
-6.27 43 8.3 151 0.51 0.16 5 GapyyH
476 | 297 8.64 175 0.51 0.02 5 Gapyys
587 | 297 8.39 128 0.28 0.24 5 Gapyys
589 | 326 8.14 171 0.45 0.27 5 Gapyyu
-5.42 3.3 8.2 1.69 0.53 0.37 5 GapyyH

Python nporpamMmbiH CaH  X3p3arnaH ereranyyaviH  xamaapneir  rpadukaap
NNIPXUANIXUNT 30pbCOH Ba 3ypar 3.1.7-0 Xxapaxag XYHUMA TOMrOMH XenerreeHeep

TIPraHUpUIAr yanpaax 60510x 6010MXKTOM r34ar Hb Xaparaax 6onHo.
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3ypar 3.1.7 ©rergnuinH xamaapan
TypwunTbiH Yp AYHL HEVPOH CYIDKISHUA OXHUIN faBxaprblH KOAMULUMEHTYY Hb :

{0.28, -3.93, -1.81, 1.95, -0.30, 0.48, 0.02},
{1.34,1.00, -1.14, -0.66, -6.95, -6.20, -1.78},
{-0.05, 3.44, 1.41, -0.83, 0.29, -0.38, -0.01},
{1.65, 0.48, 1.49, -0.61, 7.55, -10.77, 1.56},
{-5.08, 1.88, 1.49, 2.67, 4.51, -17.21, 2.73},
{0.14, -3.96, -1.78, 1.98, -0.329, 0.75, 0.06},
{0.51, -1.03, -0.14, 4.66, 0.08, 0.06, -0.02},
{-11.96, 0.64, -0.34, 1.39, 2.16, 1.04, 0.83},
{0.56, 0.14, 1.28, 4.17, 0.36, 0.17, -0.03},
{0.37,-3.21, -2.41, 1.31, -0.41, 0.43, -0.16}
HenpoH cyrmkaaHnn Xoép Aaxb AaBxaprbiH KO3PPUUMEHTYY Hb :

{-5.24, -0.93, -13.46, -3.94, -12.77, 15.04, -0.69, -4.73, 11.45, -4.00, -1.91},
{2.16, 3.15, -24.52, -1.37, -11.46, -13.71, 3.74, 3.22, -10.87, 0.87, 2.86},
{-2.17, -6.55, 2.33, 5.26, 1.37, 1.70, -7.16, -0.41, 0.57, 3.08, -2.28},
{-4.74,0.97, 21.11, -7.31, -8.08, -3.10, 0.68, -4.99, 2.05, -5.80, 3.48},
{-5.79, 1.62, -6.37, -6.68, 17.68, 6.93, 2.06, -4.31, -9.78, -4.67, 0.48} 6anHa.
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3.1.2 AyrHanTt

XWUNC3H axnblH XypaaHg Modrong 6Gawnraa TapraHusp OOMoH rajaagan aiwuvrnargar
TAPraHUPYYAMMAH XapblUyyrcaH cyganraa XuMncaH. 30pbCoH axun Hb Joystick rapaap
yanmpaax 60noMXKryn XymyycT 30puynaH TOMArOMH 5 TOPNIMNH XeAeNreeHunr MalluH
cyprantaap Ccyprax uaxunraaH TapraHupuir yanmpaax 6onomxronr TypwunTtaap 6atnas.
MawwuH cyprantaap 2500 erergen [33p cypracaH ©6a oponTblH 6 Tenes, 2 Hyyy,
AaBxapratah MeH rapanTblH faBxapra 5 TeneBTon 6anxaap HEWPOH CYIDKIar
3arsapuuncaH 6onHo. bugHun cyprant 97% -uinH HapuBYnanTan cypcaH 605Ho.
OHAXYYy yaupanarbiH aprbif  X3ParfadH  XeDKNUNH  O3PXLII3NTIN  XYHUM  OHUSIONT
TOXupyynaH cyprax 6onowmxkTon toMm. WHracHaap xyH 6ypa 30puyricaH OHLIron

yavpanarbiH CUCTEM YYCaX BOIOMXKTON oM.

3.2 Ctepeo xapaa pA33p TynryyprnacaH AepBOH C3HCTUWH TOITBOPXyynax
yavpanara

Tyc cypanraaraap HUCIAryryM OFIOH COHCTUWI 30XMOH OyT33X TOCNUNH XYPI3H4
X3PANKYYIMK OyN TYPLUMATBLIH @XNblH CYYMIAH YEUWH 3apuM VP AYHT TaHUnuyynax 60sHo.
XegenreeHT poboT 30xXMOH OyTa3axag Tynrapgar ron acyyanyyablH HAr Hb Ganpiunn
TOrTOOX tOM. POBOTBLIH TOHXNAMMNH Xa3annTbiH 6HUryy4a 6G0M0H YUrManMiAr TOOLLOONOX0A
WNHEpLIar M3apardnir epreH xaparnagar 6onoBd 6ug XOC KaMepbir awurinaH Har
0OBbeKTbIH 3yprunr eep eep banpnanaac aBax 3amaap CTepeo OYPCUMNT YYCraX UAHXYY
YYCrACOH [OYPCHUA M3AJ3MN33C OPOH  3aur XaMxkwx 0onox, uaawwunban, [ypc
BGonoBcpyynax aprbir XaparnaH 3yyH KamepbliH aypc (axHui 6ampnan) 6onoH 6apyyH
KamepblH (X0€p Aaxb baripnan) AyPCHMn XOOPOHAbIH XaMaap bl TOAOPXOWIK MHF3CHI3P
00bekTblH Ganpranbir TOrTOOX 3opuynanTt Oyxun 3apuM reoMeTPUMH TOOLIOONSIbIr
XWANC3H Yp AOYHr 3HAXyy cydanraaraap yayynaxuir 3o0purnioo. CyyrnunnH >Kunyyaoq
rmpockon GOMNOH akcenepoMeTpunr awimrinaH pobOTbIH Xe4eNreeHUNn YUrnir MILpPaxX
ONOH apra, anropuTmyyabir 60NoBCpyynaH xaparnax 6avHa. 9BY yr M3apyypyya Hb
©OPUNH MACAH Cyn TanTan, angaaHbl XypuMmTnan yycragar, uaxuminraaH COPOH30H OpHbI
HeneeHa epTtemTrn bangar 6anHa. nmag oug 3arsap MagpyypurH OpoHA HUCTArdrym
ONOH C3HCTA4 CTepeo kamepbir Banpnyymk ctepeo Aypc GonoBCcpyynanTbiH aproir
X3Oparnax 3amaap XeAesnreeHui KOOpAMHAaTbIr TO4OPXOMOXbIr 30pbCOH GonHO. 3ypar

3.2.1-g cucTeMUNH ByTUMIT Y3YYNaB.
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Object

O

Roll (0)

Pitch (¢) ( V\‘

Quadcopter

Ly
frame

E'y . AN
World frame E X Y1 X2 Ye

Image frame

3ypar 3.2.1 CucremninH 6yTay
N'ypBaH xaMXaacT ortopryng aypcnaraax P (X, Y, Z) uar Hb 3ypruinH xasTram gaap p(x, y)
FACIH XOEP XOMXKIICT Y3YYNINTIdP UNIPXMMNArgaHa. [1aspx 3arBapaac xapaxagd, Har
Kamep awwurriaH ortoprying opwmnx odbekTbiH 6anpLunbIir TOOOPXONNoX 60NOMXKIYA Hb
xapargaHa. Yuup Hb, Npoekusox sBuaj 3HL Ortopryn gaxb U3MMAH ryHUA OByroy
ancnantblH M3439n3n angargax 6anHa. WHracHasp AypcHumM xaBtram gaspx (U, V)
KoopauHaTTaun uar Hb OrTopryng siMap 3ang opmxk 6anraar TooL0050x 60noMXKrym om.
Oepeep xanban, P (X, Y, Z) acsan Pi1, P2, P3 uaryyaunH anb OypCHUM XaBTramng

NPOEKUSIOrACOHbIN TOAOPXoMnox bonomxryn tom (3ypar 3.2.2).

Xw
P(X,Y,Z)

Zw

Kamepsin ramaan
napaMeTpyyxd

v (extrinsic

parameters)

®DOKyCBIH XaBTral

Kamepein gotoon
napaMeTpyyXn
(intrinsic
parameters)

Kameppin koopIMHaTHIH
CHCTEM
Yc

JlycHuii xaBTrai ; v

3ypar 3.2.2 'ypBaH xamxaacT ortopryng aypcnargax P (X, Y, Z) uar

53



Ctepeo 3ypar Byloy HIraH arimHA aBcaH XOC 3ypruvr awimrnad 3ypriH ancnant byoy
ryamir (depth) Togopxonnox 6onowmkton. 3ypar Tyc OYpuUMH XyBbAd XOOPOHAOO
XamaapanTau uaryygumir ok 3epyyr (disparity) TogopxonnHo. XamaapanTan LaryygumiH
36pyyr TOOOPXOMMCHOOP 3YPruiH ryHunur dokycblH 3anm (f), ©0mnoH xoc kamepbliH
XOO0POHAbIH 3ai (B) racaH napamMeTpasp LWyyd TOOLOOSIOH TOAOPXONNOX BOMOMXKTON OM.
Enunonap reomeTp Hb cTepeo aypc 60n0BCpyynanTbiH YHACIH GanryynamxmiiH Har oM.
'ypBaH X3MXK33CT OrTOoprymna eep xo€p HGampnanaac aBcaH XOC AYPC O33pX LAryyaunH
reomeTp xamaapan 6avgar. I’ WynyyH 033p X U3rMiH Xxamaapan togopxonnorgox 6on |
LWYNYYH A33pX X' U3rMmMH xamaapan togopxounsnorgoHo. OO’ wynyyH Hb KaMepblH TOBUIT
(baseline) xon6ocoH wWwynyyH toMm. Envnonap xaBTram OOMNOH 3yprurMH XaBTramH
OFTNONUON [33p33C enunonap LWynyyHyyabir TatHa. Enwvnonap wynyyHyya AO93p

XxamaapnblH uaryyg 6avpnana (3ypar 3.2.3).

Orropryii naxp
00BEKT

ONTHK TIHXJIAT

Enunonap
Iy IyyH

bapyyn nypchuii
3yys aypenmid | b - ; > XaBTrau
XaBTrai

Crepeo cyypb

0 urynyyH (B) o’
3YYH KaMepbIH bapyyn kamepsiH
JIMH3HBI TOB JIMH3HBI TOB

3ypar 3.2.3. CTepeo KamepbIH 3areap

3.2.1 MaTtemaTuk 3arBap 60510H gu3aunH

MX3HX TOXMONA0Na TeXeepeMKXuiiH OPONT rapanTbiH XOOPOHAbIH Xamaapsibir MaTtemMaTuk
3areapaap TamnbapnacaH 6ampar. [JepBeH COHCTUNH Xe4eNnreeHUnr 3pronTunH O34
cucTem BOSOH LWMIMKUNTUH O34 CUCTEM T3C3H XOEp A34 cUcTemyyn XyBaax OOmHO.
XeOenreeHnn aprantuiH TarWnTranMnr HeloTOH-OnnepuinH apraap gapaax 6angnaap
rapraHa.

Jo+wXJw+ My =M, (2)
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J- XeAenryypunH NHepLuiiH MaTtpuu, w- eHuer Xypa, M,-3pranTuiH MOMeHT, M, -NepBeH

CIHCTAA, YUNUUIDK BYN MYLLTMX XYY.

U, K (wi — w3)
Wl K (@? — 03 + 0} + 0])
U, l(F, — F3)
My = lU3 l((Fz - F4) (3)
LU |K,(Fy + F; —F, — F)

OHa Kr 6onoH Kv Hb aepoauHamuk xyd G0OfOH MOMEHTbIH TOFTMOS, Wi X64enryypuinH
eHuer xypa, Fi xeqenryypaac yycax eprex Xyu.

TeneBuH OpHbI FON AaByy Tan Hb OFIOH OpoNT GONOH ONOH rapanTTan CUCTEMUIAH
yovpanarbir 3arsapuysiaxag opLimHO. [1epBeH C3HCTUNH TeneBWUWH BEKTOPbIr Aapaax

Gangnaap To4OPXOWNHO. QHAXYY eryynang 6avipnanbsiH yanpanarbir aBy y333ryn 60mnHo.

[x1 Xy X3 X4 X5 Xg X7 Xg X9 X190 X171 xlz]T
o ¢ 6 66 Y v z z x x 'y y
A, B, C maTtpuLyya onacoHoop 6ua AepBeH COHCTUIH LyramaH yaupanarbir 3arsapunax

G6onomxTon. 3ypar 3.2.4-T TeneBUWH ragpar xonbooTton yaupanarbiH 610K cxemuimr

Y3YYnaB.

U
Control Input
(4x1)

Output

States
(12x1)

3ypar 3.2.4 TenesuinH ragpar xondooton yanpanaroiH 650K cxem

[lepBeH COHCTUIAH cMMynsL, GOMNOH TypLIMnTaz aurnacaH napamMeTpyyavnr xapyynas.

g =981 =] TaTax xyd
m = 0.09 kg] xepenryypumH XuH
M = 0.8 - (4m) kg] BUeTUiiH xuH

[

[

[

[=0.22 [m] mepHui ypT

a=0.02 [m] GueTniiH goTooa paguyc

b =0.22 [m] GueTniiH goTooa paguyc

I = %M(az + by) + 212m [

I, = %M(az + by) + 212m [
[

I, = %M(a2 + by) + 41°m

kgm
kg m?] y ToHXNar A433px uHepy
kgm

2] x TaHXN3r 029pX UHEpL

2] z TOHXNAr O99PX MHepL
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F = K,w? [N] coHCTa3C yycax Xyd

C; = 0.1154 TYNX3X TOrTMOon

q =1.225 [%] araapblH HAMTbIH KO3(ULMEHT

D, = 0.256 [m] coHCcHUN onameTp

K, = Ct'Z—: [kg m?rad?] xy4Huit KOIPPULNEHT

M = K,,w? [Nm] COHCT33C YYCIX MOMEHT

C, = 0.0743 Tartax Xy4HUn KoappuumneHT

K, = Ct’;—f: [kg m rad?] MOMEHTbIH KO3 DULNEHT

K, = I;—T: [m] z TOHXNIAr O33PX YYCIX MOMEHTbLIH KO3.

TyxanH CUCTEMUNH XIBTI TIHXIIANTAN YYCrax XsHanTbliH eHUruir MPUG050 magpyypumir
awmrnaH XoMKcaH 6a 9H3 M34Pard Hb 3 TIHXMAMMAH XypaaTtran Xamxkurd, MeH 3

TOHXIIAMMMH r’MpPOCKOoN — eHuUer XypAablr XAMXUrd 3J1IEKTPOH CXeM33p TOHOIMMoracoH ©onHo.

3.2.2 lepBOH C3HCTUNH TONTOBUUH OpPHbI TYUNbIr 6anMplyynax Hb
[lepBeH COHCTUMH CUCTEMUWI 3arBapyuimk 4YagcaHaap TyXallH CUCTEMUWH TeneBunr
XAHaX yaupaax 6onomxkron 60nox oM. ©OMHe Hb AypAcaHynaH, yampanarbiH CUCTEMUIAT
nxaBynaH PID ygupanarbir awmrnaH XxapankyyncaH 6ampar. OHS eryynnasp 6ug
TONeBUNH ragpar xonbooTon yampanarbiH aprbir XaparnaH MATLAB opuuHA TypLumvnT
XUNCAH 6onHo. YaumpgnarblH OoponT U Hb 4 XedenryypunH eHuer XypaHyyagaap
Togopxounnorgox 6a xapbuyynax ytra G ypXxuraaHa.
u=G_G-ref —Kx 4)

CncteMuiiH XyBb[, TONEBUNH ragpar XonbooHbl xapbLyyrnax yTra Hb eHuryya (3ypar
3.2.4) oM. Xapbuyynax yTra O0NoH TeneBuiH ragpar xonboor xamaapanTtan 6onrox
yyaHaac G—r Togopxonngor (5).

G=-B '(A-BK)C™! (5)
TenesuiH ragpar xon6o00Ton yampanarbiH CUCTEMUIAT UNAPXMNN63an.

x = (A—BK)x + BGu (6)
y=C(Cx

[epBeH cuctemMninH WwyramaH 3arBap Hb 12 TeneBTam 6a ©ua 12 TywnbIr Onox
Wwaapanaratan. Tenesyya ragpar xonb6ooHbl K koadhduuneHToop YpXUraaHa. agpar
xon6ooHbl Matpuy K Tynneir 6anpllyyncHbl gapaa TogopxonnorgoHo. CuctemuiH
TYWNbIr OHOOH Gampnyynaxgaa xanunt, ercex OOMNOH TortBopxux Xxyrauvaar (7)-g
Y3YYJICOH apraap Xums.

—1n(0S/100)

¢ = Jm2+(n(05/100))2
4 (7)
tsettling ~ f_

wWn
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ToOoopXOMNCOH TYMIbIH yTryyabir XycHarT 3.2.1-T y3yyncaH 6a 3ypar 3.2.5-4 cuctemMuii

YP AYHT Y3YYIi3B.
XycHarT 3.2.1 ToaopXOoWncoH Tynnyya

Choicel | Choicel | Choice3 | Choiced | ChoiceS | Choicet | Choice?

with with with with with with with

poles poles poles poles poles poles poles
p=[6-3| p=[60- | p=[60- | p=[40-| p=[40- | p=[30- | p=[30-
K 432 543- :0-4 S3 | 40-3-3 | 40-40- | 30-30- | 30-30-
matrix -1] 2-1] -2-1] 2-7] 3-33]1 | 3-3-3) 1-1-1]

k11 01157 | 01158 | 04509 | 01188 | -1.46676 | -13663 | 04646
k12 01023 | 01024 | 0305 01002 | 06166 | 05141 | -0.48352
k13 -0.0458 | -0.0457 | 06411 | 0.0045 0 0 0
k14 -0.0181 0.018 03177 | 0.0023 0 0 0
k15 1.4578 9.0092 6.5913 43446 | 4346 | 335397 12104
k16 0.5497 1.0612 1.86 1.6064 1.6064 1.3447 1.2641
Kl -0.03 -0.0498 | -0.9335 | 0.0043 0 0 0
k22 00203 | 00202 | 04347 | 00023 0 0 0
23 01007 | 01008 | 07781 | -1.1928 | (16676 | -1.3663 | 04646
k24 00873 | 00873 | 04261 | 06022 | 06166 | 05161 | 04832
K15 -14579 | -0.0092 | -6.7693 | -4.3446 | -4.3446 | -3.5597 | -1.2104
k26 05497 | 20612 | -1.B983 | -1.6064 | 16064 | -1.3447 | 12641
k31 0.116 01158 | 08448 0.1188 1.6676 1.3663 0.4646
k32 0.1024 | 01024 | 04896 01002 | 06166 | 05161 0.4852
k33 0.0456 [ 0.0457 0.6646 | -0.0045 0 0 0
k34 0.018 0.018 03191 | -0.0023 0 0 0
k35 14579 [ 9.0092 6.8056 43446 | 4346 | 335397 12104
k36 0.5497 1.0612 1.9074 1.6064 1.6064 1.3447 1.2641
k41 0.0497 0.0498 0.4416 | -0.0045 0 0 0
k42 0.0202 [ 00202 | 02301 0.0023 0 0 0
k43 0.1000 [ 0.1008 0.7546 1.1228 1.6676 1.3663 0.4646
k44 0.0874 [ 00873 04247 0.6022 | 06166 | 035161 0.4852
k435 -14579 | -0.0092 | -6.6271 | 43446 | -4.3446 | -3.5597 | -1.2104
k46 05497 | 20612 | -1.B691 | -1.6064 | 16064 | -1.3447 | 12641

Angle (deg)
B PN, TR | 1 l I fl
X ) _.' L ‘.' ._ . )
1000 PN f q | |'| I 1 ]I .‘ : I it l | | Iﬂ
\ Al S A \
5.00 ',.. . '"| .'|I-_I_ I"li__ll _.Iflllq- _lr_l [| || | | I|I | lI | I | I ‘ l f ‘ |
. }. R l' Iy A ',J“ . ] |II 'ill .'l'.‘!- ,'.‘ ‘ ‘1 u‘ Vo j ,iuf i 1' N/
000‘3 ] 0 ..ll '| ||| ‘. I| d JJ | ” 1 1',‘&0 ' |1,| i '{HP i |}r hi
- v v | |
00 ‘ l ll l II I’I ‘ Ser:e'”Chlmcei Point 1535 FI
-10.00 {1535, -2.90) s)
AT
, Angle (deg Pitch angle
10 %\ |q | ‘ | vl | ‘
5N § || | || “- 1 ] f " fi I| hfq It I |I , i I'| || \I| [ il | ||| f |I Il |n| i p |
by |‘ | I\ | * [ | || | \ | 1L | ||| |\| | il |||-\ ,I'
LmNAZAT, ' -. : 4 | ‘ +
? i :f N '\E%I1 | “ v.ll‘l‘ '“ 'n h ‘ ly*t f '.’ J' }l ‘A'ﬂdhll 'i'hi’ﬁ ,li\, o
5 S L | d ’. | ¥ U
15 \ll hd : Time(ms)

-10 ssssss Choicel  ——— Choiee?  ——— Choiee3 Choiced  —— Choice)  ———Choicsf  ——— Choice7

3ypar 3.2.5 CuctemMninH yp oyH
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3.2.3 AyrHanTt

Tynn 6anplyynax aproiH faByy Tan Hb 9H3 apraap 3arsapyuricaH yaupanarbir ontuman
9CBAN ajantmB yaupanarag xanbap XepBYYN3H eprexyynax ©0noMXKTOWL OpLUMHO.
OHaxyy axnaap 6ug youpgnarbiH cucteMuiiH Oyx ye waTyyabir Xapankyynas. YyHA,
A6pPBOH COHCTUMH XO4enreeHun LWMHXWAr3d, MaTemMaTuk 3arsBapbiH 6onoscpyynant,
yampanarbiH aprbiH COHIronT, CUMynsuM GOMOH TypWMATYYAbIr XWMWN33. YaupanarbiH
CUCTEMUNH 3ApPar XonbooHbl KoahduuneHTyyabir Toouoonox axwunnaraar MATLAB
OpYMHA ryMUaTraB. HUAT 12 TynnbIr TOAOPXOMICOH 6a gaBamran Tynunyyn (rypBaH Tyun)
Hb OHUMNH KoadbduumeHTo Heneesmk Ganraar TO4OPXOMMNOB. X3auUNrasp TynnyyabiH
Garipnanbir gaBsamran TynnyyabliH OMpPOnLoo XyccaH Banpnang coHrox 6onox 6onosuy,
NPaKTUKT, TYNNyyabIr XaT Xon 6anpnyyncHaap cucteMa TOOLOoraooryi LWyyrmaHbir ecrex
CUCTEMUIT TOITBOPryn TenesT opyysk 6annaa. Cumynaum 60noH TypwmnTaac rapcaH
YP OYH Hb 0OPBOH CIHCTUNH yanpanarbiH CUCTeM TaBuX LWaapanarbIir XxaHracaH yp QyHr

xapyyrmx 6ancaH 60sHo.

3.3 OnoH rMwyyHT hyHKUMUH KO3 (PULIMEHTbIr MalLUUH cypranTtaap YYCraH MOHIos
YFCbIH UP3X XUNYYAUMAH 3PYUM XYHYHUN XIPIrNI33r Taamarmnax Hb

OHaxyy cyganraaraap MoHron yncbiH 3p4nM Xy4YHUA YANLABIPNANNNH OHrepCeH OHYYAbIH
ereranyyaunir awmurnaH xsHantram (supervised) mawwuH cypranTtbiH aprbif X3parnaH
TaamarnanbiH (OYHKUUINH NapamMeTpyyaAunr TOOOPXOMNOoX cydanraaHbl aXsibiH 3apuUM yp
AYHr TaHunuyymk 6anHa. Tyc cyganraarbl XypaaHa 1989 oHooc 2019 OHbI 9pYmM XyYHUI
XOparnaar awurnaH OfloH TULWYYHT XyBbCarymmH KO3(ULMEHTYyObIr rapraH aBax
cypranteir Matnab nporpamm awwurnaH xaHanTTanh MawwuH cyprantbiH anropuTmbIr
Xaparnax 6osomxkTOM 6ONOXbIr TypLUMNTaap xapyyncaH 60sHo.

[93px yaupanarbiH apryyabir Xaparnaxg33 MoHron yrncbiH YUAB3PA3C3H 9pYMM XYYHUN
YaanblH Y3YYNanTUiAr OH Japaannaap Hb xapranayyncad yayynantuir (3ypar 3.3.1) aBy,
TAr33p Y3YYNanTyyauur oponT rapanTtbiH YTryy[ ra TOOLOH OFOH MULYYHT (PYHKUMIAH

KO3 PMUMEHTYYABIN MaLIMH CypranTbiH apra aluvriiaH To4opPX0oMIoXo0op 30PbCOH HOM.
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8,000

[cas kBr.11]

6,000

4,000

2,000

1985

3ypar 3.3.1 1989-2019 OHbl 3pYUM XYYHUI YIIABIPIIANIUIAH Y3YYIIaNT.

3ypar 3.3.1-4 X3BT33 TOHXNArMWH Aaryy oH, 60CO0 TIHXNArMWH faryy YWnaBapriacaH

Y AnB3pII3CoH 3pUuM XY4

1990 1995 2000 2005 2010 2015 2020
On

apuUnM Xyumnur [cas KBT,u] y3yynas.

Bua osspx erergens wyramaH T3MWUUTISNMAH CUCTEM alUUMNaH XaMrMiH ONOH L3rMiAr
[apaH eHrepex onTumann LWynyyHbir MalluuH cypranTtaap cypraH 6anryynaxag mpasgyng

YMNAB3pPnaxX apunM Xy4unr Taamarnaxag rapcan yp ayH (3ypar 3.3.2) Hb 60auT yTraac

XOI 3epyyTan GarcaH.

LA Oy 1 D

[zas kBT
-
[} [ [} [ [} [ [} [ )
o T e I s B s B e D == I e R e )
[ T e S e Y s N [ e N o Y e N |
[ T e S Y s N e [ s R s Y N e |

=t bd e

3ypar 3.3.2 lyramaH TarwmnTranumH CUCTEM alumrnacaH TaamarnasnbiH QYHKLMAH Yp

YINOESPITICIH 3pUHM Xyd

v=12007x - 236723

1990 1995 2000 2005 2010 2013 2020

I\

WinHxyy uyrnyymx aBcaH ereranuur XycHarT 3.3.1-T y3yynas.
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XycHart 3.3.1. Cyprax erergen

Opumm Opumm
OH xyd [cas [OH Xyd [cas

KBT.1] KBT.L]
X NI X N

1989 3568 2005 [3418.9
1990 13348 12006  |3544.2
1991 13229 12007 |3700.7
1992 12929 2008 [4000.6
1993 2582 2009 [4038.8
1994 12715 2010 [4312.8
1995 12628 12011 |4536.4
1996 12614 12012 |4815.6
1997 12720 12013 |5019.5
1998 12675 12014 |5375.8
1999 12842 2015 [5513.2
2000 2946 |2016 |5667.1
2001 |3017 2017 |6027.3
2002 |3111.7 |2018 |6535.3
2003 |3137.7 |2019 16900.4
2004 |33034

3ypar 3.3.1-O Yy3YY/IC3H OHOOC XamaapcCaH 3pYUM XYYHWA X3PIrnaar alumriaH OSoH
FMLWYYHT TaamarnanbiH GYHKL (hg)-WiiH 6; napameTpyyanir ToAopXoioB. TooLoonsIbIr
MaTnab nporpamm 43sp rynuyatracaH 6a cypax xypa a=0.00000031 Garixaap COHroCoH
6onHo. MeH cypranTtblH AaBtantbir $=1:9000000 CypranTblH yp AyHL JAapaax

napameTpyyaumr TooL00S0B.

0,: = 3421.2
0,:= —142.9
0, = 8.22

OHA33C TaamarnanblH QYHKL, Hb
hg(x) = 3421.2 — 142.9x — 8.22x2
raX rapHa. TOOLI0O0SICOH LWyramaH xamaapnbiH yp ayHr 3ypar 3.3.3-4 HOroOH LynyyHaap

AYPCaB.

7000 T T T T T T
6500 - .
6000 - A3 1
T 5500 [ A =
e
Q by
X, 5000 K .
" K
8 4500 - - .
1
> 4000 o i
3500 |- T .

000F e . .

2500 ; 1 I I I I
0 5 10 15 20 25 30 35

3ypar 3.3.3 CypranTbiH Yp OYHI33C YYCC3H XamaapsiblH MypyWn
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OyruanTt

MoHron yncbiH 3pUYUM XYHHUW YUNABIPSIANNNH erergnunur XxaHanTtram cypranTtblH apraap
cyprax saamaap MpasaynH Xaparnaar Taamarnax TypwmnTbir aMmxmnttanm ssyynas. Cypax
Xyp4 a-r Typwwuntaap togopxonncoH 6ereea a=0.00000031 6ainx Hb oHoBYTOM BariHa.
Cypanuax xypabir a-r 0.00000031-aac  Hamargyynax yepq rpaguveHt byynrant 0 pyy
A6XeX yen anxmblH XaMXX33H33C XaMaapaH yCapy angaa Hb byuax nxcax b6anHa.
CyprantbiH xypa a=0.00000031, cypranteiH gastamx s=9000000 6Gawnxag hg(x)
TaamarnanbiH OYHKLUUIAT TOOL00MOX Xyrauaa koMmnbtoTepblH CPU-HbI XypaHaac xamaapu
6,, 61, 6, napameTpyyammnur TOoL00no0Xxo4 orponuooroop 25-30 MUHYT 3apuyyrx 6ams.
OXHUI TypLuMniTaap wynyyHbl yHKUMIAT alumrnacaH Tyn aHxHbl Mypyin 60MOH LWynyyHbl
GanpLunbiH 36pYYHI3C 60K Aapaa XUANNH SPUMM XYYHUIN X3PIrNasHMUI yTrag 3¢ Xypax
TOXMONQON aXurnaracaH.

YYHUUr camxpyynax yyaHa3ac TaamarnanbiH (yHKUUIAT ONTOH MLWIYYHTUIAH oyHKL, 605roH
X3OParnacHaap A33px angaar 6yypyyrnx Yagnaa.

MawwuH cyprantblH apra awurnaH Taamarnaxag 2020 OHbl  3pyYMM  XYYHWUK

YUNAB3apnanuiH xamxad 7200 caga KBT.L opyMM raX TOOLIOOSNOB.

4. Tecneep rapcaH yp AyHryya
TecnuiH yp OYHIMWH gaanraBpbIr 400PX XYCHArT 4.1-T y3yynaB.

XycHarT 4.1 TecnuinH yp AYHIMNH gaanraBap

Ne Tecneep 6un 60nox yp AyH Too Yp AYHIMMWH y3yynanTt
X3MX33
. 1 yoru
XNAM3 OKOYH yXaaHA4 cyypuncaH TEXHUK
1 | AepBeH CIHCTUNH TEXHUK . | TEXHUKNWH Wnnaan
y y XaHraMXunH
XaHraMXUnr WnngHa y
Lwnngan
- Xninman olyH yxaaHg
XNNMar OKYH yxaaHA cyypurcaH 1 yory, CYYPUNCaH [pOHb!
2 | OepBeH CIHCTUIMH Nporpamm yavpanarbiH yy -
y nporpaMmm XaHramxuiH
XaHramxxumnr 60noBcpyynHa. nporpaMmm 9
Lwnngan
3 OpA3M WMHXUAT33HUI eryynan, 5 [oTtooa-1, rapaan-1 OLU-
UNTran HUIM eryynan xaBnyynax
AXuncaH TeBLUNHA OPOX o
4 o Aop - 1 XN433nnnH xetenbep
XN4Y33NUNH XeTendep 6un 6onHO
. XAHanNTbIH NporpaMmmaa
5 | 3oxmorymiH apx 1 H Mporp P
30XMOMYNNH 3pX aBax
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4.1 NloTooabiH 3pA3M WWMHXUITF33HUN CITIYYNA X3BIYYJIC3H ©ryynan

Bua noTooabIH 3pA3M LUMHXUTI3HWUIA CITIYYNA HUAT 8 eryynan XaBrnyyscaH 60mHo.

X/
L X4

LI.Tanruc, A.batmenx, J1. Yypuanx “Control of Single Propeller Pendulum with
Supervised Machine Learning Algorithm” Khureltogoot 2019

LI.TaHrnc, A.batmeHx, . Opxambasap “[lepBeH COHCTUAH TIHUBIPXKUMATUIAT
MaLUMH cypranTbiH 6atatraH cypax apraap wunngax He"”, LWYTUC, MXTC-nintH
3PA3M LWNHXUITTIdHUW amxaTrang, 2020

L. Tanruc, A.batmeHx “[1epBeH COHCTUNH TIHLUBIPXKUITUNAT MaLLWH CypranTbiH
GaTaTraH cypax apraap wningax He", MMT2020

LU.Tanrmc, A.batmenx “Neural Network-based Quadcopter Control”,
Khureltogoot 2021, xyyaac 110

L. Tanruc,"Henpon CymxkasHg Cyypuncad [depseH CaHcTuinH Yaupgnara®,
MMT2021

BaTt-OpasHa, L. TaHrnc “[epBeH CIHCTUMH yaupanarag HENPOH CYIMKI3HWI
3areapyyabir xapbuyynaH Typwmx Hb" LWWYTUC-unH 3pasm LWMHXUNTI3HWUI
amxaTrang, 2021

Bat-OpasHa, L.Tanruc, A.batmenx "HenpoH CymxkasHg CyypwuncaH [epseH
CoaHcTunH Yampgnara” MatemaTuk, TOOH TeXHONOrummH xypang 2022
Bat-OpasHa, L. Tanruc, Y. Jlogonpascan A.batmenx “Quadcopter Stabilization
using Neural Network model from collected data of PID controller” ICTFocus
journal, 2022
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Opxom xyuaat 1L Tauruc, I.3pxombasp, A.BatMenx TaHaa

MXTC-uits npodeccop 6arm, Cyinaaujibli AyHA 30XHOH Gaiiryymarican
IWMAAST OryyJisl Wanrapyyiax ypannaann TaHel “Hepeen cincmuiin
MIHUEIPHCUTMUTI: MAWIUH CYP2GAMBIN GAMAM2AR CYPAX AP2aap Wuiioax Ho”
o181 eryynan “IIHJIIT OTYYJI3II"-39p wanrapean Tyn Tasapxan

3ypar 4.1.1 Wvngar eryynan epremxnen

-%:o I ((J:UJVTCBH ?w‘:““""'
© @ B is RS e -

“KHURELTOGOOT
i 20217

. ﬁ;lgpgmauonal Conference of Technology and

Researcher at the University

— — —
MUNKHSAIKHAN Zumuukberol, SUGIR Tragearchubiin, ZAGARZUSEM Kisircheste -200 MSM
Photodetector with Au electrode”

MUNKH- Batiadk s, TU BatOrgil,
vation of Young Researchers BAYASGALAN Dugssjsv. Circutt for
Wasted Botty Hibeid Becoric Veicies”

Chos e

Gatov, TENGIS
“Neurai Network based Quadcopter Control”

‘During Direct Lightning Stroke an Wind Turbine in Mangalia™

TAKESHI Reinforced
v Looding”

ZAGDSUREN Chansrav, BILGUUN

Method for Conveyor Belt Splices”

INVITATION

0. Prof. BAT Baatar

ENKHEAYAR Shagdar, BYAMBATSOGT Pashica, Yong Shual 200 MW Salar Coal Hybrid
Power Generation System: Performance, Techno-Economic, and Ecological Analysts™

KHULAN Khalzaa ~Skin i athat to Datat s AR,
: Davaanyam, NOMUUN Oyunbat, TUUL Boldbaatar, ARIYA Enkhtisya, KHURELSUKH
Engineering for Constructing

On behialf of organizing committee of “KHURELTOGOOT - 2021
It is our pleasure to invite you for the 17% International Conference of
Teclinology and Innovation of Young Researchers.

The conference will be held at 10:30 am, November 20, 2021 ~Genetic SARS-Co¥2 Recombinant Diagnastic Tests™
Zoom Webinar ID): $83 5884 9271 (password: MYSA2021) BATGEREL d y
P - Nanomaterials by Usiog Electraspinming Tochniqoe”
HIMEG Tscrendavgs. Bt Erdone,
Whame £ (Y00 09 S04 JOSEPG G. SHAPTER, Btk ~£arth-Abundant

+(976) 9925 3418, + (976) 9922 $060
E-mail: khareliogoot tech.ianoi gasil.com
Web: http: /khurcitogoot sy m Invited Speech: Prof. GANZORIG Chimed Encreprencurship Research University: Past,
hitpyitec! -isno stivamn Preseat and Future®

Faceboad: bitge: Jaayy-Cy Sa—

de: Synthest:

3ypar 4.1.2 Xypantoroot 2021 ypwunra 6onoH xetentep
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TECHNOLOGY AND BASIC RESEARCH SESSION
» PAPER TITLE, AUTHORS NAME PAGE
Evaluating Shear Stress Induced in Reinforced Concrete Beam-Column Joints
1l-1  under Lateral Loading o

Gombosuren Dagvabazar, Takeshi Maki
Printing Study on Textile Fabrics

-2 o Tsoodol, Myadagmaa Rentsenikhundev ol

13 Study on horizontal frost heave of clay soil 105
Dashdavaa Chuluun, Yu Sheng Peng

4 Neural Network based Ql:dmpl!r C onlrnl 110
Bat-Erdene Gotov, TengisT: de I Choimaa, kh Amar

5 Preparation of Nanoporous Tungsten hv Liquid Metal Dealloying 1
Gerelmaa Khuchitbaatar, Delgermaa Mangal, Hidemi Kato

116 A Case Study of Waste Heat Recovery in Building 121
Oyu-Erdene Enkhtaivan, Byambatsogt Pashka

7 Gt'dy nf Melt Cooling Pmccsu for Mllllgﬂlllszl\ estock 126

ashka
18 " ithm for Optimizati lhe(‘ ion of Steel Truss 130

u ’Iamba)ur Khukhuudei, Dmitrieva T.1.

Simulation of Lightning Transient Overvoltage During Direct Lightning Stroke
119 on Wind Turbine in Mongolia 138
Chinges Tserensambuu, Bekhbat Galsan

Simulation Study of Double Tierred Switched Capacitor Circuit for Wasted

Batteries from Hybrid Electric Vehicles

U-10  \funkh-Ochir Ganhuyg, Naranchimeg Batsaikhan, Turmandakh Bar-Orgil, 1%
Bayasgalan Dugarjav
111 C ompannve Smdv of the l’llrt and Blended Cashmere Knitwear 152
3 khiuya Dorj, Bayar My =
Stld\ on E\ectrlul Power Supply for Socia nfrastructure Constructions of
I-12 Aero Cvty with RCI‘I!WIM! Enerp 156
Sergelen Byamb: hbx lan Batj
Relnbllny and Tuhng of Electrical ions for O i U
[I-13  Mining 162
Khadb, Batdelger, Sergelen Byamb,
14 Alulylii nltbe I’honcme |y|with Mon;oliu nudcnu 166
a Z i I { Chagnaa
115 C 3 on i Smem Method lnr Conveyor Belt Splices 170
i Zagniwren Cl hanann Bilguun Baatar
Building I P ic (BIPV) 'l hnols and the Results of
1I-16  MATLAB C: ions of Power G in golian Conditi 179
Tugsbus Gankhuyag, Gankhuleg Majig
17 ZnO MSM I’Immdﬁeclor with Au electrode 189
k- Lhsaik khorol, Sugir T s Khurelb
118 Power System Monitoring and Near Rnl-’l'nme Analvns 193
Enkhsuvd Ovunb , Khaliun Sai le
Bacterial Diversity nl’ Fermented C: amel Milk “Khoormog in Mongolia and
19 China by 168 Amplicon Sequencing 198

Sarengaole, Li Weicheng, Liu Wenjun, Haitang, Menghebilige, Tsend-Ayush
Chuluunbat

3ypar 4.1.3 Xypantoroot 2021 eryynnuimnH xaBnan

IHHKJIDX YXAAH, TEXHOJOTHHH UX CYPI'YV.IIb
M3/(33J13J1, XOJABOOHBI TEXHOJIOTMITH CYPIYVJib

BATJIAMK

,‘.-*‘Bpﬁmxyum I‘.BAT-’)P,.’I’)HQ Ma—— v

1ol Y <
JHoxtop (PII.DL mbp luorﬁnmxbm EDD?MX “hhmm
xonB0oms! canl OrAN1L A Gnmit ri'}n?mxv, r 20217 coxoBT
J0KTOP omy'r*u apam mﬁﬁrnmﬂ XVpata. “anum omeTIitn

yaupaaaran uelyu qmrnwb 'mnpuﬂu xnphuvymu TYpunY
Cup" wer:l pﬁﬁ_mrml qon:.l mnpxaﬂ 6a‘g‘m QAT0B.

7 JNA Y
n n! N
|Hl|
SR =
L

PIRIP
e~

(HYAYYHEAHN

3ypar 4.1.4 WYTUNC, MXTC-ninH apaaM LUNHXKXUAT3HUI XypribiH 6aTtnamx
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ATHCTP OKOYTAH @ BEHCHHAH  API'VYJIAAP  TAB  XYPTIX

HACHbI XYY XAMHH 2H 2N VIHAT
B 11:20 XAPBLIVVIIAH CY/UIAX Hb
& 5G MACCHB MIMO CUCTEMMIAH LIALIPAT

XVIBIPKYYIVTTHNH CYIAIITAA Hamerew: 3.Opxon
¢ ABOAIIN  MEXHAIONZK  XSMEDOpuilY
10:05 Hamaren: BEMuscucswaa Macucmpanm
Vimac.yi xoutoo xamoGopuine sacmyxinm Youpoacw: lowmop (Ph.D) L Kaeawaa ALVYHC
Noupoaza: [ovmop (Ph.D), npodeeccop B.Omeonbasp <
Nardoonr carbapwin seeiax npodeccop C// XOJBOOHBI CYJDK3I3HHH 3APHM
TOX6OPOMKUNH ABTOMATKY VIIANTLII
@ EPOHXMUH BOJIOBCPOJIBIH CVPIY VIIMIAH 11:35 HIOMOIYYIIDX BOJIOMAMHH CYJANTAA
CYPAI4bIH HHKEHEPWIVTHMHH (CISCO 3APUM TOXOOPOMKHITH
10:20 COTTAI3I  XOIrKYYJI2XDI POBOT TOXHONA0M)
7 TOMOOMBIH APIBIF ALLIMIJIAX Hb
Hoameyew: JK.1 spam-00
Hoameyeuw: A.Omoonieasp Vmaceytl x01600 XomerOopufin saucmpann
Snexmy fopuiin xazuemy Youpoazu: Jloxmop (Ph.1), 0 npodp 1 Eatseunnss
Noupodaza: lasmap(Ph.D), éd npody H Xypretaamap XoaGooin canrfapwi npodeccop:
Ytexmpomioxuinn carbapun o npoccop 2 =
@ JIOXHO XJTHUH LIATAAH TOATOHH YOOI
PAJTHO TEJIETPA®BIH ABTOMATKYVIIAJIT TAHHX XHHM2J1 OIOYH YXAAHBI 3AT'BAP
& BONOH MICCIK COTMLIOX 11:50
10:35 TOXOOPOMKUHH XOIKY YT Hamaeu: 13donx-3pon, A.Omeonbasp
% Zuexmponii Xxome: AN MGZUCTRPGHM
po; thopu ipa
Hamarew: JK Bxviacopx: Youpoaru: Macuemp 5. hwiaamap
Vimaceyh xawboo xemenbGopuiin sasucmpam 3C-wn axrax dacu
Noupoaza: Joxmop (Ph.D) C Bamoanai -
Xandoous: cardapetn axrax taot @ WYVIAHTMIAH )’:‘AAJ]AF XAHPLAI'HBI
ALUMITIANTBIC CAMAKPY VIIAX APTA 3AM
METABEPCHHAT TAIAA T XY THUHA 12:05
C‘// CYPIAJITbIH CHCTEMJLH3BTPY YJI3X T Hamoew:  Dlaparyase Vmaceyin  xardoo
APTAUTIATT TAMEAGEPUTIH ALUZHCIDAR M.
10:50 Noupoazu: Jjokmop (PD). npogweccop Ll barscunkzv
Hamarew: I'Hmoar Nartoonm carbapun npoeop

Nypas MXTAC-uiin sncanmeseona msxmuiin

Mazucmpanm I - »
Noupdazw: Joxmop (Ph.D) K).Onzondaamap JIOKTOP OIOYTAH

Xypr MXTAC-uin M0,  xon6oonm

moxusanion prTIen @ ,'IOI:BOH COHCTHHH  YAMPUIATANL
HEHPOH CYJIKIIHHH 3ATBAPYVIBIT
MOHI'OJT VJICBIH MDA XOJIBOOHBI 12:25 XAPBUYVJIAH TYPUIHX Hb
G// TOHOI" TOXOOPOMKHHH - .
BATAJITAAKY VIAJTTBIH TOTTOJLIOOT Hoarrore: TBar-Opaur  /I7extpoism  Mopr st
11:05 EOIIOBCPOHTYH BOIITOX Hb soxcroparr/
NMampaarg: Jloxrop (Ph.D). 1L Tumwe /OC-znr i

sccop/
Hamasza: O.Tyzamapan ipogeoapy

Vimaczy it xo1600 xomorsbopuiinn sazuempann
Voupoaza:Toxmop(Ph.D), 030 npogh K Kausancypon @

Nanboonn carbapun acux Gau

HIAIHAJ TAPAY YIAIT

13:00

3ypar 4.1.5 WYTUC, MXTC-1inH 3pA3M LUMHXKXUIITI3HUIN XYpIblH XeTentep

‘
MOHTON YNChIH WHHXN3X YXAAHI AKATEMY
MATEMATWK, TOOH TEXHONOTUUH XYP33MH

YPUJITA

IPX3M XYHAIT TAHBIT
“MATEMATHUK, TOOH TEXHOJIOI'-2021”
IPAIM IHHKUITIIHUN XypaJil OPOILOXBIT YPbS.

Xypan 2021 oHbl 11 capbiH 25-Hbl eapuiH 9% yaraac
LaxumMaap 60NoH TaHXxUMaap siBargaHa.

oom xasr: 851 9693 9521
Hyyu yr: MTT2021
uaxum xonéooc:https://us02web.zoom.us/j/85196939521?pwd=TmF6Q1BrK3JIUExDTm42VkxTSXdEdz09

[

3ypar 4.1.6 MTT-1iH 9pasM LUNMHXUITI3HUIN XYPIibiH ypunra

65



MOHFON YIChIH WAHKN3X YXAAHBI AKATIEMA
MATENATHE, TOOR TEXHONOTMHH XYPI3N3H

WATEMATHE, TOOH TEXHOLTOTH-2021
D WA T 2 N X TEILATE XOT @/ IROr
0211125

AU "™ Royponan ypT
0™ Dvapez L¥A-wiin MTTX-mitn szopaa aveiop 1Y v asbanag
A Mypanaann 1; Xygoonn g gosrop B s

44 dndup. . Ssansons, "BV IAG CAFITAL ST C EURE OFTINUEATIES PROELES. 8 Fd-nan M1 1A
L Zhanler E, Dhggadis &6 “ON THE DEVELGIMENT OF SUME CLASSES OF G TIVAL INTERATIONS FOR SO0 ING SONLINEAR ECLATIONS Y. I A-unn AT
4, kit L, Temibenbograr £, “REMLARES 0N SOME NORM ONE FUNCTIONS OF THE VOLTERRA OPFERATOR”, L0 1~ WX

L3 Pvusse, “IIPILNEEPH AR GIERC TR LT AT LTS A R, $ANC NIV
1T D g 1gngapiarn
ll'l"-l.Z"ﬁE' i A QR Fukro I

£ e we, < IAJIES TR DD IESIRCT O AT UL ORI PR 1T, Y dada APTEY
S anaea o, b B, TVICHTT COE 3000 TLAS L RETHH L T9=HHET TAFS AT I MATEMATHE BAUHAPAAF VIVLE IS, M NA- e WITE
LOF o, ML Mo, <5 STELEUREH BARLDIOE FH OHELIEN KOSTIEARHE XS TARILRIH LR HHH LH S SO PN HES, (T A-pin W I WU

K. Pharsararzal f., Eoanfarsal B Sadisat B, S YT FRAC TINAL PREOGIAM M IS G PIRLFHLERS I IS RELIESD I A LGUIEFTIN®, 0 -ain 3008, MY BTN

¥ A aramran. O pauiam, levcpman, "TAM Bl S FTAAAHEL TAMAAJTREH SESCIHHE SIS H Y HOERET ", S =AY, MY =AY
R bl T ———
12°213% Xypaniaan 3 Xvponng yispiars skt b.H iyl

I Exme S . Favoar, 1 Toiprac . A By, "HEHPOH CYI#33HD OV VPILICAH I8FEEH CIHCTHIH YTHELIATA®, AMSVEHCEST
T E ot I 3, B0, B e, *BAPHLIC, BARFY Y IAMEHTH CALAPTVYTHIH C3RHIT ABTOMATAAP GIOX HE™, WYX

11, hasingpsd, A, i, KRy, G =TVVK T TRIH T PET4TT FBH BAFH T RIS R I0H XTI AN Sl TaaMATI AR AUV, DRV e WTTY

Fitafh

DL R, AR e s, W, R TR, TP g, <O TR AR LA TR PO N0 TV I AT JE i AT

137 14" L g Jansapaarn
14715 AYDiadann 4 Ay PILIL IRRINTL INETeE L AR

T ¥ vrambaanagy LU ngEanin Ao nacppe, BXrsiaan, Yxaenieypes AT CYPPAUTTRIT AFEA AR XA MTHITRT AYAT AFHA TATTLE, Gy irs AHAN LATTAFY SR

R PTATT T UL CANE S 3 UL BRI YV 1™, #E- i T
A Dbrvrey, it pd, VTG TTER TIH A EARE L ATHEIATE RIS DTH T T LTS S WL 8= J T
M0 gl Ly e, Y raniwam, B Gencmdowa, bGesadermme, 0% BT LA Y 1AL B RICIH BRI TR RO AN AL ANTE " 1 ) et W

4 e -, £ Cravae, S PUBH 133 Bk TORIUIE 0090 KU 906 L RE AHD I IAN Hb, 4500000 i

515" Kam s Zoom xaar: 851 M603 9521

Hyvu yoi MIT2021

3ypar 4.1.7 MTT-ninH apaaM LUMHXUIAT33HUIN XYPIiblH XeTendep

€T

International, Peer-reviewed, Open acces: journal

CERTIFICATION OF PUBLICATION

This to certify that the paper entitled

Quadcopter Stabilization using Neural Network Model from
Collected Data of PID Controller

Authored by

Bat-Erdene Gotov, Tengis Tserendondog,
Lodoiravsal Choimaa, Batmunkh Amar

has been published in ICT Focus.
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BATJIAMH{
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3ypar 4.1.11 Uaxum TexHonorn QLU xypnbiH 6aTtnamx

4.2 NapaaAblH 3pA3M WWHXUITI3HUA CITIYYNA X3BAYYJIC3H eryynan

Bva ragaagblH 3pA3M LWMHXUTISHUIA CITIYYNA HANT 5 eryynan xaBnyyncaH 60mHo.
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X/
L X4

Tengis Ts, Uurtsaikh L, Batmunkh A, "Machine learning for stabilizing quadrotor’s
single-axis using classifier decision boundary”, IFOST 2019

Tengis Ts, Uurtsaikh L, Batmunkh A “ Control of seesaw balancing using decision
boundary based on classification method ” International Journal of Internet,
Broadcasting and Communication Vol 11, Nnumber 2, page 11

Ts.Tengis, L. Uurtsaikh, A. Batminkh, "Balancing a seesaw with reinforcement
learning”, International Journal of Advanced Culture Technology Vol.8 No.4 51-57
(2020)

Staroletov S, Tengis Ts, “Model-Driven Development Methods and Formal
Verification Algorithms for Cyber-Physical Systems as Applied to System Software
of Unmanned Aerial Vehicles", CeteBoe nsgaHne CoBeTa pekTOpoB BY30B
Bonbworo Antasa, 2020

Ts.Tengis, “Quadrotor stabilization in hovering mode based on the stereo vision",
International Conference on Electrical, Computer and Energy Technologies
Journal, 2021
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International Journal of
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L. WH®0-KOMMYHUKALUNOHHBIE TEXHONOIMUK

For citation: Staroletov S., Tengis T. Model-driven development methods and formal verification
algorithms for cyber-physical systems as applied to system software of unmanned aerial vehicles //
URL: http://rectors.altstu.ru/ru/periodical/archiv/2020/1/articles/3_1.pdf

DOI: 10.25712/ASTU.2410-485X.2020.01.008

UDK 004.05

MODEL-DRIVEN DEVELOPMENT METHODS AND FORMAL
VERIFICATION ALGORITHMS FOR CYBER-PHYSICAL SYSTEMS
AS APPLIED TO SYSTEM SOFTWARE OF UNMANNED AERIAL VEHICLES

S.Staroletov', T. Tengi.v:
1 Polzunov Altai State Technical University, Barnaul, Russia
Email: serg_soft@mail.ru

2 Mongolian University of Science and Technology, Ulaanbaatar, Mongolia
Email: tengis@must.edu.mn

The development of unmanned aerial vehicles is an important task for science
and technology, because such devices can have many applications in the modern
digital economy (including environmental monitoring, border patrols, air
reconnaissance, traffic control, precision agriculture, disaster relief, assistance in the
field of agriculture, delivery of goods), especially for Mongolia, a country with large
void spaces, see Figure 1.

Figure 1. Using a quadcopter with a camera to filming a tourist trip near Kharkhorin, Mongolia

In this paper, we consider quadcopters — aircraft with four engines and a
programmed flight controller device. An example of recent public testing of a

Hayxka u obpasosanue Boasmoro Aarasy
BbINYCK 1'2020

3ypar 4.2.5 “bonblwon Antan ” ONOH YNCbIH CITIYYNA eryynan XaBnyynacaH

Quadrotor Stabilization in Hovering Mode Based on Stereo Vision

Tserendondog Tengis ; Luvsansambuu Uurtsaikh ; Gotov Bat-Erdene ; Amar Batmunkh  All Authors

Publisher: IEEE

13
Full Q < © [

Text Views
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Abstract Abstract:

The article presents theoretical and experimental approaches to stabilizing a quadcopter in hovering mode based on stereo
vision in combination with inertial sensors based on the state space method. In this experiment, an onboard stereo vision

I Infrogduction system is used, with which one can estimate the position of the quadcopter relative to the marker on the wall. Indoors, this
method allows to measure coordinates of position, which are difficult to calculate when using purely inertial drift sensors. When
implementing this approach, 12 states are evaluated, 6 of them are collected from inertial sensors as heading parameters. and
Il Positioning Using Sterea 8 position siates are obtained from the stereo vision system. Real model experiments show that the system provides reliable
real-time accuracy.

Document Sections

Il. Proposed System Setup

Vision

V. Control Strategy Published in: 2021 International Conference on Electrical, Computer and Energy Technologies (ICECET)

V. Experimental Results

Date of Conference: 9-10 Dec. 2021 INSPEC Accession Number: 21563365
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Auth Date Added to IEEE Xplore: 11 February 2022 DOI: 10.1109/ICECET52533.2021 9698598
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» ISBN Information: Publisher: |IEEE
Figures
References Conference Location: Cape Town, South Africa
Keywords I Introduction
Quadrators (2 k.3 quadeapters) must be able to autonomously fly desired trajactory and maintzin 3 certain alfitude acourately.

Mefrics

For this reason, accurate information abaut pesition. speed and erientation is important for quadcosters. [11. In cutdaar

3ypar 4.2.6 ICEICET, |IEEE 0nOH yNnCbIH C3TIYYNA eryynan XaBnyysncaH
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4.5 buet 6yT3anyya
OHaxXyy cyaanraaHbl TOCIMNH XYP33HA, 61 1 CIHCT, XOEP CIHCT 6ONOH AOPBEH CIHCTUIH
OfOH OueT 3arBapbIr 30XMOH OYTaaX 6OOMT TYypLMATYYAbIr XUMXK OyT33CcaH 60sHO.

[lepBeH COHCT ApOHbI XyBbA, 6MA 3 TOPAUIT 30XMOH BYTI3aX TypLUMNTa X3p3arnacaH.

3ypar 4.5.1 Har COHCT TeXeepeMXUH TYPLUUITLIH 3arsap

3ypar 4.5.3 X0Ep CIHCT TOXOOPOMXKMNH TYPLUMITLIH 3areap 2
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3ypar 4.5.4 [1epBeH C3HCT TOXOOPOMXKUIH TYPLUNNTLIH 3areap 1

3ypar 4.5.5 [lepBeH C3HCT Texeepemx 6a cTepeo kamep

3ypar 4.5.6 [1epBoH CIHCT TOXOOPOMXK HEVNPOH CYITKIITIN yampanara
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3ypar 4.5.8 [1epBeH C3HCT TOXOOPOMXK TYypLUMAT

3ypar 4.5.9 [1epBeH CIHCT TOXOOPOMXKYYL
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3ypar 4.5.11 Tecneec yyccaH Bycag Texeepemx “XenkrMnH 63pXLUS3aNTIN XyHS,

30opuyricaH XMUMar OKOYH yxaaH[ CyypuricaH TapraHuap”

78



4.6 30XMOrYnmH 3px

MOHI'OJI YVJIC
30XUOT'YUMNH DPXUNH
MDPUYUIITDD

Oyraap 11571

BYT33nMAH HIp
XUMAM3N OKOYH YXAAHO CYYPUINCAH APOHbI X8MKYYNANT

TyypBMCaH OrHOO

2020 oHbl 03 capbid 01 egep
i‘ ByT3anuitH Tepen
KomnbioTepuitH nporpamm
g\ ByT2an emunery
AMAP BATMOHX, U3P3HAOHOOI T3HIUC, NYBCAHCAMEYY
YYPUAWUX, TAHBON[ 3PX3MBASAP
i ByTaan Tyypsury
a

AMAP BATMOHX, L3P3HAOHOOI T3HIUC, NYBCAHCAMEBYY
YYPUAUX, TAHBEONA 3PX3MBAAP

Mouron YncbiH OroyHbl OMuunitd Ma3pbid [apreid 2020 oxbl 04 capbiH
14 -Hbl egpuiiH A/77 gyraap Tywaanaap Onros.

3
OAPTA L.A3BAAP

YnaaH6aarap xoT

3ypar 4.6.1 Xniiman OlyH yxaaHa CyypuncaH APOHbl XONKYYIIaNT 30XNMOr4miH

APXUNH rapynnrad

4.7 bonoBcponbiH xeTenéep
OHAXYY TOCIUNH XYP33HA 6epuinH cypcaH mMagcaH synnunr WYTUC, MXTC-niH “PoboT

6a xuniman OwyH YyxaaH” 6akanaepblH CcypranTblH XxeTenbep 6Gonoscpyynaxag

awmrnacaH. MeH yr xetenbep JoTopx 3 XM433anumnH xetenbepunr 6onoscpyyncaH 60sHo.
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POBOT BA XUAM3J1 OKHOYH YXAAH
BAKANABPbIH CYPFANTBIH X©TEeNBOP

XetanGepuitd Jan Xopooroop xananuyyncad ordoo: 2020.02.17
KeTtenbepwith EpeHxuii Xopooroop XananuyyncaH or{oo:

LUYTMC-uiin SpamuiiH 3eenensep xaNanuyyncaH orHoo:

XetenGepwiir wuHasp Gonoecpyynk Mapgasnnuild  TexHonorwith  canBap  YWrNanuilH
xeTenbapyiti A3 xopooHbl 2020 oHbl 02 capbiH 17-Hbl Xypnaap Xananuyynse.

Xetenbepwiir Gonoecpyynaxagn oponucod Barw Hap:

CanBapeiH apxnard A.Ograpan

DOagn npocpeccop U XypanbaaTap
Qap npocpeccop L. Tanruc
Axnax Barw U.Cyrup

3ypar 4.7.1 XetenbepuinH xopoo

Tengis Ts »# B2 FOLLOWING Cited by
Mongolian Urwiversitv of Science and Technology Al Since 2017
Verified email at must.edu.mn
computer vision raobotics  control theory Citations 35 30
h-index 3 3
110-ndex 1 1
TITLE : CITED BY YEAR 10
State feedback control simulation of quadcopter model 16 2016
T Tengis, A Batmunkh
20186 11th International Ferum on Strategic Technology (IFOST), 553-557 5
Mapping of Real-Time 3D object movement 8 2015
T Tengis, A Batmunkh
International Journal of Internet, Broadcasting and Communication 7 (2), 1-8
2016 2017 2018 2019 2020 2021 2022  ©
Quadcopter stabilization using state feedback controller by pole placement method 5 2017
T Tengis, A Batmunkh
International Journal of Internet, Broadcasting and Communication 9 (1), 1-8
Co-authors EDIT
State feedback control of unbalanced seesaw 2 2016
T Tserendondog, B Ragchaa, L Badarch, B Amar
2016 11th International Ferum on Strategic Technology (IFOST), 566-570 No co-authors
Stereo Vision Based Balancing System Results 2 2016

T Tserendondog, B Amar, B Ragchaa
International Journal of Internet, Broadcasting and Communication & (1), 1-6

Control of Seesaw balancing using decision boundary based on classification method 1 2019
L Uurtsaikh, T Tengis, A Batmunkh
International Journal of Internet, Broadcasting and Communication 11 (2), 11-18

Control of Single Propeller Pendulum with Supervised Machine Learning Algorithm 1 2018
T Tengis, A Batmunkh

International journal of advanced smart convergence 7 (3), 15-22

Quadrotor Stabilization in Hovering Mode Based on Stereo Vision 2021

T Tengis, L Uurtsaikh, G Bat-Erdene, A Batmunkh
2021 International Conference on Electrical, Computer and Energy ..

3ypar 4.8.1 Google scholar 493px 3WN3NNMINH TOO
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4.9 bakanaBp, MarucTpbIH cypranT

BakanaBpblH cypranTblH 9 OIOYTHbIF MaLUVH cypranTtaap yavupaaH TercreceH.

No Kon Hop JAunJIoMbIH €338

MaluunH cypranTblH apraap X0€p COHCT OYYXXUHT
TOHLBIPXKYYII3X cyganraa

HenpoH cymkaa awmrnacaH rapbiH JOXWUOHA
cyypuncaH poboTbiH yaAupAnarbiH Xenkyynant
BynunHrniiH magpyyp awmvrnan poboT rapbir
yanpaax Hb

[lepBeH CIHCTUINI HEMPOH CYIK33 alunrnaH
TIHLBIPXYYIXK Cyprax Hb

BartatraH cyprax aprbir alwmrnaH Menxex cypaar
POBOTbIH XONKYYIIANT

Touch screen gs3p rapaap 61M4CaH undpunr
TaHbAar TOXeepeMX1IH cydanraa

7 | B171070037 | A.OTroH6asp MawwwvH cyprantag cyypuncaH sypaac garard MalluuH

1 | B161070034 | .Opxambasip

2 | B171070021 | I.OTtroH6asp

3 | B171070026 | [.OtoyH4ynyyH

4 | B171070032 | M.©cexbasp

5 | B18107058 O.Byanbar

6 | B151070002 | B.r'aHownar

MaFI/ICprIH cypranTtblH 1 OKYTHbII MallWH cyprarnTaap yaupaaH TercroCeH.

Ne Kop Hap OvnnombIiH c343B

XOnKITMIAH B3PXLUS3NTIN XYHUIA TIPraHLUPUIAH
1 | J.EE19E002 | T.Baatapxyy
XODKYYynanT

,D,OKTOprH cypranTtblH 3 OKYTHbII MaLllWH cypranT OONOH XMNman OKOYH yXaaHbl

YUrnanaap yanpaax GaiHa.

4.10 OnoH HUAT3A TaHWYyNaH CypTanyYuiiCaH axun
Bua eepcamiH 6yT33133 OMNOH HWUATAL TaHunuyyncaH. OHA4 YHAJCHUWA Tenesu3ag
apununara erceH. MagsaHui onoH BeG camTag spununara erd yp OyHryyaaa
TaHunuyyncaH. LWuHxnax yxaaHbl 60NOH M3A33MMMNH  TEXHOMOMMWAH  Y33CTanaHz

OpOonuUOX BYTaaNYYA33 TaHUNLUYYcaH 60rHo.

3ypar 4.10.1 YHO3CHUIM Tenesums
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3ypar 4.10.2 MagaaHun Beb cant

SHepru xypuminyynar
avaaHbl ranT TIPIry
XAHANTLIH CHCTEM

'M3n oloyH yxaaHa cyypuncau
iaH 3ypaac parapar mawmu

3ypar 4.10.4 MaaaannninH TEXHONOMMWH Y33CranaH
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4.11 CypranTtyyn

OHaxXyy cyganraar Xvinx siBUag X34 X343H cyprantag cyyx cepTudmnkaT aBcaH 605Ho.

The Technische Universitit Chemnitz

in partnership with IBS Foundation

Co-funded by the s \/
Erasmus+ Programme ™ | SN
of the European Union d s

@ TECHNISCHE UNIVERSITAT
CHEMNITZ

presents this

CERTIFICATE

to

Tengis Tserendondog
as a Participant of the Workshop WP3.2 “PC teachers’ training abroad” for project
SMARTCITY: Innovative Approach Towards a Master Program on Smart Cities Technologies

held in Chemnitz ONLINE, 19 - 23 April, 2021.

7.1

Prof. Dr. Dr. h. ¢. Wolfram Hardt
Head of Organizing Committee

3ypar 4.11.1 Master Program on Smart Cities Technologies

COURSE
s CERTIFICATE
Project

Network

Nov

Tengis Tserendondog
has successfully completed
Linear Regression with NumPy and Python

an online non-credit course authorized by Coursera Project Network and offered through
Coursera

—==—

Verify at col

QMZKDKITKXT

3ypar 4.11.2 Coursera - Linear Regression
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COURSE
Project CERTIFICATE
Network

Tengis Tserendondog

Data Visualization with Python

David Dalsveen

3ypar 4.11.3 Coursera - Data Visualization

COURSE
Project CERTIFICATE
Network

Tengis Tserendondog
has successfully completed
Support Vector Machines with scikit-learn

on-credit course authorized by Coursera Project Network and offered through

B i

3ypar 4.11.4 Coursera - Support Vector Machiné

COURSE
3 CERTIFICATE
Project

Network

Tengis Tserendondog

Logistic Regression with NumPy and Python

3ypar 4.11.5 Coursera - Logistic Regression
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COURSE
CERTIFICATE

Project
Network

Tengis Tserendondog
has successfully completed
Linear Regression with Python

n-credit course authorized by Coursera Project Network and offered through

bty

3ypar 4.11.6 Coursera - Linear Regression

COURSE
CERTIFICATE

Project
Network

Tengis Tserendondog

Charles Niswandear

Verify at coursera

3ypar 4.11.6 Coursera - Basic Artificial Neural Network
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5. TecnuwuH QyrHanT
Tyc cypanraaHbl axrnblH YHACOH 30pUITO Hb APOHbI TAHUBIPXUNT B60MOH yanpanarbiH
acyyanbir OpYMH YEUnH TeXHONOrM 600X MalLvH CypranTbiH apraap LWANO3XUAT 30PbCOH
6onHo. [J33px 30punrog XypPaxunH Tyng Har CIHCT CaBryyp, XOEp C3HCT AYY>XMH 60MoH
©6pPee HUCIrY OOpPBOH COHCTUMH TEXHUK XaHraMXKXUUAT OYTIDK XMAMIM OKYH YyXaaHbl
canbap 6onox MawwH CcypranTbiH apryyabir cygarmk yavpanarbiH - apryyabir
6onoscpyyncaH. Llaawmnban, MawmvH cypranTbiH anxmyyabir HAQPUMH cygarncaH, YYHA
perpeccuiH apra, aHrunmbiH apra, HeMpoOH Cyrmx3sHun apra 6onoH GaTatraH cypax
apryya opHo.
Har CaHCT caBnyypblH XyBb[, TOITBOPXUX yaupAnarbir MalvH cyprantbiH perpeccuiH
apra Aasp TynryypnaH 60noBcpyyncaH. QH3 TYPLUUNTbIH YP AYHT ONOH YICbIH C3TIYynA
OONoOH O0TOOAbLIH 3PA3M LUMHXUAM33HUIA CITIYyng XaBnyyrncaH. MaHanm nabopatopug
Xoparnaraax 6Ganraa KOMNbOTEPbIH TEXHUKWAH Y3YYNANTA3C LWanTtraanaH cypranTtbiH
Xyp4, TOOOPXOUNOr40oHO.
XO€p COHCT OYYXUHIMMAH XyBbA TOrTBOPXUX yAUpAnarbir MalMH CypranTbiH aHMUIMbIH
apra 6onoH 6atatraH cypax apra 4aap TynryypnaH cypracaH 60nH0. QH3 TypLUMATLIH Yp
AYHT MOH afun OfIOH YNCbIH CaTryyng 6050H 4OTOOALIH 3PA3M LUMHXKUITTA3HUIN CITIYYa
X3BIYYJIC3H.
bug oepBeH COHCT OPOHbI HUAT 3 TOPNMAH TYPLUMATBbIH 3arBapblH 30XMOH OBYyT33X
TYPWUATYYALIF XUACSH. JHA OUO XUWM3IN OKYH YyXaaHbl HENPOH CYIDKI3HUW aprbir
X3P3rnaH APOHbIr CypraH TIHLBIPXKYYCIH BOSHO.
OHaxyy cypanraaraap 6ug OTOOAbIH 3pA3M LUMHXUITA3HUIA CITIYYNA HUWAT 8 eryynan
XOBIYYJSIC3H, ragaafblH 3pA3M LUMHXWUITTA3HUIN CITIYYNG HUMT S eryynan X3aBryySCcaH
GanHa. MeH yr cyganraaHbl axnblH Yp OYHI 3pA3M LUMHXUNTI3HUA Xypang WNTrax,
XONanuyyncaH. OHO AO0TooAblH TOMOOXOH Xypan 6onox MMT 2020, MMT 2021,
Xypantoroot 2021, MatemMaTuK, TOOH TEXHOSIOTUNH Xypang XonanuyymKk HUMUT 7 yaaa
unTran taBbcaH 6onHo. OnoH ynceiH AW xypan IFOST 2019, ICECET onoH yncbiH
xypang meH ERASMUS + SMARTCITY xypang HunT 3 untran tTaBbcaH 6anHa.
OHaxXyy cypranTbiH yp AyHr 60M0BCPOrbIH canbapT HABTPYYAX3A XyBb HAIMAP OpPYyYrCaH.
YyHg, WYTUC, MXTC-unH “PoboT 6a xmriman owyH yxaaH” GakanaBpblH XxeTenotep
6onoBcpyynaxag oponunoo. bakanaepbliH cypranTblH HUWT 7 OKYTHbIF MaLlUWH
cyprantaap yaupgax TercreceH. MaructpblH cypranTblH 1 OKYTHbII MOH MallWH
cyprantaap yampgax tercreceH 6anHa. OgoornnH 6angnaap 3 4OKTOPaHT OKYTHbLIM 9HA

YUrNanasp yaupaax barvHa.
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OnoH yncbiH 3L catryyng xasnyyncaH 6ytaanyya Hb Google scholar 43ap onoH yaaa
SLWINaN TaTargcaH.

bug MawuvH cypranTbliH cyprantag CyyX HUAT 7 cepTudumkat aBcaH. OHAXYY TOCIUIH
XYP33H “X1rMan OKYyH yxaaH CyypurcaH OpOHbl XernKyynant” c3gBa3ap 30XMOrYmMmnH apx
aBcaH. TeCnunH yp OyHr TaHWynax 30punroop YHOASCHUA TeneBm3da spuruiara erceH,
M333HUA canTyynan OfloH yaaa M3A33 erceH MeH 40Too40[4 30XMOraaor y33CranaHa
opornuoX 6yTaanyyaaa OfIoH HUNT3A TaHUMLYyycaH.

OHAXYY TecnuiH Tycnamxramnraap 6ug HamManTaap cyganraaHyyn Xxumnx 6onomx 6ypacaH
6a “XMMMan OKYH yxaaHa CyypwurcaH uaraaH 3ypaac garax poboT” 60M0H “ XenknuinH
BGapPXLLB3NTIN XYHA 30pUNYyrICaH TIPraHUIP” 39Prnnr 30XMOH ByTa3C3H BOnHO.

OHAXYY TOCNUWH Yyp AyHL TynryyprnaH 6w xag X349H Tecen Xapankyynax 6onomx

Oypaonaa. bug TecnuiH 3opunrog 6ypaH XYPCaH rax AyrHax 6anHa.

{IpoH/T TOXHpOX XIHIMAT OFOVH yXaaHE! apra Gomox RL
(Reinforcement Learning) aprelH MaTeMaTHK 3arBaphil’ OOIOBCPYYILK
raprasa

[ Tanrmc, A barmenx,

0,
JLYypuaiix WIE

1 [XuiimM31 OIOYHJ CYypHICaH aprhIH CyAairaa

CrcTeM Maap/iaratail ¢3m03r X3parcumir {[lepBeH CIHCT, VANpP/IATHH XaBTAH, TRHKINIIH 010K, Datapeii,

100%

CyIVIaH XyTaiak aBax

0. Taaruc, JLYypoaiix

M3IPYYPHIIT XyJaTiax aBHA

CrcTemImiiE GyToI1, 30XH0H GaliTyyIamT,
MeXHIK XaHTaMJKHITH IIHilUTHITH cyfanraa

I1.Tonruc, A.barmenx,
JLYypuaiix

(CrrcTeMiiis OYTAII, 30X110H OaiiryyIalT, TeXHHK XaHTaMKITIHH
il cygamk rapracan Oaiina

100%

[TYPIINITEH TOXOOPOMKIIH YTCPATT, IXHMIL
[TypLIHIT

0. Taaruc, JLYypoaiix

[IpOHEIT yTcapd 3XHII TYPIIIIITHT XuiicoH OaiiHa

100%

JIpOHBI XHIIM3T OFOVH (HEeHpoH CY/DK33)-5I
MPOrPaMMBIH XOKYYI3IT

I1.Tonruc, A.barmenx,
JLYypuaiix

IKOHTPOILIEPEIH TIPOrpaMM XAHTAMIKILITH ATTOPHTMEIT XOTHKYYICOH
[0aiiHa.

100%

JIpOHBI TIHIBIPKILTTHIT XaHTaX XIIAMIT
OIOVH (HElpOH CYIDK33)-BI IIPOrPAMMBIH
KODKYYIIT

I1.Tonrmc, A.barMeHx,
JLYypuaiix

[Mporpamm XaHraMxmitH 3XHmIT XyBrn6ap rapcaH GaiiHa

100%

Omon yncetH HomoH goToomeH ST cyTryymna
BrYYII X3BIYYIX

[1.Tonrmc, A.barMenx,
JLYypmaiix

|CrcTeMIITH HATICOH TYPIIILITHIT XIMITK YP AYHT Z0TOOIBIH 00IOH
IOTTOH Y7ICHIH COTTYYIT X3BIYYIX

100%

Boxmordmiiz 3px aBax

I1.Tonruc, A.barmenx,

JLYypuaiix

3oxmordiiie 3px aBcaH

100%
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Tanapxan
OHAXYY TOCIUIT X3P3ANKYYNaxag ryH Tycnanuaa y3yyncaH bLUYHAam 6onoH LUnHxnax

yXaaH, TEXHOSTOrMNH CaHIMH XaMT OfIOH Tanapxax 6anHa.
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12.

13.
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15.

16.

17.

18.

19.

20.
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Stanford University.
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Control of Seesaw balancing using decision boundary
based on classification method
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Abstract

One of the key objectives of control systems is to maintain a system in a specific stable state. To achieve this
goal, a variety af contral technigues can be used and it is often uses a_feedback control method. As knawn this
kind of contral methods requires mathematical model of the system. This article presents seesaw unstable
svstem with two propellers which are controlled without use of a mathematical model instead. The goal was
to contral it using training data. For system control we use a logistic regression technigue which is one af
machine learning method. We tested our controller on the real model created in our laboratory and the
experimental results show that instability of the seesaw system can be fived at a given angle using the decision
boundary estimated from the classification method. The results show that this contral method for structural
equilibrivm can be used with relatively more accuracy of the decision boundary.

Keywords: logistic regression, brushless motor, gradient, cast function, machine learning

1. Introduction

Machine Learning, a branch of artificial intelligence, 15 a scientific discipline that concerned with the design
and development of algorithms that allow computers to evolve behaviors based on empincal data. The mamn
purpose of machine learning is to learn automatically and take intelligent decisions based on collected data [1.
2.3 and 17). In general. any machine learning problem can be assigned to supervised and unsupervised learning.
Supervised learning 15 the machine learning task of learning a function that maps an mput to an output based
on example mput-output pairs [4, 5]. Supervised learming problems are categorized mto "regression” and
"classification” problems. In a regression problem, we are trying to predict results within a continuous output,
meaning that we are trying to map mput varnables to some continuous function. In a classification problem, we
are instead trying to predict results in a discrete output. In other words, we are trying to map input variables
into discrete categories [12]. In the previous researches, we have successfully tested PID and state feedback controls
to maintain stability of a two propeller seesaw. Brief intro to these experiments is deseribed below. In order to apply the
above control methods, it 1s necessary to define the dynamic and kinematic models of the system experimental model of
which is shown in Fig.1. Here, l). [ represent distances of brushless motor from pivot center and w represents Euler angle
about x body axis, my, m: are mass of brushless DC motors with propeller that is fixed at the end of the lever. Fi, F:

Manuscript Received: Feb_ 7, 20019/ Revised: Feb. 13, 20019 7 Accepted: Feb. 19, 2019
Corresponding Author: tengisi@must.edu mn

Tel: +976 99095618

Dept. of Electronics, Mongolian University of Science and Technology, Ulaanbaatar, Mongolia

92



12 International Journal of Internet, Bmdcnsﬁngand Communication Vol.11 No.2 11-18 (2019)

represent thrust forces produced by brushless DC powered propeller motor, g is the acceleration due to gravity [1-11].

Figure 1. Propeller based seesaw model

After applied voltage, propellers spin and generate torque to pull up the seesaw. The torque is caused a sum of
the forces tangential components to the rotating multiplied with corresponding distances from the pivot point.
Neglecting the frictions and the effect of body moments on the translational dynamics, an expression of forces
acting on the seesaw according to Newton's laws is derived as:

—lymygcosy — lymag cosp + LFy — bF; = —13my — 2m, (1)
P=2F - F -1 g cosy )

Here, tp 1s angular acceleration. In order to use the PID or State feedback control to balance the above system,
the length of levers (/;, I2), weights (m;, m:), lifting forces (F), F2) should be precisely defined.

In this research work presented by the article we did not use dynamic and kinematic models of the object.
Instead. using the input and output values of this system we build real-time control system based on supervised
machine leamning algorithm using classification and tested on the microcontroller. Fig. 2 shows real model of

the seesaw equipped by propellers.

Figure 2. Real model of propeller based seesaw

93



Control of Seesaw balancing using decision boundary based on classification method 13

2. Classifier and decision boundary

The main idea of machine learning is to evaluate the function from collected training data [17]. The purpose
of our study is to maintain the stability of a two propeller seesaw on certain angle. We will focus on the binary
classification of only two values of 0 and 1. To do this, data is collected by increasing speed of the motor
controlled by PWM signal and generate lifting force. The controlled variable for this system is the angle y of
the seesaw relatively to the horizontal axis and the manipulating variable is rotation speed given to motorized
propeller. Rotation speed PWM?2 is recorded as training input x; and PWMI force as x2. We use x(i) to denote
the “input” variables (in our case is motors rotation speed), also called input features. and y(i) to denote the
“output” or target variable that we are trying to predict (angle). A pair (x(i), y(i)) is training example, and the
dataset that will be used to learn a list of m training examples (x(i), y(i)); i=1,...., m-is called a training set.
Example of collected data is shown in Table 1.

Table 1. Training data
xi | 900 | 900 [ 900 [ 900 [ 900 [ 900 | 900 [ ... [ 910 | 910 [ 910 | 910 | 910 | 920 | 920 | 930 [ 930 [ 940 | 950
x2 | 900 | 902 | 904 | 906 | 908 [ 910 [ 912 | ... | 902 [ 904 [ 906 | 908 | 910 ] 912 | 914 | 916 | 918 | 920 | 930
3 b ol S U T ] Bl o A el R s el | s W L s e ey L e

We tried to stabilize the seesaw at three different angles (-10° 0° and +10°). First experiment was to stabilize
seesaw at angle -10° If w < -10° we recorded as y=/ and represented with red circle and if y > -10°, y=0 with
blue circle. The relation of training data is illustrated in Figure 3a.

1000 X,

X,

270 w0 990 1000

X,
9% o a1 220 230 230 950 P60 9 9 90 1000

(b)
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iy M

x

LU ]

Figure 3. Training data and decision boundaries. a-Classification in a given angle -10%, b-
Classification in a given angle 0° c-Classification in a given angle +10°.

Using the classification method, it's possible to define the line between two fields filled by colored circles.
This line is the decision boundary which is used to stabilize the seesaw in a given angle. From the equation of
this line we can estimate second motor rotation speed when first motor rotation speed 1s fixed.

3. Estimation of decision boundary

Figure 4 shows the machine learning algorithm. Collected tramming data set will be included in the traming
algorithm and the training algorithm is used to determine the hypothesis function k. From hypothesis function
we can determine decision boundary for a given angle and rotational speed of one of the propellers is calculated
(PWM).

[ Training set ]

v

[ Learning algorithm ]

x Predicted y
!anﬂe} [F“‘}i}
Figure 4. Leaming process

To describe the supervised leaming problem, our goal 1s, given a traiming set, to learmn hypothesis function h:
X — ¥ so that hfx) is a “good” predictor for the corresponding value of y [2, 12-17].

O0=ha(x) =1
Here we use sigmoid function to ensure the above conditions.
hg(x) = g(87x) (3)
z=08"x =8y + By, + Baxy (4)
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1 1

ha(x) = g(z) = =0 (5)

148~ F  j4p-dx

The function gfz) converts any real number into (0, 1) intervals which converts any values function into a more
appropriate classification function. We can write hg(x) as probability function (6).

he(x) = P(y = 1|x;8) = 1 - P(y = 0[x; 6) 6)
Here, hglx) - hypothesis function, 8, 8,, #,— parameters.
To derive the discrete 0 or | class, we can convert the hypothesis function into the following:
hg(x) =205 and y=1
hg(x) <05 and y =0

The experiment was conducted to determine #,.6,, 8; parameters which are estimated so that the line most
closely aligned with the traming data. To do this, the difference between hypothesis function and output value
should be minimal.

he(x™) - y!
The cost function of the linear regression cannot be used to classification tasks which creates a number of local

minimums. In other words, this is not a convex function. The cost function J{#) of the system is determined
by expression (7).

J(6) = — X" Clhg(x©), y®) M
fy=1 Clhe(x®),y?) = —log(he(x)) (8)
If y=0, Clhg(x®),¥0)=—log(1 - hs(x)) (9)
We can write two conditional cases of the cost function in one case.
J0) = =2 3, [y© log (hg(x)) + (1 - ¥') log (1 — hg(x"))] (10)
Using gradient descent algorithm, we define the minimum value of the cost function parameters.
o e /00,92 -

First, 8, 8,,8; parameters selected randomly. Usually 85 , #, and &, are chosen equal to zero and we
change the value of the parameters be decreasing the value of the function [{#;, #;,8;). It is described as a
program algorithm,

Repeat until converge ()
a
iBp=8—a a—ﬂff_gnugngz]f

Here, j = 0. 1, 2 and @ is the learning rate. To find mimmum value of parameters we take partial derivative

from cost function =] (G, 6, 62).
)
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4. Implementation and Experimental results

The seesaw shown in Figure | swings between £25° We try stabilize the seesaw in given angle -10°, 0%, and
10" and for this reason have been collected 500 training data in each learning process. The calculations were
performed on the Atmega32 controller that is operated at 8 MHz with learning rate «=0.02. To reach cost
function [{8y, 8;,85)=0.03 it takes 3 hours. The following parameters were calculated as a result of the
training.

Table 2. Estimated parameters

Angle By B, B,
-10° -1.6399 0.0109 -0.0085
0 -2.6249 0.0107 -0.0073
+10° -0.9186 0.0107 -0.0092

Hypothesis functions are:
hg(x) = —=1.6399 + 0.0109x, — 0.0085x, for angle -10°
hg(x) = —=2.6249 + 0.0107x, — 0.0072x, for angle 0°
hg(x) = —0.9186 + 0.0107x,; — 0.0092x, for angle +10°

The hypothesis function is defined as /s (x)=0.5 then by selecting one of the propeller rotation speed x,, speed
value of the second propeller rotation is calculated from the decision boundary. Decision boundary at given
angle -10°, speed of the second propeller can be estimated by the following formula:

_ 05 + 16399 — 0.0109x,
2= ~0.0085

Results of computed decision boundaries are illustrated by green dotted line in Figure 3. By experiment, we
choose x; =930 for the first propeller then x: calculated and the results are shown in Table 3.

Table 3. Estimated second motor rotation speed from decision boundary

Angle X X2
-10° 930 940.8
(1 930 935.1
+10" 930 927.4

In Figure 5 shown experimental results of seesaw angle stabilization with 3000 samples, {one sample =5ms).

97



Control of Seesaw balancing using decision boundary based on classification method 17

1000

2500 3000

(c)
Figure 5. Stabilization of seesaw in given angles. a - stabilization in given angle -10°, b - stabilization in
given angle 0°, c- stabilization in given angle +10°

5. Conclusion

Unstable seesaw system was trained by classification method. The advantage of this control i1s that we are
trying to stabilize the seesaw basing on the training data only without modeling of the physical data of the
system. However, there are disadvantages of classification methods. With the increasing number of training
data, the calculation speed 1s decreased drastically. This control system acts like open loop system without any
feedback therefore output value cannot be stabilized precisely. The system with learning algorithm can be
stabilized in a given angle by re-learning with different voltage supply or with different weights.
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Abstract

A propeller-based seesaw system is a system that can represent one of axis of four propeller drones and
its stabilization has been replaced by intelligent control system instead of often used control methods such as
PID and state space. Today, robots are increasingly use machine learning methods to adapt fo their
environment and learn to perform the right actions. In this article, we propose a Q-learning-based approach
1o control the stability of a seesaw system with a propeller. From the experimental results that it is possible to
Jully learn the balance control of a seesaw system by correctly defining the state of the system, the actions to
be performed, and the reward finctions. Our proposed method solves the seesaw stabilization.

Keywords: learning, contral system, sensors, microcontroller, reward, robot

1. Introduction

In recent years, the region of drone applications has been increasing. Following this, many ways to control
it are evolving. A linear dynamic model of quadcopters is shown in [1, 2, 3]. The control methods include
classical methods such as PID, and more advanced methods such as state feedback and LOQR [4, 5]. Consider
acase where it is difficult to model system dynamics completely mathematically, or if a linearized model leads
to a non-linear dynamic model of the system maccurate. [n this case, it 1s difficult to manage using traditional
control techniques. This can be improved through machine learning. In this study, we tested the quadrotor's
single-axis system using one of machine learning methods, reinforcement leaming, with the goal of learning
to balance.

2. Reinforcement learning method

Reinforcement learning 1s an area of machine leaming concemed with how software agents ought to take
actions in an environment in order to maximize the notion of cumulative reward. Reinforcement learning is
one of three basic machine learning paradigms, alongside supervised learning and unsupervised learning. This
method 1s more suitable for robot control [1, 13, 14, 15, 16, 17]. The structure of the reinforcement leamning
method is shown mn Figure 1.

M.mug:ript received Scp‘lrmbcr 28, 2020/ revised: Octolber 19, 2020 / ac:ccpb:d: Oictober 26, 2020
Comresponding Author: tengis(@must.edu mn
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Y
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Actin
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Figure 1. The reinforcement learning method

Here, a large number of § states represent the environment and the agent or robot selects one of the fixed
operations, A, and performs a corresponding operation in discrete time steps. In other words, for every time
step £, the agent observes the state of the environment 5, and selects the action a,. Upon completion of the action,
the agent receives a r, . ;reward, which indicates how well the action has been performed in a short perdod of
time and the agent observes the new s, . ; state of the environment. The goal of a reinforcement leaming agent
18 to learn a policy which maximizes the expected cumulative reward. In this study, we used the O-learning
method. The optimal value function of O-learning 15 defined as follows (1).

Q*(s,a) = E[R(s,a) + y™3Q"(s",a")] (1
Equation (1) represents the expected value of the transition to the state ', performing action a, in the state s.
The parameter v is called the discount rate (0 <y <1) and determines how important the future reward will be.
Once the optimal (¢ function is defined as 0%, a), it 1s easy o calculate the optimal policy 7%(s) by selecting
the maximum value of all operations from that state (2).

n'(s) = arg™%0(s, a) (2)
The Q-function is usually stored in a table and indexed by state 5 and action . From any states we can
determine the optimal 0 function through the repeated observation of environment. Each time a robot performs
an action g, sequence of expeniments (s, ay, 1+, 5+ 1) 18 created. Update the cells of the table for state s and
action a as follows (3).

QUse, ae) = Q(se, ae) + a(reer + y™2Q"(s", a’) — Qlst, ar)) (3)
This eventually converts to the optimal ) function. This learning method is sometimes described as a control
method based on the reward function R(s, a) [7, 8, 9]. Instead of developing lower-level control caleulations,
we can develop and implement higher-level tasks in the form of reward functions. In most cases, the robot's
tasks and rewards correspond to the physical activity of the environment. In addition, the reward function can
be defined as sparse or dense. The sparse reward function is zero everywhere except for a few places, while
the dense reward function provides more information afier each action, but it 15 more difficult to construct than
the sparse function [2]. The Q-learning method requires discrete states and corresponding actions. In this case,
it is not possible to reveal the intermediate hidden states or to learn them properly enough. In some studies,
states and actions are estimated to be continuous [6]. In the case of (-learning, the only way to explore
information about the environment is to observe the response of the environment to an action [9, 10, 11, 12].
At the beginning of the leaming, the system does not have any specific information about the environment at
all, so the system requires some random or forced action. Afier each action reward information 1s collected
and (-learning improves the value function.

3. Implementing reinforcement learning to the model

The system design of our research is shown in Figure 2. We designed this system to learn to balance at
degrees (honzontal overlap position). The leaning software for this system is implemented on the Atmel
SAM3IXEE ARM 32-bit microcontroller. The angle sensor was solved using a potentiometer. There are two
2000KV propelled brushless motors with 30A ESC on the edges of the axis.
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Figure 2. An unbalanced system with two propellers.

One axis of the quadcopter was used as the study model. The set of states § of this system is defined by the
angle v and the angular velocity y . The seesaw swings at £20" intervals and the angular velocity varies at
+40%sec intervals. The angle was taken with one-degree discrete step and the angular velocity 1s discretized at
9 levels. As a result, the (0 table of our system will be 41x9, as shown in Table 1.

Table 1. Q table of the system

Anglef angular L20 <18 -17 0 1 19 20

speed

Action A 1s defined as the set of actions corresponding to each state of the system, which is the PWM signal
that changes the propeller rotation speed. A total of 9 discrete operations were selected to be able to change
the state of the system, as shown in Table 2

Table 2. Discrete actions

Action a az a3 iy s a5 ar ity ag
PWMI BOO | 825 [ 8BS0 | 875 | 900 | 900 | 900 [ 900 | 900
PWM2 Q00 | 900 | 900 | 900 | 900 | 875 | 850 | 825 | 800

The model uses an ESC-controlled brushless DC motor, which is capable of changing the speed every 20 ms. It
is possible to control the motor speed by sending a PWM signal to the ESC. The minimum value of the PWM
signal is 770 microseconds and the maximum value is 2000 microseconds. In other words, we are able to change
motor speed with 1 microseconds accuracy. It is seen that we have a wide choice for action A. In other words, it
1% possible to select 1230 operations for one motor in each state 5, but in this case the learning process will be
complicated by the huge size of the ) table. Depending on the selected action, the transition time from one state
to another will change. In other words, it is necessary to observe a new state after performing any action, and we
have chosen this time to be 20 milliseconds. We chose the discount rate y = (0.7 and the learning rate a = 0.1.
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The following is our program algorithm:

1. Load Q-table with the initial value of 0
while (1)
Initialize counter i for random action selection
When for (¢ =1) select a random action from the state s, else execute action a, =™5Q(s,a)
Wait 20 milliseconds
Observe and record the new state s o+ 1y and caleulate the reward function R s, a)

Update the O-table Q(s.,a,) = Q(s,,a,) + @ (reyy + y™20° (5", a") — Q(s,,a.))

AN

4. Test results

The ) matrix of our system is [9x41x9] and includes 9 types of angular velocity w ', 41 types of angles w,
and 9 types of A actions. Each cell in the matrix stores a 32-bit float value, which means we need at least 13
Kbytes of memory. As the number of states increases and the number of operations increases, the amount of
memory Increases,

This learning method is called reward-based leaming and the learning process is guided by a well-defined
reward function. In our experiment, several types of reward functions were considered.

Experimeni 1. The experiment was performed using a sparse reward function.

iffpy==0&& ' ==0)

Reward=1;

else

Reward=0;

In this case, the system performed each operation on one state, and the system could not exit the initial state
because the value of the reward did not change. In other words, we have a one goal state, and all other states
will not be rewarded.

Experiment 2. The experiment was performed using a dense reward function.

Reward =absfiy) *{-1);

In this case, the system receives the highest negative reward (penalty) at -20 degrees and +20 degrees, and 0
reward at 0 degrees. During this test, the system did not stabilize in one position, it was constantly swaying in
two directions, unable to maintain balance,

Experimeni 3. The experiment was performed using angular velocity into the reward function.
Reward =(y)+ ;

For this reward system, angular velocity is included. In order to find equilibrium, it i1s shown in the w= -1 and
w = 1 states, the operation with the highest angular velocity 1s selected., and at w = 0 state is seen to be passing
at high speed.

Experimeni 4. The experiment was performed using a reward function with a penalty.
Reward =1-abs{{w)+ Y");

if (abs(iy)==20)

Reward=-10i);

iffabs(y)<=3)

Reward= 1)

For this reward system, we have included a penalty value, and if the seesaw angle is large and the lower the
angular velocity, the greater the negative reward. The larger the angle and the higher the angular velocity, the
lower the negative reward. If the angle 1s small and the angular velocity is high, the negative reward is large.
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If the angle size is small and the angular velocity is low, the negative reward will be less. In this experiment,
wiee achieved our goal.

In addition, experiments have shown that it is necessary to take some delay afier each action. From the s, state,
wie select the highest value action g, and perform it. After that, we read the new state 5, . ;. If there 15 not enough
time to complete the operation, the state cannot be changed, and 1f many operations are performed on this state,
Table O will be falsely updated. Since the ESC device operates at 30 Hz, we have a 20ms delay.

Table 3a shows the results of the values of the (7 table after first 60,000 iterations. The rows in this table show
the y state of the angle, and the column shows the value of the angular speed ', Negative rewards are shown
in red and positive rewards are shown in green. Table 3e shows the resulting values of the (-table afier
1,000,000 iterations.

Table 3. Q values of the system

a. b. c. d. €.

Table 4 shows the values of the actions corresponding to each state. The leaming time of this system is at least
8 hours. In the first case, each cell in Table O is filled with a value of 0. [t is necessary to upgrade and improve
the value of each cell in order to find the right action. In some research work suggesis ways to reduce learning
time [1, 2, 5, 6]. For example, first balancing operation should be done manually and fill each cell in (-Table
with close to the correct action value, and then by activating the learing process, the learning speed is
inereased [2, 5].

Table 4. Action types in each state

Figure 3 shows a timeline of the achievement of the target state in order to monitor the learning process and
number of learning process.
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=Y Target state

200

150

Number of loops
(20000)

| 11 21 31 41 51 61 71 81 91 101 111 121 131 141

Figure 3. Number of targets is reached.

Figure 4 shows the model of the real training system.

Figure 4. Real model.

5. Conclusion

This article presents the results of the reinforcement learning method in propelled seesaw model. Without
any mathematical model of system dynamics, it is possible to create a control that can balance. The learning
was conducted under microcontroller-based control, which requires large amount of memory. We discretized
the state and action values due to these hidden actions and states are not defined. When a discrete action is
selected, it 1s necessary to select the correct time to delay of the action. The training was conducted using
sparse and dense reward functions and the reward function needs to be very well organized. The learning
outcomes vary depending on the reward function. The disadvantage of this method is long learning period.

In the future, we are working to test methods to reduce (boost) learning time.

104



Proc. of the nternational Conference on Elecirical, Compuier and Energy Technologies (ICECET)

O-1 December 2024, Cape Town-South Africa

Quadrotor Stabilization in Hovering Mode Based on
Stereo Vision

Luvsansambuu Uurtsaikh
Depi. of Electronics
Maongolian University of Science
and Techbology
Ulaanbaatar, Mongolia
uurtsaikhi@must.edu.mn

Tserendondog Tengis
Depi. of Elecironics
Maongolian University of Science
and Techbology
Ulaanbaatar, Mongolia
tengisf@mustedu.mn

Abstract - This article presents a guadcopter stabilization
svstem in hovering mode based on combination of stereo vision
and inertial sensors. Using an onboard stereo vision system, we are
able to estimate the quadrotor’s x, y,  positions with respect to the
marker on the wall. For indoor environment this method allows us
to measure the position variables that are difficult to compute
when using inertial sensors that have drift. The control strategy
implemented here is based on the full state feedback control where
we estimated 12 poles. The inertial sensors give 6 states of heading
and the steren vision semsor gives 6 states of position. The
experiment shows that the system could provide a reliable
accuracy in real-time.

Keywaords - image processing, feature point, full state feedback,
pole placement

I INTRODUCTION

Quadrotors must be able to fly autonomously according to
the desired flight path and maintain its altitude at the specific
height precisely. To do this a precise feedback on the position,
velocity and orientation for quadrotors is very important [1]. In
an outdoor environment we can use the position mformation
from GPS as reported in a number of works [2]. Difficulties
starts come when quadrotors operate indoors or GPS signal is in
occluded area. Many researchers proposed different way of
localizing quadrotors in the latter type of environment using
infrared sensors, laser rangers, ultrasonic sensors, schematic
maps, optical flow sensors, inertial sensors and visual sensors
[1-7]. Quadrotors mainly use onboard inertial sensors for
orientation mformation. However, the dnft of inertial sensors
leads to integration errors, making a steadily accurate estimation
of the absolute pose nearly impossible [2]. Several research
works have been performed aiming to control the flight of a
quadrotor by using cameras as position sensors [4-6]. A vision
algorithm for visual navigation and landing for a helicopter is
presented in [7]. This approach estimates the position of the
camera relative to the landmark, but it cannot estimate its
velocity, which is important data for controlling the position of
the UAV. The work reported i [6] applied a monocular camera
for vision-based navigation with the Simultaneous Localization
and Mapping (SLAM) algorithm. There are works that used
Kinect sensor for depth sensing [8]. The advantage of using a
stereo vision camera over a mono vision is the ability to provide
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depth information without any additional distance measurement
sensors [9, 10]. Depth information gives distance data useful for
estimating the Z coordinate of the quadrotor [8]. Lots of work
has been done with wvisual sensors at a fixed, off-board
configurations where quadrotor’s position 1s localized in the
sensor field of view [4]. Stereo vision has been used for distance
measurement in several works such as [9] and [10]. In [3], an
efficient iterative algorithm has been proposed in order to
achieve a globally convergent pose estimation of an object with
known 3D geometry. Lots of research works have used mult
feature points to estimate pose and position. Artificial marker
aided vision-based flights are demonstrated in [9, 10]. In [9],
Eberli et al. show autonomous takeoff, landing, and hovering
using one circular artificial marker. This marker is detected in
images from a monocular downward-facing camera, and used to
estimate the pose of the MAV. Downward-facing camera
severely limits the application of vision-based obstacle detection
for planning and control purposes. In [6, 7] where on-board
sensors such as IMU, camera, laser range finders are used for
pose estimation and obstacle avoidance for an autonomous
flight.

We focus on developing a cost effective and easy-to-setup
vision system. Our work in this paper is closely related to the
works of [2], [10] and has some similarities with above works
but we highlight two important differences. First, for controlling
quadrotors researchers mostly use PID control method. In our
research work we use full state feedback control. Twelve states
must be controlled with the help of a stereo vision sensor and
inertial sensors to achieve stable hovering. Second, to estimate
quadrotor position information from image, researchers used
multi feature points whereas we use single feature point only.
This choice brings several advantages but also some drawbacks.
During the experiment a complete system is designed and
implemented, in which the motion of the quadcopter is
controlled by full state feedback control based on combination
of stereo vision and inertial sensors.

[I. PROPOSED SYSTEM SETUP

The system mncludes a quadrotor with an onboard stereo
camera, a marker placed on the wall and a vision algorithm
running on the ground station PC. Our main sensor is onboard
forward looking stereo camera for estimating 3D position with



respect to the marker on the wall to stabilize the quadrotor on
desired position. The second sensor is onboard inertial sensor for
estimating the angular positions. Figure 1 shows proposed
indoor positioning system setup.

CHpact
o .
.
Fig 1. llustration of the proposed indoor positioning system.

The system has 3 frames. World frame is set on the ground,
centered on O and pointing towards North, East and Down. The
quadrotor frame is set on O, the center of mass of the quadrotor,
aligned with its reference arms. Assuming short range
maneuvers, the Earth rotation and translation can be neglected.
The distance between the Earth frame and the body frame
describes the absolute position of the center of mass of the
quadrotor ¥ = [x ¥ z|T. The rotation R from the body frame to
the inertial frame describes the orientation of the quadrotor. The
orientation is described using roll, pitch and yaw angles (i, 8, w)
representing rotations about the X, Y and Z-axes respectively.
The third frame is camera frame, assumed as centered on O.. In
our case, a vision system pointing forward will have a clear
view of the scene in front of the quadrotor.

A, Open loop model

The quadrotor is of “PLUS type” flying configuration,
considering two frontal motors and two rear motors. The motion
of the quadrotor can be divided into two subsystems which
mnclude a rotational subsystem (roll, pitch and yaw) and a
translational subsystem (altitude and x and y position). The
rotational equations of motion are derived in the body frame
using the Newton-Euler method with the following general
formalism [11, 12].

Jor+ wx Ju+ M, =M, (1)
Here, J-quadrotor's diagonal inertia matrix, - angular body
velocities, M -gyroscopic moments due to rotors inertia, and

My-moments acting on the quadrotor in the body frame. Total
moments acting on the quadrotor become:

1, 1K (wf — w3)
M, = [lU;] = 1K (wd — wi) (2)
1, Kp(o] — 0} + 0] - w})

Where, Krand Ky are the acrodynamic force and moment
constant respectively, oy 1s the angular velocity of i-th rotor.
Each rotor causes an upwards thrust force F; and generates a
moment M; with a direction opposite to the direction of rotation
of the corresponding rotor 1.
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Substituting (2) into the rotational equation of motion (1) the
following relation can be derived:

e 0 0][¢] ¢
0 1, 0 3 +[{p X Tyy
0 0 2
S 1w,
+[¢-]x = | 1w, 3)
@ Jrwy Uy

Rewriting the last equation to have the angular accelerations
in terms of the other variables

o= ,—Uz - bo, + 296 - Z0) @)

b=_u, - ”—fpm, + Ege oy b gy (5)
’.n' ’}T Iyy

P =;U4—:9fp+ ;1109 (6)

Translation equation of motion for the quadrotor are based
on Newton's second law and they are derived in the Earth
inertial frame:

mi‘:[ﬂ]+RFn (7)
mg

Where, r = [x ¥ z]” quadrotor's distance from the inertial
frame, m -mass of quadrotor, g- gravitational acceleration, and
Fy -non gravitational forces acting on the quadrotor in the body
frame. Embedding that into the translational equation of motion
(7) and expanding the terms, we get:

i 0

F mg
ool cipspsl sqasw + cipcipst
+ |clsy  cBcp + spspsd  cpsiisl — apsd [ ]
—sf cllsg cyped -y

Rewriting equation (8) to have the accelerations in terms of
the other variables, we get.

i= _Tu‘(sinqosinw + cos @ cos i sin 8) (9)
j;r:_?”‘(cosapsinwsinﬂ—cosqbsinga) {10y

Ezg—%(msgpmse) (11}

It 1s clear that the translational subsystem is underactuated as

it is dependent on both the translational state vanables and the
rotational ones. Further we define the state vectors x; to x;;
which are mapped to degrees of freedom of the quadrotor in the

following manner:
Xy Xz Xz Xy X5 Xg Xy Xg Xg Xyp Xy 1'12]7

“log ¢ 8 6 ¥ 4§ 2z 2 x F ¥y ¥

Xy =g =X

¥y = @ = XgXgly — Xgwraz + by Uy

Xy =0 =1x,

Xy = i = XoXgly + Xotedy + szg

Xg = lﬁ = Xg

Xy =y =xx,ae + by,

Xy =2=1xy

S o,

Xy=2=g— ;f(cns X; COS X3) (12)

Xy=X%=Xp



. e ] .
Xy =%= T‘{smxl sin xg + COS X, SiNX, COS Xe)
Xy =¥ =X

. s W B .
xip=3= ;(smxl COS Xg — COS Xy Sin Xy sinxg)
B. State Feedback control

From Fig.2 the control input, u, consists of 4 angular
velocities [w], of rotors and 1s formed by the sum of reference
imput multiplied by the gain matrix  and internal states
multiplied by the feedback matrix K. Feedback gain matrix K
would be defined after the pole placement procedure of the
characteristic equation of the system.

1]

Fig. 2. Block scheme of the state feedback

In the procedure of pole placement the rise time, overshoot
and settling time are set in the same manner as in [11. 12]. For
the system the state feedback control references for pitch and
roll angles are equal to zero. Using state feedback law the
relationship between plant input, i, and reference, ref, 1s written
as (13).

u=0G-ref —Kx (13)
To get full correspondence of feedback and reference input
there must be some relation, (G, that is expressed as follows:
G=—-B"Y(A-BK)C™! (14)
Inserting (14) into standard state space equations would
create closed loop feedback equations of the control system that
is as follows (15):
r=(4 Eij + BGu (15)
y=0Cx
As the Linear model of the quadrotor system has 12 states, we
expect to find 12 poles of the system.

1I1. POSITIONING USING STERED VISION

This section explains the basis of how 3D points are captured
from the sterco camera and estimates the coordinates of the
feature point (marker). The stereo camera is mounted on 62 mm
baseline and placed forward-facing to the marker. The computer
vision approach of 3D coordinate estimation consists of
detection and tracking algorithm of the marker. It is used to
define x, y, = coordinate positions and linear velocities of the
quadrotor with respect to the marker on the wall. The algorithm
generates the state feedback information that needed to stabilize
the quadrotor in desired position. Setting up the Stereo vision
system may require efforts related with camera calibrations,
estimating essential and fundamental matrices, estimating
epipolar  constraint, feature extractions and finding
correspondences between related points of two frames which are
captured simultancously [4].

107

A. Feature Detection

Feature detection and tracking are performed as scparate
processes. The feature detector provided by the Open CV's
library has been selected. The feature detector 1s based on the
Hough circle detector. Types of image features are edges,
corners (points of interest), blobs (regions of interest), ridges.
There are lots of feature detectors such as Canny, Sobel, Hamris,
Shi & Tomasi, FAST, LoG [4]. There 1s a vast number of
possible approaches concerning visual tracking [4]. In [2] use
multi markers based on color. After color conversion to filter
out tracking object have been used threshold, erode, dilate
functions in OpenCV. Feature detection steps presented in [16].

B. Coordinate Estimation and feature Tracking

In our work we use only one marker on the wall. After 2D
coordinates of the marker have been successfully determined in
cach frame, their 3D coordnates can be calculated and
recovered. 3D positions of the matched features pairs are
reconstructed using a triangulation method. From the distance
information, the X. ¥ and Z coordinates can be obtained. The
main principle of the triangulation method 1s shown in Fig. 3.
The system captures two images from slightly different
positions (stereo pair) that are transferred to the computer to
calculate image disparity [12, 13]. Since the camera is aligned
in parallel, we can simply take pixel difference between two
width center lines of the object of interest as the disparity value.
Using disparity value one can estimate the quadrotor position
with respect to the wall marker using equations (16-20).

§® P = (xp,2p)

_+______
o
)
i
|'. I
L]

— = = L =

s - .

P =ixp el | s P = (yp.2p)
Fig. 3. Sterco image triangulation method
d= Xy — Xp {15)
xp+l  xp-l

d=x-x=f(22-22)  an
z,="L (18)
X, = TirZp 19
= (19)
¥, ="L* - (20)

‘Where fis focal length, 2{is base line between two cameras
and Z,, Xp, ¥y are the coordinates of point P in 3D space. Z,, X,
Yy can be considered as Xfm/. ¥fn], Zfn] positions of the
quadrotor relative to the marker at n-th time instant.

After determining correspondence of points, we determine
relationship between disparity and distance, and the results of
measured distance and disparity are demonstrated in [16].



IV. CONTROL STRATEGY

Below we present implementation of full state feedback
control applied to the quadrotor model. There are many control
approaches including PID method. However, there 1s no
implementation of full state feedback control for the quadrotor
system. Formulating the acquired mathematical model for the
quadrotor into a state space model will help to make the control
problem easier to tackle. Using the equations of the rotational
angular acceleration (4) to (6) and those of translation (9) to(11)
the complete mathematical model of the quadrotor can be
written in state space representation as follows.

A, Discrete time open loop model

It is clear that implementation and experiment of the real
model will be conducted using a digital microcontroller system
so the continuous time model should be converted into discrete
time equivalent as follows. Equations (13), (14), (15) are
converted into discrete time form of (21), (22).

Discrete time poles, feedback matrix and input reference
matrix are determined as:

Py = exp([p]T,)
Kd = p:ﬁfe(ﬂd,gd,FdJ {2')
Gg = —B3'(Ay — ByK,)C3'

P = [pypy . Prz] = Py = [eP1T5, eP2Ts L ePiaTs]

Where P, is poles on Z plan, A, B, C, K; and G are
discrete time matrices and the discrete time state feedback model
of the quadrotor 1s:

x[n+ 1] = (44 — Byl 3)x[n] + ByG u[n]

¥[n] = Cax[n]

Where x/nf, y(n], ufn] are discrete ime values of the states,

outputs and control inputs at n-th time step correspondingly.
Twelve states are represented as follows:

22)

x3[n + 1] = x3[n]
xa[n+ 1] = xy[n]xg[n]a; — x4(njw,.a; + by Us[n]
x3[n + 1] = x4[n]
xan + 1] = xy[n]xg[n]ay + xz[nlw,a, + byUs(n]
xs[n+ 1] = x4n]
xg[n + 1] = xa[nlxy[n]as + byl [n]
xz[n + 1] = x4[n]

Uyln
xn+1ll=g- (cos x, |n] cos x; [n])
xg[n + 1] = xq[n]
=Uyn
xpln+1) = (sin xy[n] sin xs [n] +

+ cos xy [n] sin x5 [n] cos x5 [n])
xp[n + 1] = xp5[n]
Uy[n]
xpn+1] =

—c0s X, [n] sinx;[n] sin x;[n]) 23)

(sinx; [n] cos x: [n] —

B. Determining velocity
Because the real model operates as a discrete ime system
with time step T, we can write considering that Xy — x,,, Vp —
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¥, Zp — z, which are the current positions then the velocity
in each direction can be defined as

a —Xg—
=y, = I
T‘
- _ ¥ Va1
Yo, =T (24)

. i
2oV, ="

Mow, we have 3 vanables of pu:sitiou and 3 variables of
linear velocity of the quadrotor relative to the point. From (24)
Mn =Xy T Xy

8y, = Y0 = Y (25)
Az, =z, — 2y,
For discrete time case, angular velocities of pitch, roll and
yaw angles are:

= PPy

p, =81
¥ T,

Bn—8n—y

Py = ————

0= (26)

_ Py

vy = T

and the angular deviations at n-th instant are ¢ _— ¢
Hn - IE’rf:—l- 'o!",., - 'r‘[',.,_l'

V. EXPERIMENTAL RESULTS

n—17

A. Hardware Configuration

Motors are A2212/13T with 1000KYV, connected to 30A
electronic speed controllers. Energy is provided by stationary
power supply with 12V and connected via cable to the
quadrotor. We experimentally verified that the quality of the roll
and pitch estimate from the IMU (MPUG050) is sufficiently
good and does not drift over time. Operating mode for
accelerometer was selected as =2000°/sec and *l6g scale
ranges. As onboard vision sensor Dual Lens USB camera
OV9712 CMOS Mini Webcam has 640x360 MIJPEG at 60 fps.
Baseline between two cameras 1s 62 mm. Stereo camera
connected with stationary PC via USB cable. Image processing
is done n Seny VAIO 1.7 GHz Quad core using OpenCV
software. Estimated position information of quadrotor from
stereo images are transferred through USB port as Serial port via
cable and connected to the onboard Arduine Uno. The serial
connections operate at a baud-rate of 115200. The complete
system has a weight of approximately 200 gr.

B. Experimental approach for pole placement

We mounted the quadrotor on ceil with wire at 1500 mm
above floor. During the experiments the camera faced to the
wall at an approximate distance of 800 mm in the focal axis, it
was concluded that at this distance, a minimum pose variation
in the rotorcraft would have good effect in the image point
tracking. First, the quad-rotor current position (Xxg, ¥, ZpJ 15
registered, and then the data are used as the initial or reference
position for the rest of the experiments. The idea is to maintain
the quadrotor in a hovering mode at this position.

The main problem of state feedback control is the choice of
closed loop pole locations which define desired characteristics
such as a settling time, an overshoot and steady state error must
be met. For multiple input systems it 1s not easy to relate



elements of the control matrix K (feedback coefficients) to the
positions of the closed loop poles. As such, there is no unique
solution of X for a set of poles, and choosing the optimal K-
values is not trivial. The procedure of pole placement set such
that the rise time, overshoot and settling time are set in the same
manner as in [7, 8, 9]. From our carlier work [13] concerning
quadrotor platforms, we have found experimentally that these
poles are appropriate for position control purposes. Using 6
poles of orientation we estimate hovering condition of
quadrotor. Adding position information from stereo camera we
expanded the poles on remained 6 poles. Below in Table 1
shown, as an example, the coefficients of the feedback matrix
K received during the experiments. Below shown feedback
cocfficients at arbitrary placement of the poles.

TABLE L FEEDBACK COEFFICIENT VS POLE PLACEMENT
Choicel | Chboice2 | Chowced | Chowced | Choices | Choiced | Choice?
with with with with with with with
p=[-6-5| p=[60- | p=[-60- | p=[40-| p=[40- | p=[-30- | p=[-30-
K 432 | 543-| 043 | 40-3-3 | 40-40- | 30-30- | 30-30-
matrix | 1) 24) | 2.9 | 2.3 | 33.3)]333) ] 1.t.1)
kit | 01157 | -0.1159 | 04509 | -0.1188 | -1.6676 | -13663 | 04646
k2 | 01023 [ 0.1024 | 0305 | 0.1002 | -0.6166 | 0.5161 | -04852
k13 | 00438 | 00457 | 06411 | 0.0043 0 0 [
ki4 | 00181 [ o018 [ 03177 [ 00023 0 0 0
kiS | 14578 | 90002 | 65913 | 43446 | 43446 | 35597 | 12104
k16 | 03497 | 20612 | 186 | 16064 | 16064 | 13447 | 13641
K1 | 005 | 00408 | 09355 | 0.0043 0 0 0
k22 | -00203 | -00202 | -04347 | 00023 0 0 0
K23 | -01007 | 01008 | 07781 | 11328 | 16676 | -13663 | -0.4646
K24 | 00073 | 00973 [ -0.4261 | 06022 | -06166 | 05161 | -0.4852
K25 | 14579 | 9.0092 | 67698 | 43446 | 43446 | 35597 | -12104
K26 | 05497 | 20612 | 18983 | 16064 | -1606s | 13447 | 12641
K31 | 0116 | 01150 [ ooss | o11ss | 16676 | 13663 | 04636
K32 | 01024 | 01024 | 04896 | 01002 | 06166 | 05161 | 04852
k33 | 00456 | 00457 | 06656 | -0.0045 0 0 [
K4 | o008 | o018 | 03191 | 00023 0 0 [
K35 | 14570 | so002 | es0s6 | 43446 | a3as6 | 35507 | 12104
| k36 | 05497 | 20612 | 19074 | 16064 | 16064 | 13447 | 12641
kil | 00497 | 00498 | 04416 | 00045 0 0 0
k2 | 00202 [ 00202 [ 02501 | 00023 0 0 [
k43 | 01009 | 01008 | 07546 | 11228 | 16676 | 13663 | 04646
k4 | 00974 | 00973 | 04247 | 06022 | 06166 | 05161 | 04852
k5 | 14579 | 90002 | 66271 | 43406 | 23406 | 35597 | 12104
k6 | 05407 [ 20612 [ 18691 | 16064 | 16064 | 13447 | 12641

Below in Figure 4 shown only few graphical results of many
experiments of angular values for roll, pitch, and yaw read from
the MEMS sensors during the hovering mode.
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Fig. 4. Results from chosen poles

CONCLUSIONS AND FUTURE WORKS

Our final goal is to achieve stabilization of the quadcopter
with respect to only one marker on the wall using IMU sensors
and a stereo camera. The translational subsystem is dependent
on both the translational state variables and the rotational ones.
In hovering condition we assume that rotation is negligible and
states from x7 to x12 (x, X y,¥,2,2) arc obtained from the
onboard stereo camera. The control algorithm can run at a higher
rate as compared to the image processing rate. The largest part
of the delay was caused by the stereo cameras. The total delay
from sterco image processing is 35ms which includes Hough
circle detection, estimation of 3D coordinates and sending data
to controller. Once the quadrotor knows its position, control
strategy could be implemented in order to achieve a desired
position. Best condition for stabilization of the quadcopter is
reached when pitch and roll angles remain in the interval+1.5".
Therefore, it can be concluded that the position control adds only
small changes in the attitude of the quadrotor for bringing the
position to the desired one. This is an important property
because the position controller runs at a lower rate compared to
the attitude controller, therefore a smooth position control is
necessary to ensure the stability of the vehicle.

Sterco-based solution can potentially be scaled down in
terms of weight and power but the resulting smaller baseline can
make them unsuitable for large spaces. However, a camera
offers several advantages over the other sensors for the
quadrotor. Other filtering techniques like the family of Kalman
filters to combine vision and inertial data would also be suitable
and could further improve results, but have not been
implemented yet.

We designed an algorithm suitable for the quadrotor
stabilization in indoor environment using full state feedback
with only one feature point detection and position calculation so
that image analysis and data feedback can be done in real-time.
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Abstract - In this paper a neural network controller for
quadrotor  stabilization has been presented. Single
hidden layer network model was estimated to learn the
dynamics of the UAV. The neural network was faught
by control system with standard PID controller. This
approach is used for checking how the neural network
copes with stabifization of the quadrotor under flight
task. The novelty of the work was to design of small size
3 layers NN model that runs in real-time in a quadcopte.
Experimental results of operations of the neuwral
controfler and PID controller were compared to each
other.

Keywords - artificial intelligence; control system;
gquadrotor; newral network; unmanned aerial vehicle;

L. INTRODUCTION

In recent years, quadrotors (UAV, quadcopter)
emerged widely in both civil and military areas [1,
2, 3]. There are many applications of quadrotor
UAVs, such as rescue operations, surveillance,
aerial photography for mapping, inspection of
power lines, traffic monitoring in urban areas, crop
monitoring and spraying, border patrol, search
operations for missing persons and natural disasters
[4.5,6.7]

Most of quadrotors utilize the classical control
theory, so they are controlled by proportional
integral derivative-PID controllers [1-10]. PID
controller theory and its application in various
systems is well described in vast literature [1-10].
There are other several algorithms that control
quadcopters such as Linear Quadratic Regulator
(LQR), Sliding mode, Backstepping, Feedback
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linearization, Adaptive, Robust, Optimal, L1, Hax,
Fuzzy logic. Comparison of quadrotor control
algorithms 1s done in [11-15]. Researches consider
more advantageous methods of control, such as
artificial intelligence algorithms, for example,
neural network controllers. The main advantage of
neural network, in comparison to classical method,
is the nonlinear character of controller. In this paper
the back-propagation neural network has been used
to learn the integrated quadrotor dynamics model.
The neural network was taught by control system
with standard PID controller [16, 17, 18, 19].

In supervised learning, each (training) example
15 a pair consisting of an input value (angles of
quadcopter) and a desired output value (rotational
speed of propeller). After learning on the training
data, the system is expected to make correct
predictions for future (unseen) inputs.

1L MATHEMATICAL MODEL OF QUADROTOR

A, Quadcopter model

The quadrotor has *“CROSS type” flying
configuration (Fig. 1), with two pairs of opposite
rotors rotating clockwise and the other rotor pair
rotating counter-clockwise to balance the torque
[20, 21]. The roll, pitch, yaw and up-thrust actions
are controlled by changing the thrusts of the rotors
using pulse width modulation (PWM) to give the
desired output. Consider a quadrotor UAV with six
DOF and the motion of the quadrotor can be divided
into two subsystems which include a rotational



subsystem (roll, pitch and yaw) and a translational
subsystem (altitude and x and v position) [20-24].

In order to obtain the necessary measurements
quadcopter must be equipped with a suitable inertial
measurement system (IMU). This IMU delivers the
accelerations and angular rates that can be used to
further estimate velocities and Euler angles [6]. We
consider an inertial frame and a body fixed frame
whose origin is in the center of mass of the
quadrotor as shown in Fig. 1.

Fig. 1. Quadcopter frame

B, Quadcopier equations

The rotational equations of motion are derived
in the body frame using the Newton-Euler method
with the following general formalism [23, 24].

Jo +wxJow+ M, =M, (1)

Here, J-quadrotor’s diagonal inertia matrix, -

angular body velocities, M -gyroscopic moments

due to rotors inertia, and M -moments acting on the

quadrotor in the body frame. Total moments acting
on the quadrotor become:

1, IKp(wf — w)
M, = |lUs| = IKp(w} — w}) (2)
Wl K (@f - @3 + w3 - )

Where, Krand Ky are the aerodynamic force and
moment constant respectively, w; 15 the angular
velocity of i-th rotor. Each rotor causes an upwards
thrust force Fi and generates a moment M; with
opposite direction to the direction of rotation of the
corresponding rotor i.

Substituting (2) into the rotational equation of
motion (1) the following relation can be derived:

I 0 0] %] L. 0 0]
0 I, 0 |5I‘+[|;G>< 0 L, 0}|¢
o 0 L[y lel o o 1]l
+
@ 0 [,
+qflxlﬂ =[IU3 (3)
P rir N
(3

Rewriting the last equation to have the angular
accelerations in terms of the other variables

. 1 | I ‘o Ipg = =
6=~ o+ Zi0- 200 @
§=—Us— L gw, + 20 -6 (5)
¥y ¥y I}'}' ¥y
s l I a . A
b=1U, - hp+ 2 b (6)
rz Frd ¥

Translation equation of motion for the quadrotor
are based on Newton's second law and they are
derived in the Earth inertial frame:

1]
'm'i"'z[{]

mg

Where, 7 = [x v 2|7 quadrotor’s distance from

the inertial frame, m -mass of quadrotor, g-

gravitational acceleration, and Fy -non gravitational

forces acting on the quadrotor in the body frame.

Embedding that into the translational equation of
motion (7) and expanding the terms, we get:

i 0
# my

+ RF, (7N

m +

cipefl cipspsd spsih + coopsd r 0
+ [cﬂst‘b clep + spsipsf  cpsipsd — crpsﬁ'l [ 0
—s8 clsgp cpcd -

(8)
Rewriting equation (8) to have the accelerations
in terms of the other variables, we get.

X =-?U’(sintpsin1,b + cosg@cosipsind) i9)

(10)
F=g-"Z(cosgcosf) (I1)

V= -?Ul(cusq:simﬁ sin@ — cosy sing)

It is clear that the translational subsystem is
underactuated as it is dependent on both the
translational state variables and the rotational ones.
Further we define the state vectors x; to xs2 which
are mapped to degrees of freedom of the quadrotor
in the following state space form:
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X =
Xy Xz Xz X3 Xz Xg Xy Xg Xo Xap X131
o ¢ 8 8 Y Y =z E x x v

HL=¢=x
T2 TP = XaXely — Xalhe Oy + b Uy
fg =f= Xy
x:;, =f= XoXglly + KoLy + szg
fs = ].9 = Xg
Xe =Y = xax4a5 + bylU,
f7 =Z= Xg
. - u
X,=E=g -;l(cusxl cosx;) (12)
Xy =X =Xy
. L~ .
X1 =% =——{(sinx, sinx
10 - ( 1 5
+ cos x; sin X4 COSXg)
Xy =F = Xy
. oo Uy s
X12=¥V= ;(smxl COS Xz —
COS X, 5in x5 sinx;)
For stabilization of quadcopter using PID control,
we use roll, pitch, yaw angles data collected from
the IMU sensor.

II. CLASSICAL PID CONTROL SYSTEM

A proportional-integral-derivative controller
(PID) 15 a control loop mechanism employing
feedback that is widely used in industrial control
systems and a variety of other applications requiring
continuously modulated control [10-20]. A PID
controller  continuously  calculates  an error
value gff) as the difference between a desired set
(SP) pointand a measured process variable
(PV) and applies a correction  based
on proportional, integral, and derivative terms.

e(t) = SP — PV(t) (13)
(14)

In the above equation K, K;, and Ky, all non-
negative, denote the coefficients for
the proportional, integral, and derivative terms.

deit)
dt

T
u{r) = KPE&} + Ki II:I E(r] dar + Kd

A. Roll angle correction formula

Rer,ruﬂ =X, = Sron (15)
Rerratt - roll angle error
xi - roll angle measured by IMU
8,1~ set point of roll angle

Rerr..rnil = Ki.rnii * Rer.rn!i (16)
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Reveroir — accumulated error of roll angle
T

x
;_E:I-Kr'. i — integral coefficient of roll angle

UrnEI = Kp,roﬂ * Rer_rali + Rerr_:ruﬂ + Ki,rn-il *
{R er.rall + Rd,m,roﬂ] {l?)

R ere ot — previous error of roll angle

Ursn - correction value of roll angle

B Piich angle correction formula
Rerpiten = X3 = Spiech (18)
Rer pirer— pitch angle error
x;— piich angle measured by IMU
Spieh— set point of pitch angle
Rerrpiten = Kipiecn * Rerpitcn (19)
Rerr pirer — accumulated error of pitch angle
K pirch — integral coefficient of pitch angle

Up:'rch = Kp.p:’:ch * Rer.pirch + Rm.pirch +
Ki.pitch * {Rer,pitch + Rd,err.p:’:ch) {20)

R cre pireir — previous error of pitch angle

Uircir - correction value of pitch angle

C. Yaw angle correction formula

Reryaw = X5 = Syaw (21)
Reryaw — yaw angle error
x5— yaw angle measured by IMU
Syaw— set point of pitch angle
Rerryaw = Kiyaw * Rer yaw (22)

Reve yure — accumulated error of yaw angle

K, yuw — integral coefficient of yaw angle

uynw = prnw * Rer.yaw + RE‘FT_._)'E.W + Kiynw *
(Rer Jruw + Rd.m:yuw) [.23)

R ereyerw — previous error of yaw angle
Uy - correction value of yaw angle

The electronic speed controller we use operates in
the range 800-2000 PWM. However, we limited the
PWM output value to a maximum of 1700 and a
minimum of 1300, The throttle value of PWM 1s set
to wy=1500. Rotation speed of each motor
estimated by the following formulas:



w, =PWM, =w+ Upi:ch + Uy — uyﬂw (24)
wy = PWM; = w + Upi:ch — U + Uyﬂw (25)
wy — PWMy — w — Urou = Uyﬂw (26)

wy =PWM, = w— Upl:cn + Upoy + Uyﬂw (27)

Upi:ch -

IV. DESIGN OF PROPOSED NEURAL
NETWORK MODEL

The choice to use a neural network for the main
quadrotor control was based on the need to deal with
large uncertainties in both parameter estimates and
wind distwlbances [9]. One potential approach can
be to model such dynamics using neural networks.
Neural networks (NN) are known to be univeisal
function approximators; their structure allows them
to model highly nonlinear functions and unobserved
states directly from the observed data, which might
in general be hard to model directly [10]. Moreover,
they can learn a generalized model that can be
extended beyond the observed data. However, it is
not ¢lear if the proposed NN-based model can be
used to control the system, and if the learned
dynanuces accurately represent the system beyond
the data it was trained on.

A. Proposed Neural Network Model

In this work, three-layer NNs are considered
consisting of input layer, hidden layer and output
layer. The architecture of the NN is presented in
Figure 2, which can be interpreted as follows: the
input layer takes in the current state and input of the
system. Before training input layer assigned with
random weights 8’ and added bias b'. The second
layer has 10 hidden neurons with random weights
95] and added bias, b2 The sigmoid activation
function 1s considered here. Each of N hidden units
computes the inner product of Bi(.}}‘ The output layer
has 4 neurons which represents the speed of each
ot
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Fig. 2. Neural network model

The matrix representation of the model is shown

below.
p@
2
b [@”| e
X, (23' ha (x)a
X3 7 |ha(x)s
Xy hg(x),
(2]

Hidden layer neurons con be estimated by the
following equation (1-7).

ai = g0 x) (28)

z=0"x=8,+ lel + Byx, + o (29)
1

=g(z) = =—7 (30)

142 jpe B2

The sigmoid function converts any real number
to the interval (0, 1).

(2} g(ﬂ{l}bl + Bmx + meg + BJE;)JE;)

al = g(05) 0 + 05V x, + 05 %, +

1
95;13] (31)
at = g(05b* + 85 x, + 05", + 655 x3)
where, n=[1:10]
Oulput  neurons  calculaled by the  [ollowing
formulas:
3 2 2) (2
hg(x), = "1{ )= = 9(9{ ‘b + 'gllrl}ai "+
(2) 2} 2) (21 (2) (2
bipa; +0;5 + - +911n 10
2 2) (2
hg(x); = ai¥) = wy = g(050% + 07af” +

60a? + 02a? + - + 653y



hg(x)s = i = wy = g(6%)0% + +

SCQJ EETJ_I_E{?} (1) + - +H£?1_31 LZJJ

{2] EEE)

ho(x), = al” =w, = g(EﬁJbz +02a? +

05 as” +6.3al” + -+ 0500y (32)
Here:
Xq — INputs
UJ - activation unit 1 of layer j

Se - the value of the weight in i to convert from
layer j to layerj + [

B. Caost Function

Our goal is to determine the weight Em parameters

of each layer. Proper delemunatmn of these
parameters requires that the difference between the
prediction function hg(x); and the output value y*
be kept to a minimum. The ' is the rotation speed
of the motor collected from PID control to train the
neural network.

loss = hg(x'™) —yt (33)
The neural network cost function [ (@) is defined

by equation [34].
J@) = = -2, 3K |vi log ((he () ) +
(1-y") 1ug(1 (he xm)) )] (34)

Here, k i3 the number of output units.

The cost function determines the difference between
the prediction function value and the output value.

The main idea of the concept of learning process is
to determine the minimum of the cost function J(8)
(ming/(8)). To determine the minimum, we take a
partial derivative from the evaluation function. To
calculate this partial derivative, we use the “back
propagation™ algorithm. First, we calculate the
difference 5“0 between the output value ¥ and
the assumed output value a™’ (9).

§L) = glb) — y(® (35)

Subsequently, the difference between each layer
is calculated by the following formula (10).

- gt=n _ §@
W = ((HI)TE{HI]']_, alll & (1- ﬂm‘] (36)

From this we can calculate the partial derivatives

(11).
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] I ol
200 (©) = a5t (37)
Updating weight Em parameters by the following

formula.

[ ()]
B, = 0 — aﬂ[nfm] (38)

Here, @ is the learning rate.

We updated weight parameters until the cost
function reaches the mimmum value.

V. EXPERIMENTAL RESULTS

To collect data for training, we flew and recorded
the states (x;-roll, x;-pitch, x;-yaw angles) as input
data and four propeller rotation speed (W, W2, W3,
wy) as output data. Experimental environment is
shown in Figure 3. We collected 7000 data to
develop neural network model. The total data is
divided into three parts: 70% for training, 20% for
validation, 10% to test.

Fig. 3. Test environment of the quadcopter

The mneural network model was trained using
MATLAB. Some network parameters are set as
follows:  learning  rate  (0.001), without
regularization factor, iteration (9M), number of
layers, number of neurons in hidden layer. Before
training the neural network, we follow a few data
pre-processing steps.

We do not provide position as inputs, instead we
provide angles (degree units) as inputs to the neural
network. Rotational speed of rotor or PWM wvalue
is given in interval between 800 to 2000. We scale
{13) the observed outputs (rotational speed - PWM
value) such that each of them has value in interval

between 0 to 1.
Wy =700

Yi = Cipan ) (39)



This is to make sure that the neural network gives
equal weightage to collected value.

We gave an external influence on the drone and
recorded the angles of the drone as shown in Fig. 4.

x1-Fall x2-Bikch ==xi-Yaw

41 911 S8

Fig. 4. Drone angles changed by external influence

Figure 5-8 show rotational speed of each motor due
to the change in angle. Rotational speed
dependence on change in angle is drawn in blue
color and rotational speed of the motor learned
through the neural network model shown by the
orange color.

First motor rotation speed w1 compared with learned
votation speed wip
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Secomd mator rotation speed w2 compared with bearned
rotation speed wip
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Third maotor rotation speed wi compared with leamed
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Fourth motor rotation speed wd compared with leammed
rotation ipesd wdp

1 T 141 211 281 351 411 &91 561 &31 701 771 B4l %11 S8l

Wi ——wlp

Fig. 5. PID motors rotation speeds vs NN learned rotation
speeds

In the second test, we changed the number of nodes
in the hidden layer. Depending on the number of
nodes in hidden layer, the dynamic design of the
drone will change. We change the nodes to 3, 10,
and 20 to determine the value of the cost function.
Figure 6 shows changes of cost function value
depending on nodes number.

Frey A'mi Tanrlion vakie v [Balden layer o nembers

T T T S TR SR e el e S
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- ==ismm — —Homm v Bemes

Fig. 6. Dependence of Cost function value and node numbers.

VI CONCLUSION

The experimental results presented in the paper
have shown that neural controller can be used for
stabilization of flight of a quadrotor. Implementing
such control in the real flying object should allow
to improve the stability of the object, as the neural
controller better copes with control when noisy
excitations are given into its inputs.In the PID
control, 3 coefficients are used for each angle
adjustment and a total of 9 coefficients are needed
to control the quadcopter. The NN with 3 neurons
in the hidden layer requires 28 coefficients to
control the quadcopter. With increased number of
hidden neurons the number of coefficient is
increased drastically.

In the next step of research, we are going to analyze
another neural network mixed with reinforcement
learning model.



