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1. Tema po6oTn _ Po3pobneHHsi cucTeMm kepyBaHHS MONOXEHHSIM NOBOPOTHOI nnaTcopmm
Ha OCHOBI HEMPOMEPEXEBMX anNropuTmie

[I)(epiBHI/IK pobotn, Crpineuskuii KOpii Mocunosuy
i3BVILL|,e, iM's1, no 6aTbKoBi, HAYKOBWIA CTYMiHb, BYEHE 3BAHHS)
3aTBepAkeHi Hakasom 3aknagy BuLoi ocBiTv Big “30” xoBTHs 202 Ky No 690/7
_2. CTpok nogaHHs cTyaeHTom _poboTu
_3. BuxigHi aaHi o pobot poboTtu KonekTopHuii ABUryH. nnatdgopma saroto 50kr, yac

ckpeTusauii 0.1c

. 3MICT po3paxyHKOBO-MOSICHIOBArbHOI 3annckn (nepenik NUTaHb, siki NOTPIGHO po3pobuTI)
AHani3 iCHyr4nx cMcTeM KepyBaHHsi MOBOPOTHUMM nnatdopmamu. Po3pobka mogeni isnyHoro obekty
Ans imiTawinHoro MmopentoBaHHs. Po3pobka Mogeni kepyBaHHS NNaTtdopMOI0 i3 BUKOPUCTAHHSAM
Helipomepexi . Pe3ynbraTy ekcnepuMeHTanbHUX JOCTiMKEeHb HENPOMEPEXEBOro KOHTpornepa
13 Mepenik rpachiyHoro Matepiany (3 TO4YHUM 3a3HavYeHHsIM 0BOB’I3KOBMX KPECTEHb)
O6'eKT KepyBaHHS | MOro MaTemaTnyHa Moaenb. ApXiTekTypa po3pobneHoi Hermpomepexi Ansa kepyBaHHS
NOBOPOTHO Mnatdopmoto. Peanisauis npouecy HaB4aHHsi po3pobneHoi Heipomepesi. AHani3
eeKTUBHOCTI areHTiB HaB4aHHs1. MNopiBHANBHWI aHani3 e(peKTUBHCOTI 3aCTOCYBaHHA HENPOMEpPEXEBOro
KOHTponepa

. [ata Bupayi _3aBaaHHs nucrtonan 2025

KANEHOAPHWI MIAH No 3/n Hasga eTanis M&riCTSpCbKC@DﬁOTM TepMiH BMKOHaHHs eTanis po6otu MNpumiTka
1 AHani3 iCHyl4YMX CUCTEM KepyBaHHS

NOBOPOTHUMM NNaTchopMamm.

BukoHaHo

2 Pospobka moaeni cisnyHoro obekTy ans

imiTauiiHoro moaentoBaHHS.

BukoHaHo

3 Po3pobka mogeni kepyBaHHs nnatgopmoto i3

BUKOPUCTaHHSIM HEVNPOMEPEXI .

BukoHaHo

4 PesynsraTty ekcnepuMeHTanbHux

AOCHIIKEHb HEMPOMEDPEXKEBOTO KOHTpONepa
VIKOHaHO 5 OcbopmneHHs poboTu 01.12.2025- 25.01.2026 BukoHaHo

CtyneHt Cynuy O.

(_nianuc ) (npissuLle Ta iHiuianu) KepiBHuk po6otu

Crpineuskuin FO. . ( nignuc ) (npiseuile Ta iniuian) AHOTALLIA Y po6oTi posrnisiHyTo po3poBrieHHsl CUCTEMM KepyBaHHS! MOMOXEHHSIM
NMOBOPOTHOT NNaTtopmMm Ha OCHOBI HEMPOMEPEXEBUX anropuTMIB ANS NIABULLEHHS
TOYHOCTI NO3MLLIOHYBaHHS Ta pobacTHOCTi 40 30BHiLUHIX 36ypeHb. BukoHaHo
aHari3 iCHyl4MX CUCTEeM KepyBaHHS MOBOPOTHUMM NnaTcopmamMu, 30Kkpema
KOHCTPYKTMBHMX CXEM, AaTYMKIB MOMOXEHHS Ta OpieHTaLji, KnacuyHux MeToais
kepyBaHHs (PID, LQR) Ta iHTenekTyanbHux niaxoais (Heditka norika, HempoHHi
Mmepexi). O6rpyHTOBaHO BUGIp pPeKypeHTHOI HelipoMepexeBoi apXiTeKTypy Ha
ocHoBi GRU Ta meToay HaBYaHHS 3 NigKpinneHHsM B yMOBaXx BiACYTHOCTI
anpiopHMX AaHnx Npo ob'ekT kepyBaHHS. 3HaYHY yBary npuaineHo po3poobLi
LUMdPOBOro ABiHMKA CUCTEMU, 30KpEMa MaTeMaTUYHin Mogdeni KONeKTOPHOro
[ABWryHa, Mofeni yaapHUX i 30BHiLLHIX 36ypeHb, @ TakoX TexHonorii Bektopuaawii
ob4ymcneHb ANst NPUCKOPEHHS MpoLecy HaB4aHHS. Y poboTi po3pobneHo
MynbTUAreHTHy cuctemy popmyBaHHS BUHAropoau, LLO BKIOYAE areHTn
LineBkasiBku, Yacy, ctabinisauii, nnaBHOCTI KepyBaHHS Ta 3aXMCTY Bif, HACUYEHHS.
3anponoHoBaHO MeTon 06pOBKU LIMKNIYHOCTI KyTOBMX KOOPAUHAT Ta

anropuTMiyHe e3Me4YeHHs1 Ha OCHOBI €BOMIOLIHMX CTPATEriN 3 A3epKanbHUM

CemMnIoBaHHAM—3AIICHEHO NporpaMHe MoferntoBaHHA poboTu cuctemu,
npoBeAeHo ekcrnepuMeHTanbHy nepeBipKy eeKTUBHOCTI HENPOMEPEXeBOro
KOHTpOIepa LWSXOM MOPIBHSANBHOMO aHasisy 3 Knacu4yHUMKU MeTogamu
KepyBaHHS1.

TPVYMaHi pesynbsraTi NiATBEPAXYIOTb AOUINbHICTb BUKOPUCTaHHS
HelipoMepexeBuX anropuTMiB AN CTBOPEHHS CUCTEM KepyBaHHS NOBOPOTHUMU
nnarcopmamu, Lo He NoTpebytoTb TOYHOro MaTeMaTUYHOrO MOAENOBAHHS

6'ekTa Ta JEMOHCTPYIOTb BUCOKY aAanTUBHICTb 4O 3MiHHUX YMOB eKcrnyaradii.

EO1=’o:sp061'|eHi piLLEeHHSA MOXYTb ByTU BUKOPUCTaHi B NpakTuLi nobyaosu
iHTenekTyanbHUX cucteM Oﬁiimauﬁ B poboToTexHiui, cuctemax crabinizauii

Kamep, aHTEeHHUX cucTtema a ynpaeniHHA _NPOMUCIOBUMU MaHinynaTopamu.



ANNOTATION The paper considers the development of a control system for rotary platform
positioning based on neural network algorithms to improve positioning accuracy
and robustness to external disturbances. An analysis of existing rotary platform
control systems is performed, including structural designs, position and orientation
sensors, classical control methods (PID, LQR), and intelligent approaches (fuzzy
logic, neural networks). The choice of a recurrent neural network architecture
based on GRU and reinforcement learning method under conditions of absent a
priori data about the control object is justified. Considerable attention is paid to the
development of a digital twin of the system, in particular, the mathematical model
of the DC motor, the model of shock and external disturbances, and computation
vectorization technology to accelerate the training process. The paper develops a
multi-agent reward shaping system that includes targeting, time, stabilization,
control smoothness, and saturation protection agents. A method for processing
angular coordinate cyclicity and algorithmic support based on evolutionary
strategies with mirror sampling are proposed-—8oftware modeling of the system was
carried out, and an experimental verification of the neural network controller
effectiveness was conducted through comparative analysis with classical control

ethods.

he results obtained confirm the feasibility of using neural network algorithms
to create rotary platform control systems that do not require precise mathematical
modeling of the object and demonstrate high adaptability to changing operating
conditions. The—developed solutions can be used in the practice of building
intelligent orientation systems in robotics, camera stabilization systems, antenna
systems, and industrial manipulator control.

PE®EPAT
Tema poboTtu: Po3pobneHHs cucteMu KepyBaHHS NOMOXEHHSIM NOBOPOTHOT
nnaTopMun Ha OCHOBI HEMPOMEPEXKEBMX anropuUTMi
MosicHioBanbHa 3anucka: 86 ctop., 11 pucyHkiB, 25—10cMnaHb Ha nitepatypHi
oxepena.
O6'ekTOM JOCHIMKEHHS € MPOLIECU KepyBaHHS MOMOXEHHSIM Ta opieHTaLieto
NMOBOPOTHMX NNaTdopM y cMcTeMax aBTomaTmaadii, Lo yHKLIOHY0Tb B yMOBax
HEeBW3HaYeHOCTi Ta Aii 30BHILLHIX 30ypeHb.
MpeaomeToM AOCNiQKEHHS € METOAW CUHTE3Y HEMPOMEPEKEBUX KOHTPONEPIB
Ha OCHOBI PEKYPEHTHUX apXiTeKTyp, anropuTMmn HaBY4aHHS 3 NiAKPINIIEHHAM B
yMOBax BiICYTHOCTi anpiopHUX AaHuX, a TakoX TexXHonorii LudpoBoro
MOAENOBaAHHA MEXaTPOHHUX CUCTEM.

€TOH JOCHIIKEHHS AaHOi poboTU € PO3pOBIIEeHHS Ta AOCTIIKEHHS CUCTEMMN
KepyBaHHS MOBOPOTHOK MatdOpMOI0 Ha OCHOBI HEMPOMEPEXEBMX anropuTMiB, LLO
3abe3neyye BUCOKY TOYHICTb MO3MLOHYBaHHSA Ta pobacTHICTb 40 30BHILLHIX
36ypeHb LLUSIXOM BUKOPUCTaHHSA METOAIB €BOMIOLIHUX CTpaTerin Ta peKypeHTHUX

[ﬂ:ﬂpowwx Mepex.
paKTU4He 3HAYEHHSI OfepPXKaHUX Pe3ynbTaTiB NoMsArae y CTBOPEHHI _CUCTEMU KepyBaHHS, sika JO3BOMSIE peanidyBatu

ctabinizauito NoBopoTHMX NnaTdopm 6e3 HeobXiaHOCTI TOYHOro MaTeMaTUYHOMO
MozentoBaHHA 06'ekTa kepyBaHHS.—3anponoHOBaHi PiLLeHHS MOXyTb ByTu
BUKOPWCTaHi Anst NobyAoBK iHTENeKTyanbHUX CUCTEM opieHTaLii B poboToTexHiL,
cucTtemax ctabinisauii kamep, aHTEHHUX CUCTEMax Ta MPOMUCIIOBUX MaHinynsTopax.

nepLUOMy Po34ini NPOBEAEHO O Ta aHani3 iCHYUMX CUCTEM KepyBaHHS
NOBOPOTHUMM MNAaTopMamm, BKNOYAYN KOHCTPYKTUBHI CXeMU NnaTcopmM,
[aTyVKM MOMOXEHHNA Ta opieHTauii, knacuyHi metoam kepysaHHsa (PID, LQR) ta
iHTenekTyanbHi MeToawu (HediTka norika, HeMPOHHI Mepexi). BusHaueHo ix
obMmexeHHs1 Ta 06r'pyHTOBaHO AOLIMNbHICTb 3aCTOCYBaHHS HEMPOMEPEXKEBUX
anropuTMmiB AN NiABULLEHHS AKOCTi KepyBaHHS.

B gpyromy posgini po3pobneHo mogens isnyHoro 06'ekTy Ans imitauiiHoro
mopentoBaHHs. CTBOpeHO y3aranbHeHy isndHy Moaenb 06'ekta, po3pobneHo
nepefaToyHy YHKL0 KONEKTOPHOro ABUryHa, 3anpornoHOBaHO MOAenb YAapHUX i
30BHILLHIX 30ypeHb Ta peanisoBaHo LMMPOBUIA ABINHUK CUCTEMUN KepPyBaHHSA
nnatcgopmoto Ans 3abesneyeHHs NpoLecy HaB4aHHS HeiPOMepEXEeBOro KOHTponepa.
B TpeTboMy po3aini po3pobneHo Moaenb kepyBaHHsS NNatgopMoro i3
BMKOPUCTaHHSAM HerpoMepexi. OBrpyHToBaHO BUGIp METOAY HaBYaHHS B yMOBaX
BiJCYTHOCTi anpiopHUX AaHnx, po3pobneHo cuctemy hopMyBaHHs BXiAHOMO
BEKTOpa CTaHiB 3 06pO6KOI0 LIMKIIYHOCTI KyTOBMX KOOPAMHAT, 3arnponoHOBaHO
PeKypeHTHy apXxiTekTypy Ha ocHoBi GRU, cTBopeHo anropuTMiyHe 3abe3neveHHs
npouecy HaB4aHHSA 3 BUKOPUCTaHHAM MeToAy €BOMOLiNHUX CTpaTerin Ta
[A3epkanbHoro cemnntoBaHHs. PeanizoBaHo nporpamHe cepenosue "LincdpoBoro
OBiHUKA" 3 BEKTOpU3aLlieto 064MCNEeHb Ta MyNbTUAreHTHOK CUCTEMOD

aBTOMaTtn4yHe HaBedeHHA Ta



hopMyBaHHsi BUHAropoau, Lo BKIKYAE areHTu Lineekasisku, yacy, ctabinisauii,
NNaBHOCTI KepyBaHHA Ta 3aXWUCTY Bif HACUYEHHS.

B yetBepTOMY po3gaini npeacTaBneHo pesynsraTv ekcriepuMeHTanbHmUX
[oCnigXeHb HEMPOMEepPEeXeBoro KOHTponepa, BKIYayy aHanis guHamiku
HaB4YaHHA Ta popmyBaHHA CTpaTerii KepyBaHHS, a TaKoX NOPIBHANBHUIA aHani3
eeKTMBHOCTI Ta pobacTHOCTI CUCTEMM BIGHOCHO KNAcUYHUX METOZIB KEpPYBaHHS.
Kntovogi cnosa: KEPYBAHHA MNMONOXEHHAM, MOBOPOTHA

MAATOOPMA, HEMPOHHA MEPEXA, PEKYPEHTHA APXITEKTYPA,
HABYAHHSA 3 NIAKPINNEHHAM, EBOMOLINHI CTPATET, LII®POBUN
OBIVIHWUK, POBACTHICTb.

ABSTRACT
Topic: Development of a control system for rotary platform positioning based
on neural network algorithms
Explanatory note: 86 pages, 11 figures, 2@eferences.
The object of study is the processes of controlling the position and orientation
of rotary platforms in automation systems functioning under conditions of
ncertainty and external disturbances.
he subject of study is the methods of synthesizing_neural network controllers
based on recurrent architectures, reinforcement learning algorithms under conditions
of absent a priori data, and digital modeling technologies for mechatronic systems.
Thgoal of the research is to develop and investigate a rotary platform control
system based on neural network algorithms that ensures high positioning accuracy
and robustness to external disturbances through the use of evolutionary strategy
methods and recurrent neural networks.

he practical value of the obtained results lies in the creation of a_control
_system that enables automatic guidance and stabilization of rotary platforms without
the need for precise mathematical modeling of the control object—The proposed
solutions can be used to build intelligent orientation systems in robotics, camera

tabilization systems, antenna systems, and industrial manipulators.

he first chapter provides a review and analysis of existing rotary platform
control systems, including platform structural designs, position and orientation
sensors, classical control methods (PID, LQR), and intelligent methods (fuzzy logic,
neural networksheir limitations are identified, and the feasibility of using neural
network algorithms to improve control qualitﬁs substantiated.
The second chapter develops a physical object model for simulation modeling.
A generalized physical model of the object is created, a transfer function for the DC
motor is developed, a model of shock and external disturbances is proposed, and a
digital twin of the platform control system is implemented to support the neural
network controller training process.

The third chapter develops a platform control model using neural networks.

The choice of training method under conditions of absent a priori data is justified, a
system for forming the input state vector with processing of angular coordinate
cyclicity is developed, a recurrent architecture based on GRU is proposed, and
algorithmic support for the training process using evolutionary strategies and mirror
sampling methods is created. A "Digital Twin" software environment is implemented
with computation vectorization and a multi-agent reward shaping system, including
targeting, time, stabilization, control smoothness, and saturation protection agents.
The fourth chapter presents the results of experimental studies of the neural
network controller, including analysis of training dynamics and control strategy
formation, as well as comparative analysis of system efficiency and robustness
relative to classical control methods.

Keywords: POSITION CONTROL, ROTARY PLATFORM, NEURAL

NETWORK, RECURRENT ARCHITECTURE, REINFORCEMENT LEARNING,
EVOLUTIONARY STRATEGIES, DIGITAL TWIN, ROBUSTNESS.

MEPEJIIK OCHOBHMX MO3HAYEHbL | CKOPOYEHb

MIA — nponopuiiHo-iHTerpanbHo-AngepeHLianbHUii perynsatop, OCHOBHUN
KNacU4YHUA METOA, KepyBaHHS, L0 aHani3yeTbesa y poboTi.

LWHM — wTy4yHa HepoHHa Mepexa, OCHoBa PO3pOoBMneHoi cCUCTeEMU KepyBaHHS.
[OMNC — gBUryH NoCTiiHOrO CTPYMY 3 KONIEKTOPHUM BY310M, LLIO
BMKOPUCTOBYETLCH SIK BUKOHABYMIN MEXaHi3M.

LIM — wupoTHo-iMnynbcHa MoaynsLis, METOA, KepyBaHHS NMOTYXHICTIO
ABuryHa.

DAY — dasose aBTOHANALITYBaHHA YacTOTK, CUCTEMA CUHXPOHI3aLii y



KOHTYPi KEpyBaHHS1.
MHK — meToa HaviMeHLIMX KBaapariB, LLO BUKOPUCTOBYETLCS AN
ineHTudikauii napametpis.

AL — aHanoro-undpoBuin NepeTBOpioBaY, ENeMeHT CUCTEMN BUMIPIOBaHHS.
LIAM — uuncbpo-aHanorosuin nepeTsoproBay, LWo popMye Kepyouunii curHarn.
BER — Bit Error Rate, koedilieHT GiTOBUX NOMMUIIOK.

DDS — Direct Digital Synthesis, npsimuin LMcpoBuiA CUHTE3 cUrHaniB.

NR - Signal-to-Noise Ratio, BigHOLWEHHs curHan/uym.

"BLDC — Brushless DC motor, 6€3KoNeKTOPHUIA ABUIYH MOCTIAHOTO CTPYMY.
LQR - Linear Quadratic Regulator, niHiiHo-kBagpaTu4HWii perynsartop.
SMC - Sliding Mode Control, kepyBaHHS1 y KOB3HOMY PEXMUMI.

FLC — Fuzzy Logic Control, kepyBaHHS Ha OCHOBI HEYITKOT FOTiKM.
RNN — Recurrent Neural Network, pekypeHTHa HelpoHHa Mepexa.
JRU — Gated Recurrent Unit, kepoBaHWin peKypeHTHWI BrokK.

STM — Long Short-Term Memory, mepexa OO0Broi KopoTko4acHoi nam'sTi.
MLP — Multi-Layer Perceptron, 6aratoLuapoBuii nepcenTpoH.

ES — Evolution Strategies, eBontouiiiHi ctpaterii onTumisadii.

A — Genetic Algorithm, reHeTU4HuiA anropuTMm.

GD — Stochastic Gradient Descent, cToxaCTU4HWIA rpafieHTHUI CryCK.
IMU — Inertial Measurement Unit, iHepuianbHuii BUMiptoBanbHUiA Moayrnb.
MEMS — Micro-Electro-Mechanical Systems, MikpoenektpomexaHiyHi
cucTemu.

MD - Single Instruction Multiple Data, ogHa iHCTpyKuisi - 6arato gaHux.

JPU — Central Processing Unit, ueHTpanbHuin _npouecop.

_GPU — Graphics Processing Unit, rpachiyHuii npouecop.

RL — Reinforcement Learning, HaB4aHHs 3 nigkpinnenHam.Claude is Al
and can make mistakes. Please double-check responses.
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@M. Apk. No gokym. Mign. Aata Apk. 10 _KPM.AKCwm- 06.00.00.000 13 BCTYI AkTyanbHicTe Temu. Cy4acHWin _pPO3BUTOK CUCTEM aBToMaTtu3aLlii Ta
ROBOTOTEXHIKM CYMNPOBOMXYETHCA 3POCTAHHSAIM BUMOF 40 TOYHOCTI Ta HagiNnHOCTI
KEPYBaHHS PYXOMUMU MEXaHIYHUMUK CUCTEMaMU, 30KpemMa NoBOPOTHUMM

nnatcopmamu. MNMpobnema 3abe3neyeHHst BUCOKOSKICHOrO KepyBaHHS MOMOXEHHSIM
€ 0cobnMBo BaroMor Ans cuctemM opieHTauii Ta ctabinisauii, e ymosu
ekcrnnyarauii xapakTepuayoTbCcsl HEBU3HAYEHICTIO NapameTpiB 06'ekTa Ta gieto
30BHILLHIX 30ypeHb. TpaanuinHWiA Nigxia, Wwo 6asyeTbcsa Ha Knacu4YHUX Metodax
kepyBaHHsi (PID, LQR), Mmae cyTTeBi 0GMEXeHHS1, OCKiflbK/ BUMarae TO4HOTO
mMaTemaTU4HOro MoZentoBaHHsA 06'ekTa Ta € YyTNMBUM A0 NapameTpUdHUX
HeBU3HaYeHOCTeN. [CHytoui iIHTENeKTyarnbHi MeToam, Xou i 4EMOHCTPYHOTb KpaLly
afanTUBHICTb, 4acTO BMMArarTb 3Ha4YHOro 06cary anpiopHux AaHux abo
CKINagHOro HanawTyBaHHs. Tomy po3pobka HOBUX METOZIB KEpYBaHHS HA OCHOBI
HenpomMepexeBrx anropuTMiB, ki 4O3BONAIOTL peanidyBaT aBToMaTu4He
HaB4aHHsA cuctemu 6e3 ToyHoi Mogeni ob'ekTa Ta 3abe3neyytoTb BUCOKY
pobacTHicTb A0 36ypeHb[,i 0CcobnMBO aKkTyanbHoH.

MeToto focnimKeHHs € pO3pOBNEHHs Ta AOCHIMKEHHSA CUCTEMU KepPyBaHHS
NONOXEeHHSIM NOBOPOTHOI NNaTgOpMM Ha OCHOBI HEMPOMEPEXEBUX anNropUTMIB,
Lo 3abe3neyye BUCOKY TOUHICTb NO3MLIOHYBaHHSA Ta pobacTHICTb 10 30BHiLLHIX
30ypeHb LUMAXOM BUKOPUCTaHHS PEKYPEHTHUX apXiTEKTYP Ta METOAIB HaBYaHHS 3
NiAKPINIEeHHAM.

3aBOaHHAM JOCNIOXKEHHS €:

NpOBEeCTM aHani3 iCHYYMX CUCTEM KepyBaHHS MOBOPOTHUMU nnatdopmamu,
BKI1H04AI04M KOHCTPYKTUBHI CXEMW, AATYUKN MOMNOXKEHHS Ta opieHTaul,

KNacuyHi Ta iHTeneKTyanbHi METOAN KepyBaHHs Ans obrpyHTyBaHHS BUGOpPY
HenpoMepexeBoro Niaxoay;

po3pobUTH MaTteMaTuyHy Mogernb di3nyHoro o6'ekTa, LLO BKIOYaE
nepefaToyHy YHKL0 KONIEKTOPHOro ABUIyHa Ta MOAENb YAapHWUX i

30BHILLHIX 30ypeHb Ans peaniCTUYHOro BiATBOPEHHS YMOB eKcrnyaTtauii;

@M. Apk. No gokym. Mign. ata
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CTBOPUTU LIMPPOBUIA ABIMHWUK CUCTEMU KePyBaHHS NaTtopMOoto 3
BMKOPUCTaHHSM TeXHOrorii BekTopu3alii obumcneHb Ans edekTMBHOro
HaBYaHHS HENPOMEPEXEBOro KOHTponepa;
PO3pOoBUTK apXiTEKTYpYy HEMPOMEPEXEBOrO KOHTPOepa Ha OCHOBI
pekypeHTHMX GRU-kOMipok 3 MeTofioM 06po6KM LIMKNIYHOCTi KyTOBUX
KoopauHar;
pPO3pobUTN MynbTUAreHTHY cucTeMy POpMyBaHHS BUHAropoau, Lo BKoYae
areHTu uineskasiBkuy, Yacy, ctabinizauii, nnaBHOCTI KepyBaHHs Ta 3axXUCTy Big
Hacu4eHHs;



peanisyBaTti anropuTMiyHe 3abGe3nedeHHsi NpoLecy HaB4aHHsi Ha OCHOBI MeToaY
€BOIIOLINHNX CTpaTeriv 3 A3epKanbHUM CEMMNIOBAHHSAM;
NpoBEeCTW NporpamMmHe MoAentoBaHHs poboTN CUCTEMU, AOCHIANTY OUHAMIKY
HaBYaHHSA HENPOMEPEXEBOro KOHTponepa Ta OUIHUTN edDEeKTUBHICTL MeToAY
LUNSIXOM MOPIBHSAMBHOIO aHaniay 3 KNnacu4yH1MMn MeTogamm KepyBaHHs.
OB6'ekTOM [OCTIMKEHHS € MPOLECU KEPYBaHHS MOMOXEHHSIM Ta
opieHTaLjieto NOBOPOTHUX NNaTdopmM y cuctemax aBTomatumaaii, Wwo
PyHKLIOHYIOTb B YMOBaX HEBU3HAYEHOCTi Ta Aii 30BHiLLHIX 30ypeHb.
MpenomeToM A0CnigKEeHHS! € METOAW CUHTE3Y HENPOMEPEXKEBUX
KOHTPOIEpiB Ha OCHOBI PEKYPEHTHUX apXiTEKTYp, anropuTMn HaBYaHHS 3
niaKpiNIeHHsIM B yMOBaX BiICYTHOCTI anpiopHUX AaHMX, @ TaKoX TEXHOMOri
MPOBOro MoAENoBaHHA MEXaTPOHHUX CUCTEM.

[ﬂ'lpaKque 3HaYEHHS OflepXXaHNX pe3ynbTaTiB Nonsrae y CTBOPEHHI _CUCTEMU KepyBaHHS NOBOPOTHOK NnathopMoto, sika [03BOSISiE peanisyBatm

BMCOKOTOYHE NO3MLioHyBaHHSA Ta cTtabinisauito 6e3 HeobxigHOCTi TOYHOro

MaTeMaTUYHOrO MoAentoBaHHsi 06'ekTa 3 MOXIMBICTIO aganTauii 4O 3MiHHUX YMOB

eKcnnyaTaui'f.zbanponoriosam piLLeHHs MOXYTb ByTV BUKOPUCTaHi Ans nobyaoBu

iHTenekTyanbHWX CUCTEM OpieHTaLii B poboToTeXHILi, cucTemax crabinisauii

Kamep, aHTEHHUX CUCTEMaX Ta yNpaemiHHSA NMPOMUCIIOBUMM MaHinynsaTopamu B

yMoBax il 30BHiLLHiX 30ypeHb Ta napaMeTpUYHUX HEBU3HAYEHOCTEN.

E}SM. Apk. No gokym. Mian. Aara
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1. AHATI3 ICHYKO4YNX CUCTEM KEPYBAHHA MOBOPOTHNMMU
MNATOOPMAMA
1.1 KOHCTPYKTMBHI CXeMW NOBOPOTHUX Mnatgopm
MpoekTyBaHHS Ta po3pobka cuCTeM KepyBaHHsi MOBOPOTHUMU
nnatopmamy BUMarae rnmbokoro aHanidy iXHboi enekTpomexaHiuyHoT CTPYKTYpH,
OCKINbKM came KOHCTPYKTUBHI 0COBNMBOCTI BU3HAYaOTb rPaHNYHi AVMHAMIYHI
XapaKTEPUCTUKMN, TOYHICTb MNO3WLL
uinomy. MNoBopoTHa NnaTopma

yBaHHS Ta eHeproedeKTUBHICTb CUCTEMM B
06’eKT KepyBaHHS ABnsie coboto cknagHy

eneKkTpoMexaHiYHy CUCTeMy, LLO CKNaAaeTbCsd 3 BUKOHABYOrO ABUrYHa,
nepefaBarnbHOr0 MexaHiaMy Ta HeCcy4oi KOHCTPYKLUIi. Bubip koxHoro 3 umx
enemeHTiB 6e3nocepeHbO BNNMBAE Ha MaTeMaTUYHy Mofesb 06’ekTa, HasBHICTb
HeniHinHOCTeN Ta BMGIp cTpaTerii KepyBaHHS.

Y cyvacHux cuctemax aBToMaTuaalii Ans npuBeaeHHs B pyX MOBOPOTHMX
nnatdopm giamerpom 4o 0,5 M BUKOPUCTOBYIOTb LUMPOKWIA CNEKTP eNeKTPUYHNX
MaLUVH, KOXHa 3 SKUX Mae CBOI nepesarn Ta HeJonikv B KOHTEKCTi KepoOBaHOCTI.
IcTopuyHO nepmMmu ANs NoaibHUX 3a4ay 3aCTOCOBYBanuUCs ABUTYHW NOCTIAHOTO
CTpyMy 3 KonekTopHuM By3nom (AMC). IxHa nepesara nonarae y NiHiMHOCTI
MeXaHI4YHUX XapaKTepUCTMK Ta NPOCTOTI peani3aLlii 3aKoHiB KepyBaHHS
LUBMAKICTIO Ta MOMEHTOM. OfiHaK HasIBHICTb LLiTKOBO-KOJIEKTOPHOIO By3na
CYTTEBO 0OMEXYE HaAiHICTb CUCTEMM, CTBOPIOE ENEKTPOMArHiTHi 3aBaau, LWo €
KPUTUYHUM ANt YyTNMBUX CEHCOPIB, PO3TalloBaHUX Ha NnaTdopMmi, Ta BHOCUTL
nopatkoBe TepTa [1].

ACHHXPOHHI ABUMYHW 3 KOPOTKO3aMKHEHNM POTOPOM, X04a i € HanbinbLL
NOLUMPEHUMI B MPOMMUCMOBOCTI 3aBASIKM CBOIW HAQIMHOCTI Ta HU3bKI BapTOCTI,
pigKO BUKOPUCTOBYIOTLCS AN NPEeunsiiH1X NOBOPOTHMX NraTtchopm Marnoro 1a
cepefiHboro AiameTpa. Lle 3ymoBneHo cknagHicTio kepyBaHHA MOMEHTOM Ha
HU3bKUX LUBUAKOCTSIX Ta HEOBXiAHICTIO BUKOPUCTAHHS YaCTOTHUX
NepeTBOPIOBaYiB 3 BEKTOPHUM KEPYBaHHSIM AN AOCATHEHHS NPUAHATHOT
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AuHamikn. Kpim Toro, acCMHXPOHHI ABUIYHU MatoTb ripLui MacorabapuTHi
NOKa3HWKM MOPIBHAHO 3 CUHXPOHHUMW MaLLMHaMU @aHanoriYHOI MOTY>HOCTI, Lo
YCKNaAHIOE iX iHTerpaLito B KOMNaKTHI KOHCTPYKUIT [2].
3HaYHOro MOLLUMPEHHS B CUCTEMaXx BiAKPUTOTO KOHTYPY Habynu KpOKOBI
OBUryHW. BoHn [o3BoNS0TE peanidyBaTi No3uLioHyBaHHS 6e3 BUKOPUCTaHHS
[aTyvKiB 3BOPOTHOTO 3B’A13KY, LLO CMPOLLYE Ta 3AeLIeBoe KOHCTPYKLito. MpoTe
AVCKPETHUI XapaKTep pyxy poTopa Npu3BoAnTb A0 BUHUKHEHHSA PE30HAHCHUX
SIBULL, HA NEBHKX YacToTax, Lo MOXe CnpuunHuTY BiGpauii nnatgopmu Ta BTpaTy
KPOKIB MPU BUCOKUX HABaHTaXeHHsIX abo pi3kmnx NpuckopeHHsx. [Ana nnatdgopm,
L0 HecyTb onTu4He abo BUMiptoBarbHe obnagHaHHs, Bibpauii, BUKIMKaHi
KPOKOBWM XapaKTepoM pyXy, € HENPUNYCTUMUMM, OCKINbKM BOHW 3HUXYIOTb
SKiCTb OTpUMyBaHUX AaHux. CyvacHi gpaiBepu 3 yHKLIED MiKPOKPOKY YaCTKOBO



BUPILLYIOTb Lo Mpobrnemy, NpoTe Lie 3HMKYE ePeKTUBHUIA MOMEHT ABuryHa [3].
Hanbinbl e(ekTVBHUM PiLLEHHAM ANs BUCOKOAMHAMIYHUX Ta TOYHMX
NMOBOPOTHUX NNaTOPM Ha CbOrOAHI € BUKOPUCTAHHSI 6E3KONEKTOPHUX
CUMHXPOHHUX ABUrYHIB i3 nocTinHumn marHitamy (PMSM a6o BLDC), ski B
NoeAHaHHI 3 JaT4YMKaMuM MOMOXEHHS Ta ApaiiBepamu YyTBOPHOTb CEPBONPUBOAM.
Taki cuctemu 3abe3nevyroTb BUCOKY MUTOMY MOTYXHICTb, LUMPOKWIA Aiana3oH
perynioBaHHs LUBUAKOCTI Ta MOXIMBICTb TOYHOMO KEPyBaHHS MOMEHTOM Y BCbOMY
Aiana3oHi poboymx pexummiB. BiacyTHICTb LWiTKOBOrO KOHTaKTY MiABULLYE pecypc
poboTu Ta 3HIKYE piBeHb 3aBaf. Bucoka avHaMika cepBonpuBOLiB 4O3BOMSE
KOMMNEeHCyBaTU 36ypeHHs!, BUKMUKaHi 3MiHOK HaBaHTaXeHHs abo 30BHILLHIMU
hakTopamu, Wo € KpUTUYHUM Ans ctabinisauii nnatdopmu [4].

BaxnmBum enemMeHToM KOHCTPYKTUBHOI CXeMU, L0 BU3HaYae AKIiCTb

nepefadi pyxy Big ABUryHa Ao nnatdopmu, € MexaHivyHa nepegada. Y KnacudHmnx
CXeMax BUKOPUCTOBYIOTbCS PEAYKTOPY (LMMiHAPUYHI, YEPB'SYHI, MnaHeTapHi), ski
[03BONSIOTH Y3roAMTW BUCOKY LUBUAKICTE 0BEpTaHHS ABUIYHa 3 HU3bKOIO
LUBMAKICTIO MOBOPOTY Nnatcpopmm Ta CyTTEBO 30iNbLUNTN BUXIOHWUIA MOMEHT.
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PucyHok 1.1-PefykTopHa napa noBopoTy GaluTv KpaHa i3 npsMuMmn
LUECTEPHAMU

PucyHok 1.2— Bua 4epBayuHOro peayktopa noBopoTHOI nnatdopmm

OpHak BUKOPUCTaHHSA 3y6yacTux nepeaay HeMyHy4e BHOCUTb Y CUCTEMY
HeniHinHicTb Tuny «ntodT» (backlash). IliodT y KiHemMaTUyHOMY naHL3i
NPU3BOANUTL 0 BUHUKHEHHS 30HN HEYYTNNBOCTI, NOSBU FPAHNYHUX LIMKNIB
KONMMBaHb Ta NOTiPLUEHHS CTINKOCTi 3aMKHEHOT CcMCTeMU KepyBaHHs. [ns
nnatgopm, e BUMaraeTbCs BUCOKa TOUHICTb HaBeAeHHs, NodT € OAHUM i3
rofioBHKX PakTopiB, L0 0BMEXYIOTb TOUHICTb [5]. KOHCTPYKTUBHI MeToam

E}SM. Apk. No gokym. Mign. Aata
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3MEeHLLUEHHS NATY, Taki Ik BUKOPUCTaHHS PO3Pi3HUX LLecTepeHb abo
nonepeHbLOro HaTAry, YCKNaaHIoTh MexXaHiky Ta 36inbLUyoTh TepTs.

PucyHok 1.3— Bua nnaHetapHoro pegykropa Ans noBopoTy nnargopmu
OkpemunM Knacom nepegaBanbHUX MexaHi3MiB, L0 3aCTOCOBYIOTLCS B
npeumsinHmMx cuctemax, € XBunboBi pegyktopu (harmonic drives). BoHu
3a6e3neyyoTb NPaKTUYHO HYNbOBUIA NOMT, BUCOKY XOPCTKICTb Ha KPYYEHHs Ta
BENUKe nepegasanbHe YMCMO B KOMNAKTHOMY kopryci. Lie pobuTb ix igeansHummn
NS 3aCTOCyBaHHsSI B pOBOTOTEXHIL Ta ONTUKO-MEXaHiYHMX cuctemax. Mpote,
XBUNbOBI Nepeaadi MatoTb cneumdiyHy NOMUNKy KiHeMaTuyHoI nepeaadi Ta
CXUIBHICTb 10 BUHWKHEHHS PE30HAHCHMX KOMMBaHb Yepe3 rHy4YKiCTb rHy4Koro
Korneca, Lo BMMarae BpaxyBaHHS NPY>XHUX BNacTUBOCTEN peaykTopa npu CUHTESI
perynsitopa [6].

PucyHok 1.4— ETanu po6oTu XBUnNeBoro peayktropa

AnbTEpPHATUBOK PedyKTOPHUM CXeMaM € BUKOPUCTaHHS MPSIMOro NpUBOAY
(Direct Drive), oe potop aeuryHa 6e3nocepefiHb0 3'eAHaHNI 3 Barnom
HaBaHTaXKeHHs1 abo € YacTuHOK NoBopoTHOI Nnatdopmu [Puc. 1.1]. Cuctemun
NPSIMOro NPUBOAY BUKMIOYAKOTbL NOGT, TEPTS Ta NPYXKHICTb NepeaaBanbHUX
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NaHOK, Lo [03BOSISIE 3HAYHO MIABULLMTY TOYHICTb Ta LUBMAKOAIK CUCTEMMU.
3aBasik1 BiACYTHOCTI MPOMiXXHMX NaHOK YacToTa BNacHOro MexaHi4Horo
Pe3oHaHCy CUCTEMM 3HAYHO MiABULLYETLCS, L0 A03BONSE PO3LWMPUTH CMYTY
NPONYyCKaHHA KOHTYPY KepyBaHHA. OfHaK NpsaMuii Npusia BUMarae BUKOPUCTAHHSA
BMCOKOMOMEHTHUX ABUIYHIB, SIKi, ik NpaBuno, matoTb 6inbLii rabapuTu Ta Bary.
Kpim TOro, B cuctemax npsMoro npueogy BCi 30ypeHHst 3 GoKy HaBaHTaXeHHs
6e3nocepenHbO NepefaoTbCs Ha Ban ABuryHa 6e3 aemndyBaHHs pefyKTopoMm, Lo
CTaBUTb NiABMLLEHI BUMOTY [0 XXOPCTKOCTI MEXaHIYHOI XapaKTepUCTUKM NpUBOAY
Ta WBMAKOAIT cUCTeMu KepyBaHHsI. Takox Ans NpsiMOro NpuBoAy XapakTepHUM €



BMMMB NyNbcaLin MOMeHTY (cogging torque), siki He0bXifgHO KOMMeHcyBaTH
nporpamHuMu metogamu [7].

PucyHok 1.5— MNopiBHAHHSA KOHCTPYKUIT nnaTdopM i3 npuBogoM Yepes

nepepgavy i npsIMoro npmeoady

Mpwv po3pobLi KOHCTPYKTUBHOT CXEMU MOBOPOTHOT NNaTchopMu fiiameTpom

0o 0,5 M HeobxiaHO BpaxoByBaTh MeXaHiuHi 0bMexXeHHs Ta napameTpu
HaBaHTaxeHHsi. Maca pyxoMoi YacTuHu nnatdopmu Ta o6’eKTiB, L0 Ha Hili
po3TalLOBaHi, BU3HA4Yae MOMEHT iHepLii cuctemu J. OCKinbKM MOMEHT iHepLii
NponopLinHUi KBagpaTy padiyca po3noginy macu (J~mr2), HaBiTb He3HauHe
36inbLeHHs rabapuTie NnaTopMu abo 3MiLLEHHS KOPUCHOTO HABaHTaXEHHS Bif
LieHTpy obepTaHHa NpU3BOAUTb A0 CYTTEBOMO 3POCTaHHS iHEPLNHOIO
HaBaHTaxxeHHs Ha npuBig. Lle Bumarae Bif cuctemu kepyBaHHa aganTMBHOCTI abo
pobacTHOCTi 40 3MiHM NapamMeTpiB 06’ekTa, OCKiNbkK B pearnbHNX yMoBax
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ekcrnnyarauii Maca Ta po3TallyBaHHsS 06nagHaHHs Ha nnatopmMi MOXyTb
3MiHtoBaTucs [8].
XopcTKicTb KOHCTPYKLT € Le OAHUM KPUTUYHUM napaMeTpoMm. HegoctaTtHa
YKOPCTKICTb enemeHTiB nnatdopmu abo KpinneHHst NpuBoAy NpU3BOAUTL A0
BMHUKHEHHS HU3bKOYaCTOTHUX PE30HaHCIB, SKi MOXYTb NMOTPanUT B CMyry
NPOMyCKaHHsi CUCTEMW KEPYBaHHS, CIIPUYMHAIOYM HECTINKICTb. [ns nnatdopm
cepeaHboro posmipy (Ao 0,5 M) YacTo BUHMKae npobnema Aedopmaldii NNOLMHN
nnatcopmu nif Qieto Barm eKCLEHTPUYHO PO3TaLLOBAHOIO HABaHTaXEHHS, LLIO
Npu3BOAUTL [0 A0AAaTKOBOrO TEPTS B OMOPHMUX NiALWMMHUKAX Ta 3MiHU MOMEHTY
onopy obepTaHH0. BUKopucTaHHsi OMOPHO-NMOBOPOTHUX MPUCTPOIB Ha Gasi
nepexpecHnX ponmMKoBUX NiALINMHUKIB 403BONAE 3a6e3ne4nT BUCOKY
BaHTaXXONiAMOMHICTb Ta XXOPCTKICTb Npu 36epexXeHHi KOMNaKTHUX po3mipis [9].

PucyHok 1.6— MNMnaTtcdopmMa Ha KynbKOBUX OMOPHUX MiALIMMHUKaX

YaapHi HaBaHTaXeHHS, WO BUHWUKAOTb NPWY TPAaHCMOPTYBaHHI MOBINbHMX
KOMMIekciB abo piskmx 3ynuHKax nnatopmu, HaknagaTs BUMOMM A0 MiLHOCTI
3y64acTnx 3a4enneHb Ta Banis. Y BUNaAKy BUKOPUCTAHHS peayKToOpiB 3 BENUKMM
nepefasaribHUM YMCIIOM, MOMEHT iHepLii ABUryHa, NpMBeaeHuUi 4o Bany
HaBaHTaXXEeHHs!, 3Ha4HO 3pocTae, i NPV Pi3Ki 3ynuHLi Nnatopmu KiHeTUYHa
eHepris potopa Moxe 3pyiHyBaTu 3y6u peaykTopa. [ins 3anobiraHHs Lpomy B
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KOHCTPYKLIit0 YacTo BBOAATL 3anobixHi MydTW, NpoTe BOHU 3HMXKYIOTb 3aranbHy
YKOPCTKICTb CUCTEMU Ta BHOCSITb 4OAATKOBI MOXMOKM NO3NLLIOHYBaHHS.

PucyHok 1.7— lNnaTtdopmMa Ha cxpeLLeHX PONNKOBUX MiALLIMMHUKaX

Bnnve cun TepTs B onopax Ta nepegavax Mae SCKpaBo BUPaXEHUI

HeniHINHWIA xapakTep, Lo BKIYae B'A3ke TEPTS, KYNOHIBCbKe (Cyxe) TepTsa Ta
edpekT LLTpiGeka npy manux LWBMAKOCTSX. [ns npeuunsinHux noBOPOTHUX
nnatcopm, Lo NPaLTb B PEXMUMI CTEXEHHS 3a NOBINbHUMK 06’ ekTamu,
HecTabinbHICTb MOMEHTY TEPTA MOXe Npu3BoAUTU A0 puBKiB (stick-slip effect), wo
YHEMOXIUBIIOE NNaBHU pyx. MiHiMi3auisi TepTa gocsraeTbest sk
KOHCTPYKTUBHUMW MeTodamu (BMBIp BiANOBIAHWX Nap TepTs, mactuna, Tuny
NiALWMHKKIB), TaK | anropyTMiYHOK KOMMEHCALEI0 B CUCTEMI KEpYBaHHS, L0
BMMarae TOYHOI ifeHTudiKauii Moaeni TepTs KOHKPETHOT MeXaHIYHOT KOHCTPYKLi
[10].
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PucyHok 1.8— lMigwmnHukm Lazy Susan BYKOPUCTOBYIOTLCS B
HU3bKOLLUBUAKICHUX cucTemMax Ans obepTtaHHs nnatdopmm

TakvM YMHOM, BUBIp KOHCTPYKTUBHOI CXeMW NMOBOPOTHOI Nnatgopmu €
baraTokpuTepianbHoto 3agadeto, Ae HeobXigHO 3HaXOAUTU KOMMPOMIC MK
TOYHICTIO, WBMAKOZIE0, BApTICTIO Ta MacorabapUTHUMK NokasHukamu. AHanis



niTepaTypHUX [XXepen nokasye, Lo ANt Cy4aCHUX BUCOKOTEXHOMOTIYHMX
3acTocyBaHb HalbinbLL NepCnekTUBHUM € BUKOPUCTaHHS GE3KONEKTOPHMX
CepBONPUBOAIB Y NOEAHAHHI 3 6e3M0TOBUMY XBUITBOBUMW peayKkTopaMu abo
TEXHOSOTIE NPSMOro NpusoAy. Takvi Niaxia A403BONSE MiHIMi3yBaTW MeXaHiyHi
HeniHIMHOCTI Ta NepeknacTi 3afady 3abe3nevyeHHst BUCOKUX AUHAMIYHUX
MOKa3HWKIB Ha iHTeNeKTyarnbHi anropuTMn KepyBaHHs, siki 6yayTb po3rnsHyTi B
HacTynHMX posainax poboTn. BpaxyBaHHA MexaHiYHMX OOMEXEHb, Takmnx K
3MiHHWUIA MOMEHT iHepLii Ta KiHLieBa XOPCTKICTb KOHCTPYKLi, € 060B’I3KOBOD
YMOBOH sl CUHTE3y edpeKTUBHOIO perynstopa.

1.2 [JaTynkn NOMOXKEHHNA Ta opieHTauii

MobBynoBa BUCOKOTOYHOI 3aMKHEHOI CUCTEMW aBTOMATUYHOIO KepyBaHHS
NMOBOPOTHOIO NNaTopMoto HeMOXIMBa 6e3 HadiiHOI NigCUCTEMU BUMIPIOBAHHS,
sika 3abe3neyye 3BOPOTHUIA 3B'AI30K 32 MONOXEHHSAM, mbgKiCTrﬁa
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NpUCKopeHHsIM. Bubip ceHcopiB € KpUTUYHUM eTanom NPOEKTYBaHHSI, OCKINbK/
METPOIOriYHi XapakTepuUCTUKN BUMIpIOBasIbHMX NepeTBoploBadiB — po3difnibHa
30aTHICTb, NiHIAHICTb, PiBEHb LUYMIB Ta CMyra NponyckaHHs — BU3HaYaloTb
rPaHMYHO JOCSXKHY TOYHICTb MO3MLIOHYBaHHA Ta 3anac CTiKOCTi cucTemMun B
Linomy. Y KOHTEKCTi KepyBaHHsi NMOBOPOTHUMY NnaTtdopmamu 3agady
BMMIpPIOBaHHSA AOLUINBbHO PO34iNuTK Ha ABa acnekTu: BU3HAYeHHS BiGHOCHOTO
KyTOBOrO nepeMilleHHs Bany ABWUryHa Ans KoMmyTauii 0OMOTOK i 3aMUKaHHs
KOHTYPY LUBWUAKOCTI, Ta BU3HAYEHHSI aDCONOTHOT NPOCTOPOBOI OpieHTaLii
nnatdopmu Ansa 3agad ctabinisauii Ta HaBegeHHs.

HanbinbLu noLwmpeHnM Knacom AaTyukie ANst BUMipIOBaHHSI KYTOBUX
nepeMileHb y NpeumsinHux enekTponpuBoaax € onTuYHi eHkoaepu. MpuHumn
iXHbOT Aii 6asyeTbca Ha MOAYNALi CBITNIOBOrO NMOTOKY, LLO NPOXOANUTL Yepe3
PYXOMMIA ANCK i3 HAHECEHUMY Ha HbOTO NPO30PVMM Ta HEMPO30PUMMU MITKaMW.
Cepen HYX BUAINAOTL iIHKpeMeHTarbHi Ta abcontoTHI nepeTBoptoBavi.
IHKpeMeHTanbHi eHKoAepW reHepytoTb NOCHIAOBHICTL iMMNYNbCIB NpU 06epTaHHi
Bany, a iHhopmaLlisi IPO NOTOYHE MOMOXEHHS OTPUMYETHCS LUNAXOM NigpaxyHKy
LMX iMMyNbCiB BiAHOCHO NEBHOT MOYATKOBO| TOYKW. BUKOPUCTaHHS ABOX BUXIOHMX
KaHanis, 3mileHnx no dasi Ha 90 eneKkTpUYHMX rpagycis, JO3BOMSE He NuLe
BM3HAYUTU HaNpsiMOK obepTaHHs, ane i NigBuLLMTN edPEKTUBHY PO3aiNbHY
3AaTHICTb Yy YOTUPW pa3un 3a JOMNOMOroK KBagpaTypHOi 06pobku curHany.
[0NoBHUM HeJOMNIKOM IHKpeMeHTarnbHKX CUCTeM € BTpaTa iHcbopmadii npo
NOMNOXEHHS NPV 3HUKHEHHI XXUBMEHHS, LLIO BUMarae BUKOHaHHS npoLeaypu
iHiLiani3auii (nowyky pedepeHTHOT MiTKM) Npy KOXXHOMY 3anycky cuctemu. Llie
MOXe ByT HenpunyCTUMUM ANns nnatopm 3 0BMexXeHnM KyToM NoBopoTy abo y
BMMazKax, Konum pyx Ao novatky pobotn 3a6opoHeHNI 3 MipkyBaHb 6e3neku.
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PucyHok 1.9— OnTu4HI ceHcopy BU3HAYEHHSI NMOBOPOTY i3 BUKOPUCTaHHAM
KOAOBOro Koreca Ha MpOCBIT i Ha BiAOWBaHHS

ABCONOTHI eHkoflepy No36aBneHi LbOro HeLOMiKY, OCKINbKN KOXHOMY

KyTOBOMY MOJIOXKEHHIO Bany Bignosigae yHikanbHuii LMpoBuiA kog (3a3snyan Kog
pest abo ABINKOBUIA KOA), HAHECEHWIN HA KOAOBUIA AWNCK Y BUMNAA| KiNbKOX
nopixok. Lle no3Bonsie KOHTpornepy 34MTyBaTh TOYHE MOMOXEHHS nnaTtdopmMu
6es3nocepenHbO Nicns nogadi XmeneHHs 6e3 HeobXiAHOCTI BUKOHAHHS
kanibpyBanbHux pyxis. [ins nepefadi AaHux Big abcontoTHUX eHKoaepis
BMKOPUCTOBYIOTLCS BUCOKOLLIBMAKICHI NOCnifaoBHi iHTepdericn (SSI, BiSS, EnDat),
sKi 3abe3neyyoTb BUCOKY 3aBafoCTiMKICTb Ta A0O3BOMAOTL NepeaaBaTvt 4OAATKOBY
AiarHoCTUYHY iHcbopmaLlito, Hanpuknaga, TemnepaTypy Aatyuka abo nonepenxeHHs
npo 3abpyaHEHHS ONTUYHOT cMCTeMU. Baxnunerim napaMeTpom OnTUHHMX
eHKogepiB € Noxnmbka KBaHTYBaHHS, sika BHOCUTb BUCOKOYACTOTHUIA LLYM Y KOHTYP
KepyBaHHs1, 0cobnunBo nNpu AndepeHLitoBaHHi CUrHany NonoXeHHs Ans OTPUMaHHS
LUBMAKOCTI. 36inblUeHHSA PO3PSIAHOCTI eHKoAepa 3HUXKYE Liew LyM, NpoTe
niaBuLLye BapTiCTb Ta BUMOTU A0 064MCMOBanbHOT NOTYXXHOCTI KoHTponepa [11].
AnbTEpPHATUBOK ONTUYHMM CUCTEMAM, SKi € YyTNUBUMY A0 3abpyaHEeHHS,

BibpaLill Ta yaapHUX HaBaHTaxeHb, BUCTYNalTh MarHiTHi eHkoaepu. IxHa poboTa
6asyeTbcs Ha BUKOpUCTaHHI edpekTy Xonna abo mMarHiTopesucTMBHoro edpekty ans
[eTeKTyBaHHS 3MiHM MarHiTHOro Nons NOCTINHOrO MarHiTy, 3akpinneHoro Ha Bany



ABuryHa. MarHiTHi gatyuvkv Bigpi3HAOTLCS BUCOKOK HAAIHICTIO, KOMNAKTHICTIO
Ta CTIlKICTIO O YMOB HaBKOMULLHBOIO cepeaoBuLLa (Mun, Borora, MacTuno), LWo
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pobuTb iX NpMBabNUBUMYK AN BUKOPUCTAHHS Y MOBINbHUX POBOTOTEXHIYHUX
KoMnnekcax. IcTopryHo MarHiTHi eHkogepy NocTynanucsa oNTUYHUM Y TOYHOCTI
Yepes HeMiHINHICTb MarHiTHOro Nons Ta TemnepaTypHuii apend. OaHak cyyvacHi
mopeni 3 BOyJoBaHMMM MIKPOKOHTpONepamu 34iliCHIOTE aBTOMaTUYHY
niHeapu3alito Ta iHTepnonsLito curHany, LWo A03BoNse AOCATTU PO3AinbHOT
30aTHOCTI, CNiBMIPHOT 3 ONTUYHUMW aHanoramu cepeaHboro knacy. Tum He MeHLL,
npy BUKOPUCTAHHI MarHiTHUX EHKOAEPIB Y CUCTEMAX 3 BUCOKMMU MarHiTHAMM
nonsimu (Hanpuknag, nobnuay NOTYXXHWUX eNeKTPOABUryHIB) HeOOXiaHO
nepenbavaTv JogaTkoBe ekpaHyBaHHS Ans 3anobiraHHs COTBOPEHHSM
BMMiptoBaHb [12].

PucyHok 1.10— BukopucTaHHA AaTynkiB xona Ans BU3HAYEHHS HONPSMKY
MOBOPOTY poTopa

[ns 3apgay crabinisauii nnatgopmu, ocobnmneo Konu BoHa BCTaHOBIEHa Ha
pyXxoMmiii ocHOBI (TpaHcrnopTHOMY 3acobi, niTanbHoMy anapari), iHpopmauii nuwe
npo KyT NOBOPOTY Bany HeJOCTaTHLO. Y Takvx BUNagKkax HeobxigHe
BMKOPUCTaHHS iHepuianbHMX BUMiptoBanbHux moaynis (IMU), siki 3a3Buyan
BKITIO4AI0Tb TPMOCLOBI FMPOCKONW, akceriepoMeTpy Ta, iHOAI, MarHETOMETpU.
MikpoenektpomexaHiuHi (MEMS) ripockonu BUMIPIOOTb KyTOBY LUBUAKICTb
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obepTaHHsA nnatdopmu B iHepLiansHoMy npocTopi. Liei curHan € kputuiHo
BaXXNMBMM NS KOHTYPIB WBMAKICHOI cTabinisaLii, ockinbku BiH A03BONSE
KOMMEHCYBaTV 30BHILLHI 30YpEeHHS LLie 0 TOro, ik BOHWU NPU3BEAYTb A0 3HAYHOro
BiAXWMEHHS 3a NonoXeHHsM. [poTe, OTpUMaHHS KyTa opieHTaLii Wnsxom
iHTErpyBaHHS CUrHany ripockona npu3BoAUTb A0 HAKOMUYEHHS NOXUBKM 3 Yacom
Yyepes HasiBHICTb HM3bKOYACTOTHOTO LWYMy Ta TeMnepaTypHoro apewdy Hyns (bias
instability) [13].

PucyHok 1.11— bynosa tBepaoTinsHoro MEMS ripockona

AkcenepomMeTpy BUMIPIOKOTb MPOEKL,it0 BEKTOpa YSIBHOIO NPUCKOPEHHS

(cyma KiHeMaTU4HOro NMPUCKOPEHHS Ta MPUCKOPEHHS BifTbHOTO NafiHHs) Ha oci
YyTNMBOCTI AaTymKa. Y CTaTU4HOMY PEXUMi akcenepoMeTp A03BONSE TOYHO
BM3HAYUTU KyT Haxumy nnatopmMu BiJHOCHO rOPU3OHTY (BEKTOpa rpasiTauii).
OpHak npu AMHaMiYHOMY pyci nnatdopmu curHan akcenepomeTpa
"3abpyaHI0ETLCA" BNacHMM NpUcKopeHHsIMK 0b'ekTa Ta Bibpauisimu, Lo pobuts
noro HenpuaaTHUM Ansa 6e3nocepefHbOro BUKOPUCTAHHSA B KOHTYPI 3BOPOTHOIO
3B'A3ky 6e3 nonepeaHbLOI inbTpaLii. MarHeTomeTpu 3abeanedytoTb abcontoTHy
NpuB'A3KY A0 MarHiTHoro nons 3emni, Wo J03BONSiE KOpUryBaTn Apeind ripockona
3a Kypcom (yaw), NpoTe BOHW € HafA3BMYaNHO YyTNMBUMK 4O MarHiTHUX 3aBag Bif
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depomarHiTHUX enemMeHTiB KOHCTPYKLT Ta cTpyMmiB y ABuryHax (hard-iron Ta soft-
iron distortions), Lo BMMarae cknagHux npoueayp kaniopyeaHHs [14].
[MopiBHAMBHUI aHani3 AaTyMKiB 3 TOYKM 30PY IX BUKOPUCTAHHS B
3aMKHEHOMY KOHTYpPi KepyBaHHS BUSIBNSIE HEOOXIAHICTb KOMMEKCYBaHHS
iHcpopmaLii Big pisHux mxepen. EHkogepw 3a6e3nevytoTb BUCOKY TOYHICTb Ta
HU3bKWUI PiBEHb LLIYMY, arne BUMIpOIOTh NnuLue BigHOCHWI pyx. MEMS-ripockonu
MatTb BUCOKY LUBMAKOAIK Ta HU3bKY 3aTPUMKY, LLO [O3BOMSIE PO3LUMPUTH CMYTY
NpoMyCKaHHs cUCTemMu, ane cTpaxaaloTb Big Apendy. AkcenepomeTpu Ta
MarHeToMeTpu MatoTb JOBroTpuBany cTabinbHiCTb, ane BUCOKMIA piBEHb LLYyMY Ta
YyTNUBICTb A0 Bibpauin. Baxnueum acnekToM Takox € dpaszoBa 3aTpyvMKa curHany.
Lindposi gaTtumkm 3 BHYTPILLHBOI (hinbTpaLieto MOXyTb BHOCUTU TPAHCNOPTHE
3ani3HeHHs, WO HeraTUBHO BMNIMBAE Ha 3anac CTINKOCTI 3a hasoto. Tomy Ans
nobyaoBM BUCOKOSIKICHOT CUCTEMU KEpyBaHHS MOBOPOTHOO nnatopmoto
[0LiNbHO 3aCTOCOBYBaTV METOAN CEHCOPHOI dpy3ii (Hanpuknaa, dinstp Kanmaxa
abo koMnnemeHTapHuii insTp), SKi 403BONATb 06'€4HATU BUCOKOYACTOTHY



AMHaMIKy ripockona 3 HU3bKO4aCTOTHOK TOYHICTIO akcenepomeTpa Ta eHkogepa,
MiHiMi3ytouM BNAVB LWYMiB Ta Apendy KOXHOro okpemoro ceHcopa [15].

1.3 KnacuuHi metoam kepyBaHHs1

HesBaxatoun Ha CTPiMKMIA PO3BUTOK aAanTUBHUX Ta HEMPOMEPEXEBUX
anroputmis, yHAaMEHTOM NPOMUCIIOBOI aBTOMAaTK3aL,ii MOBOPOTHMX NnaTdopm
3annWaloTbea AeTepMiHOBaHi MeToau KepyBaHHs. IXHs Lumpoka
PO3MNOBCIOPKEHICTb 3yMOBMEHa NPO30pPICTI0 MaTeMaTUYHOro anapary,
nepeadavyBaHiCTIO MOBEAIHKMN B LUTATHUX PEXMMAX Ta HasiBHICTIO po3pobrneHnx
KpUTEPIiB OLliHKM CTIMKOCTI. Y 3aa4ax NpeumsiiHoro nosunLioHyBaHHA
nnatopmMu MeTa KepyBaHHS 3BOAUTLCS A0 MiHiMi3auil AMHaMIYHOT NOMUIKK
Hey3rofkKeHoCTi Mk 3a4aHnUM Ta AiiCHUM BEKTOPOM CTaHy cucteMu. AHania
iCHYIOUMX pilleHb [03BONSE BUAINMUTA YOTMPWU OCHOBHI FPYNn perynstopis, Lo
3HaWLLIM 3aCTOCYBaHHS B Uil NpeaMeTHin obnacTi: MNIJ-perynsatopu, onTuMansHi
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perynatopm y npoctopi cTaHiB (LQR), cuctemu 3i 3MiHHOIO CTPYKTYpOIO (KOB3HWIA
pexum) Ta perynatopu Ha 6asi HeviTkoi noriku.
BasoBum cTaHOapTOM KepyBaHHs enekTpomexaHiyHumMmn cuctemamu € Mid-
peryntoBaHHs (NponopLiiHo-iHTerpanbHo-AndepeHuiansHe) Ta oro Bapiauii. Y
Cy4acHUX CepBONpMBOAAX NOBOPOTHMX NNaTcopmM 3aranbHOMPUIRHATO €
KackagHa CTPYKTypa, Lo CKNafgaeTbCs 3 BKNaAeHUX KOHTYPIB CTPYMY, LLIBUOKOCTI
Ta nonoxeHHsi. MNponopuiHa naHka 3abe3nevye WBMAKOAII CUCTEMU, pearyroym
Ha MUTTEBE 3HAYEHHS MOMWIIKW, NPOTE ii BUCOKUIA KOeiLliEHT NiACUNEHHS MOXe
NpU3BECTU 4O aBTOKONMBaHb. IHTerpanbHa cknagosa HeobxigHa Ansg actaTtuamy
CUCTEMU — YCYHEHHS CTaTUYHOI MOXMOKK, BUKNMUKAHOT MOCTINHUMM 306ypeHHAMU,
TaKUMW SK rpaBiTauiiHUA MOMEHT Npu Haxuni nnatdopmy abo MOMEHT Cyxoro
TepTa. OudepeHuianbHa naHka BUKOHYe yHKLit0 AeMndyBaHHSA, NPOrHO3YH4K
3MiHY NOMWMKK Ta 3anobirayun nepeperynioBaHH0. FONOBHUM HEAOMNIKOM
knacuyHoro NI-perynaTopa 3 dikcoBaHUMU KoedilieHTaMm € horo niHinHa
npupopaa, sika BCTynae B NpoTupiyvys 3i 3MiHHUMY napameTpamu ob'ekTa.
Hanpuknag, 3miHa MOMeHTY iHepuii nnaTtdopMu BHACnifoK BCTAHOBIEHHS Pi3HOMO
KOPWCHOTO HaBaHTaXEHHS NPU3BOAMTb [0 TOTO, L0 HanalTyBaHHs, ONTUManbHi
A5 OOHOIO PeXumy, CTatoTb NPUYUHOKD HECTINKOCTI abo B'ANOCTi nepexigHoro
npotecy B iHWomy. KpiM Toro, HasiBHICTb iHTerpaTopa nopoaxye npobnemy
«HacuyeHHs» (windup) Npu BUXOAi Ha 0BMEXEHHS Kepyo4oro BMmBY, WO
BMMarae BBeJEHHS AOAATKOBMX anropMTMivyHUX KoMmneHcartopis [16].
[pyrum nowmpeHnm MigxoaoM € KepyBaHHS y MPOCTOpi CTaHiB, 30kpema
BMKOPUCTaHHSA MiHiHO-kBagpaTuyHoro perynstopa (LQR). Ha siaminy sig MIA-
perynsaTopis, O ONepyoTh NuLLE NOMUIKOI BUXOAY, METOAN NPOCTOPY CTaHiB
BPaxoBYIOTb BHYTPILLUHI 3MiHHI CUCTEMM (MOMOXEHS, WBUAKICTL, CTPYM) Y BUMNAZI
BekTopa cTaHiB. CuHTe3 LQR-perynatopa 6a3yeTbest Ha MiHimizauii
KBagpaTUYHOro yHKLioHany sIKOCTi, IKUI BpaxoBye BUTPATU eHeprii Ha
KepyBaHHS Ta TOYHICTb NIATPUMKK cTaHy. Lle no3Bonsie 3HaiTn onTumanbHuii
GanaHc Mix LWBUAKOAIE NPUBOAY Ta eHeproeeKTUBHICTIO, LLO € BAXNMBUM A4S
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aBTOHOMHWX NMaTgOpPM 3 XMBENHHAM Bif akymynatopis. Peanisauis 3akoHy
KepyBaHHS y BUrNsAi NiHiINHOro 3BOPOTHOTO 3B'sI3KY 3a CTaHOM (u=-Kx) 3abe3nevye
rapaHToBaHi 3anacu CTiKOCTi ANs NiHinHoi mogeni. MNMpoTe Ans npakTU4YHoOT
peanisauii Lboro Metogy HeobxiaHa HasBHICTb MOBHOI iHbopMaLlii NPO BCi 3MiHHI
ctaHy. Ockinbkn 6e3nocepeaHe BUMIpOBaHHS BCiX 3MiHHUX (Hanpuknag,
npuckopeHHs abo NoxigHOT CTPYMy) YacTo € TEXHIYHO cknagHum abo Aoporum,
cMcTeMy AOMNOBHIOOTL CrocTepira4amu cTaHy (Hanpuknag, cnocrepiradem
JTioeH6eprepa abo instpom Kanmaxa). ObmexeHHAM MeToay € Noro B1coka
YYTNMBICTb [0 TOYHOCTI MaTeMaTUYHOI Mogeni: po3bixHICTb Mixk NapameTpamu
MoZeni, 3aknajeHoi B cnoctepirad, Ta peanbHoro ob'ekta Moxe npu3Bect 4o
3HaYHMX MOXMOOK OLHIOBAHHS Ta BTpaTK CTinkocTi [17].
[ns 3abe3nevyeHHss pobacTHOCTI (HEYYTNMBOCTI) A0 NapaMeTpuYHuX 36ypeHb
Ta 30BHiLLHIX 3aBaj 3aCTOCOBYOTb KEPYBaHHSI 3i 3MiHHOK CTPYKTYpOtO, HanbinbLL
BiOMMM BapiaHTOM SKOro € KoB3HMI pexum (Sliding Mode Control — SMC).
loes meToady nonsrae B opraHisadii pO3pvBHOMO KepyBaHHsl, sike 3MyLLye
300padKytoHy TOYKY CUCTEMM PyXaTUCS B3LOBX 3a4aHOI MOBEPXHi KOB3aHHS Y
npocTopi cTaHiB. MonoeHot nepesaroto SMC € TeopeTnyHa iHBapiaHTHICTb A0



36ypeHb, LLIO 3a[10BONbHATb YMOBY Y3roAXKEHOCTI: SK TiNbKM CcUCTEMA NoTpannsie
Ha NOBEPXHI0 KOB3aHHS, Ti AMHAMIKa BU3HA4YaETbLCA NyLle napaMmeTpamMmm camoi
NoBepxHi, a He napameTpamun 06'ekTa (Macor, MOMeHTOM iHepuiT). Lle pobuTb
SMC HagsBuyanHo NpuBabnueuM AN KepyBaHHSA NOBOPOTHMMU nnatdopmamu 3i
3MiHHUM HaBaHTaXeHHAM. OfHaK KNnacuYHUIA KOB3HUI PEXUM Ma€e CyTTEBUMN
HeJonik — siBULLEe BUCOKOYACTOTHOI KOMYyTaLii kepytoyoro curHany (chattering).
Ockinbky igeanbHe nepemMmnkaHHsl 3 HECKIHYEHHO YacTOTOK HEMOXINBE,
peanbHWIA NpUBIA 3a3Hae BibpaLili 3 KiHLEeBOK amnniTyaoto Ta yactoToto. [Ans
MeXaHi4YHMX CUCTEM 3 PEAYKTOPAMU Lie € KPUTUHHUM, OCKiNbKW NPU3BOAUTL 1O
NPUCKOPEHOro 3HOCY 3yByacTux nepegay, HarpiBy ABUIYHIB Ta 30y4KeHHs
BMCOKOYACTOTHUX pe3oHaHCIB KOHCTPYKLUIi. CyvacHi mogudikauii metogy (Higher
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Order Sliding Mode) no3BonstoTe 3MEHWNTU Liei edpekT, ane cknagHicTb
peanisauii npu ubomy 3poctae [18].
YeTBEpTUM KIlacom cUCTeM, Lo HabyB CTaTycy «Cy4acHOI Knacukm» B
iHXEeHepHiIn npakTuui, € perynatopu Ha 6asi HeuiTkoi noriku (Fuzzy Logic Control
— FLC). Llen nigxin no3sonsie choopmanizyBatv eMnipyyHuin 4ocsig onepaTtopa abo
ekcnepTa y Burnagi niHreictnyHux npaswn tuny «AKLLO nomunka Benuka
nosutuneHa, TO kepytoya Hampyra Benuvka nosuTvMeHa». Ha BigmiHy Big
nonepefHix metogis, FLC He BMMarae ToO4HOT aHaniTM4HOI mogeni o6'ekta
KepyBaHHS, L0 € 3HA4YHOIO NepeBaroto AN CKNagHWX HeNiHIMHNX cucTem 3
nodTaMn Ta CyxumM TepTaM, SIKi BaXKO NiaAaoTbCst MaTeMaTUYHOMY OnUCy.
Mpouec kepyBaHHsA Bkntovae etany dasudikadii (nepeTBoOpeHHst YNCNoBUx
3HayYeHb MOMUIIKN Y PYHKLiT HANeXHOCTi), NOriYHOro BUBEAEHHS Ha OCHOBI 6a3n
npasun Ta gedasundikauii (064MCNEHHs YiTKOro 3Ha4YeHHs Kepytoyoro BNnuney).
HeuiTki perynatopu 4acto AeMOHCTPYIOTb KpalLlly SKiCTb NepexigHuX npouecis
npu 3HAYHUX HENHIMHOCTI, Hix NiHinHI MIO-perynsTopw, 3a6e3nedyroum nnaBHUin
niaxig 0o uinboBoi Toukn 6e3 nepeperyntoBaHHsA. OfHaK YUCTi HeuiTKi
perynsiTopu He rapaHTytoTb aHaniTUYHOT CTIMKOCTI CUCTEMM, a iX HanalTyBaHHS
(BUBIp hyHKLI HAanNeXHOCTi Ta NpaBuI) YacTo 3AINCHIOETLCS MeTOA0M Npob i
noMunok. ToMy Ha NPaKTWLi HaWBINbLL NOLIMPEHVUMU € riGpuaHI cxemu,
Hanpwvknag, HeviTkui MIQ-perynatop, Ae HediTka forika BUKOPUCTOBYETbCS ANS
afanTVBHOTO MiAnaluTyBaHHS KoedilieHTiB Knacu4Horo perynsitopa B peasnbHoOMy
Yaci 3anexHo Bif NOToYHOI nomunku [19].
[MiacymoBytoUn aHani3 Knacu4HUX MEeTOAIB, MOXHa CTBEPAKYBaTH, LLO
KOXEH 3 HUX Ma€e CBO cdhepy ePeKTUBHOrO 3aCTOCYBaHHS, 0BMexXeHy (isnuHUMU
BMacTMBOCTSIMU NOBOPOTHOI nnatcopmu. MIQ-perynsatopu npocTi, ane BumaratoTb
KOMMPOMIiCY MiX TOYHICTIO Ta 3anacoM CTiKOCTi NPy 3MIHHOMY HaBaHTaXXEHHI.
LQR 3abe3neyye onTyMarbHICTb, ane 3anexuTb Big TOYHOCTi Moaeni. KoBaHui
PeX1M rapaHTye pobacTHiCTb LiiHOK MiABMLLEHOTO 3HOCY MEXaHiKu, a HeviTka
norika epekTMBHa Npu HeBM3HAYEHOCTSAX, ane cknagHa B aHaniTMyHoMy
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06r'pyHTYBaHHI. B ymoBax, konv 4o CUCTEMM BUCYBaAOTHLCS XXOPCTKI BUMOTY
O[HOYACHO LL0A0 TOYHOCTI, LWBMAKOAIT Ta aAanTUBHOCTI A0 LUMPOKOro Aiana3oHy
Mac HaBaHTaXeHHS!, BUKOPVUCTaHHS OKPEMO B3ATOrO KNacu4HOTO METOAY YacTo He
[03BOSISIE AOCAITM BaxkaHUx nokasHukiB. Lie obymosnioe HeobxigHiCTb nepexoay
[0 iHTenekTyanbHNUX MeToAiB KepyBaHHS, 34aTHUX A0 HAaBYaHHS Ta
camoopraHisauii, o 6yae pos3rnsHyTo B HacTynHomy nigpo3aini [20].
1.4 IHTenexTyanbHi MeToAN KepyBaHHS
Po3BnTOK 064MCNIOBaNbHUX NOTYXXHOCTEW Cy4aCHUX MIKPOKOHTpOIepiB Ta
LMdpOBMX CUTHANBHUX NPOLLECOPIB CTBOPWB NepeayMOoBU ANS BNPOBaAXEHHS B
cucTeMun aBTomaTmaadii metoais obumcnioBansHoro iHTenekty (Computational
Intelligence), ki 4o3BONAOTL AoNaTV 0OMEXEHHS Knacu4Hoi Teopii kepyBaHHs. Y
3aayax BUCOKOTOYHOIO MO3ULIOHYBaHHS MOBOPOTHMX Mratdopm, Ae NPUCYyTHI
CYTTEBI HEMIHINHOCTI, 3MiHHICTb MapaMeTPiB HaBaHTaXXeHHs Ta ckrnagHa AMHaMika
TepTH, TPaauUIiHI aHaniTUYHI MeTOAN CUHTE3Y PerynsiTopiB YacTo BUABNSIOTLCS
HeedeKTUBHUMU abo HaAMIpHO CknagHUMK B peanisauii. IHTenekTyanbHi MmeToau
KepyBaHHS, Lo 6a3yoTbCs Ha anapari LUTYYHUX HEMPOHHUX Mepex, €BOMOLLIHMNX
anropuTMIB Ta HEYITKMX CUCTEM, MPOMOHYIOTb ansTepHaTUBHUIA Niaxia,
3acHOBaHWI Ha 06pobLi AaHWX Ta HaBYaHHI, @ He Ha XXOPCTKOMY MaTeMaTuYHOMY
mMopentoBaHHi isnyHMx npotecis. Liei HanpsiMok € 0cobrnmBo akTyanbHUM Ans



CTBOPEHHS afanTUBHUX EMEeKTPOMEXaHIYHNX CUCTEM, 3AATHUX CaMOCTINHO
HanaluToByBaTuCS Nif 3MiHM YMOB ekcnnyarauii 6e3 BTpy4YaHHs onepatopa.
OpHWM i3 HanbBinbLL NepCneKTUBHUX HaNPSIMKIB € BUKOPUCTaHHS LUTYYHUX
HenpoHHUX Mepex (LUHM) sik yHiBepcanbHUX anpokcMmMaTtopiB HEeMiHIMHNX
PYHKLIA. Y KOHTEKCTi KepyBaHHA NOBOPOTHOO NNaTgopMOI0 HENPOHHI Mepexi
MOXYTb 3aCTOCOBYBATUCS B Pi3HNX KOHMIrypauisx: Sk NpsiMi KOHTponepu, Lo
3amiHtotoTb knacuyHi MIA-perynsatopu, abo sk JONOMKHI enemMeHTu Ans
ineHTudikauii mogeni o6'ekta Ta komneHcauii 36ypeHb. PyHAaMeHTanbHo
BnacTugicTio LLIHM € ixHsa 3gaTHiCTb BigTBOPOBATU CKNafHi BinoGpaxeHHs
BXiHVMX curHanis (Hanpvknazg, NOMUIKU NOMNOXEHHS Ta ii NoXiAHWUX) y BUXIOHUIA
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Kepyrounii Bnnve 6e3 HeobxiAHOCTI anpiopHOro 3HaHHS PIBHSAHb AUHAMIKM
cucteMun. HelipokoHTponepu 3aaTHi epeKTMBHO KOMMNEeHCyBaTK Taki aBuMLLa, K
30Ha HeYyTNMBOCTI, riCTepesnc MarHiTHUX Matepianis Ta HeniHinHe TepTs,
HaBYal4MCh Ha eKcneprMeHTanbHUX AaHUX peanbHoi NoBediHKM nnaThopmMu.
Hanpwvknag, Heipomepexa moxe ByTn HaBYeHa reHepyBaTy AOAATKOBUIA MOMEHT
ans komneHcadii ecpekty LLtpibeka npu manux WBMAKOCTSX, WO NPaKTUYHO
HEMOXIMBO peanidyBaTyt 3a JONOMOro NiHINHMX 3aKOHIB kepyBaHHs [21].
[MpoTe BUKOPUCTaHHS KNaCUYHUX HEMPOHHKX MEPEX NPSIMOTO MOLUMPEHHS
(Feedforward Neural Networks), Takux sik 6araToLuapoBuil NepcenTpoH, Mae NeBHi
oBMexeHHs1 Npu kepyBaHHi AMHaMiYHUMK 06'ekTamu. Mepexxi npsiMoro
MOLLUMPEHHS 3AINCHIOITL CTaTUYHe BifobpaXeHHs BXOAY Ha BUXiA | HE MaloTb
BHYTPILIHbLOI Nam'aATi Npo nonepeaHi ctaHn cuctemun. BogHoyac, nosefiHka
NMOBOPOTHOT NNaTopMu € iHEPLNHO: Ti NOTOYHUIA CTaH 3anexuTb He NuLLe Bif
MOTOYHOIO KepyHYOro BRnuBY, ane 1 Bif nepeaicTopii pyxy (HakonuyeHoi
KiIHETMYHOI eHeprii, po3irpiBy mactuna, npy>xHux gedopmadiv sanis). [4ns
a[leKBaTHOro BpaxyBaHHS ANHaMIKV NPOLECy AOLINIbHO 3aCTOCOBYBaTW PEKYPEHTHI
HenpoHHi mepexi (RNN), ski MiCTATb 3BOPOTHI 3B'A3KM MiX HeipoHamu
npuxoBaHuXx Lwapis abo Big BUxody A0 BxoAy. HasiBHICTb 3BOPOTHMX 3B'sI3KiB
dopmye BHYTPILLHI CTaH Mepexi, A1 fie Sk KopoTkoYacHa nam'aTb,
[,03BONSIH0YM BPaXOBYBaATW YaCOBi 3aMEXHOCTI B CUrHanax KepyBaHHs.
Cepep peKypeHTHMX CTPYKTyp ocobnumBy yBary B 3afjad4ax KepyBaHHs
npuBepTatoTb Mepexi EnmanHa Ta 6inblu cknagHi apxiTekTypu, Taki sk Mepexi
[0Broi kopoTkoyacHoi nam'ati (LSTM) abo kepoBaHi pekypeHTHi 6noku (GRU).
Lli cTpyKTYypu 30aTHi BUSBNATY Ta 3anam'aToByBaTV JOBroTpu1Bani 4acosi
3anexXHOCTI, L0 € KPUTUYHO BaXKINMBUM A5 NPOrHO3yBaHHS NMOBEAHKU
nnaTopMu Npu cKNagHUx TPaekTopisix pyxy abo npu HasiBHOCTI TPaHCMNOPTHOMO
3ani3HeHHs B kKaHanax BMMiptoBaHHs. 3actocyBaHHss RNN fo3Bonsie peanisyBaTtu
cxemu nporHosytovoro kepyBaHHs (Model Predictive Control), ae Helipomepexa
BMCTYNae B poni eMynsTopa npsimoi AvHamiku o6'ekta, nepeadavaroym manbyTHe
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nonoXeHHs NnaTopMun Ha Kinbka KpokiB Bnepes. Lle aae amory perynstopy
dopmyBaTh BUNepeaKytodi BNAMBKY, MiHIMI3yloun AMHAMiIYHY NOMUIKY e Ao Ti
aKTUYHOIO BUHUKHEHHS. [JOCAiMKEHHA NOKa3ytoThb, WO PEeKYPEHTHI
HelpoKOoHTponepy 3abeaneyyoTb 3HAYHO KpalLlly SKICTb NepexigHUX NpoLecis npu
Pi3KMX 3MiHax 3aBAaHHS NMOPIBHSAHO 3i CTAaTUYHUMWN HEMPOHHUMW Mepexamu,
0co6nMBO B yMOBax 3MiHHOTO MOMEHTY iHepuii [22].
KntoyoBrM eTanom po3pobku iHTENeKTyanbHOI CUCTEMU KEpyBaHHS €
npouec HaBYaHHs, TO6TO HanalTyBaHHSA BaroBunx KoediLieHTIB HEMPOHHOT Mepexi
abo napameTpiB knacu4yHoro perynatopa. TpaguuinHi MeToam HaB4aHHS
HEeMPOHHUX MepeX, Taki ik anropuTM 3BOPOTHOIO MOLIMPEHHS MOMUITKN
(Backpropagation), 6a3ytoTbcsi Ha rpagieHTHUX MeTodax onTuMisadii. BoHun
BMMaratoTb, W06 UinboBa hyHKLUis Byna andepeHLinioBHOW, a NOBEPXHS NOMUIKM
— rmapkoto. OaHak y peanbHUX enekTpoMexaHiYHUX cucTeMax Kputepii sikocTi
YacTo € cknagHumu, baratomogansHUMK (MatoTb 6araTto nokanbHUX MiHIMyMiB) Ta
MOXYTb BKMtoYaTV HeandepeHLinoBHI 0OMexXeHHs (Hanpuknag, Hacu4eHHs
Hanpyru XnBneHHst abo oBMeEXeHHs CTpyMy). Y Takux BUNagkax rpagieHTHi
METOAM YacTO «3aCTPAralTby Yy NokanbHUX eKCTpemMyMax, He Jocsrarym
rnobanbHOro oNTUMyMy HanalTyBaHb.
[ns BupilLleHHs Liei npobnemy edekTUBHO 3aCTOCOBYHOTLCS €BOMOLLiVHI
MeToAM oNTUMI3aLii, 3okpema reHeTuuHi anroputmu (GA). FeHeTUyHi anroputmMu



— Lle CTOXaCTUYHi METOAM MOLLYKY, HATXHEHHI NPUPOAHMM BifGopoM Ta
reHeTukor. 3amicTb pyxy B HanpsIMKy aHTurpagieHTa, GA onepye nonynsiieto
MOTEHUIMHUX pilleHb (XPOMOCOM), KOXHa 3 SIKUX koaye Habip napameTpis
perynstopa (Hanpuknag, koediuieHTu MNiO-perynstopa abo Barv HEMPOHHOT
mepexi). Mpouec onTumisauii BiabyBaeTbcsa Yepes iTepaTMBHy 3MiHy NOKOMiHb 3a
[,0MoMOroto onepaTopis cenekuii (Bigbopy Halkpalumx pilleHb), CXpeLLyBaHHS
(0BMmiHy iHdopMaLieto Mix pilleHHsIMW) Ta MyTauii (BUNagKoBOi 3MiHW
napametpiB). FONOBHOO NepeBarold reHeTUYHUX anropuTMIB € iXHS 3aaTHICTb
3HaxoAUTK rnobanbHW ONTUMYM Y CKIMaAHMX NPOCTOpax noLuyky 6e3
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HeobXxiaHOCTI 06uMcneHHs noxigHux. Lie no3Bonsie BukopucToByBaTH ix Ans
NPSIMOro HanalUTyBaHHsI PEryNnsiTopiB 3a iHTerpanbHUMK KpUTEPISMIU SIKOCTi
(Hanpuknag, MiHiMyM iHTerpana kBagparta nomurkv abo MiHimym yacy
peryntoBaHHs) 6e3nocepefiHbo Ha Moaeni o6'ekta abo HaBiTb Ha peanbHOMY
obnagHaHHi [23].
MoegHaHHA HEeMPOHHUX MePEX Ta FEHETUYHNX anropuUTMIB BiAKPUBAE LUMAX
[0 CTBOPEHHS HENPOEBOMIOLIIMHNX CUCTEM KepyBaHHsI. Y TakoMy niaxoai
reHEeTUYHUIA anropuTM BUKOPUCTOBYETLCS ANSA ONTUMI3aLii CTPYKTYpU (KinbKOCTi
HelpoHiB, WapiB) Ta BaroBux koedilieHTiB HelpokoHTponepa. Lie go3sonse
aBTOMaTU3yBaTW NPOLEC CUHTE3Y perynsaTopa, BUKMoYaodmn HeobxigHicTb
py4Horo niabopy apxitektypu mepexi. Kpim Toro, eBontouiiHi metoam
[03BONA0TL BpaxoByBaTH B LiNboBin dyHKUii (Fitness Function) He nuwe
TOYHICTb NO3ULLIOHYBaHHSA, ane N eHeproeeKTUBHICTb, NNaBHICTb Xoay Ta
obMexeHHst Ha Kepytodi BNueK, hopmytoun 36anaHcoBaHe pileHHs, LWo
3a0BOJbHSE CynepeynivByM BUMOram TEXHIYHOrO 3aBAaHHs. Takvi nigxig €
0cobnMBO AOUINBHUM ANS NOBOPOTHMX NNAaTcopM crneLianbHOro NpuaHaveHHs, ae
BMMOTY 0 HaAIMHOCTI Ta TOYHOCTI NpeBasntooTb Hag 0GuMCnioBanbHUMMK
3aTpataMu Ha eTani NpoeKkTyBaHHs [24].
HesBaxatoun Ha oueBMAaHI Nepesary, BNPOBaXKEHHS iHTENEKTyarnbHuUX
METO/AIB KepyBaHHS MOB'A3aHe 3 HN3KOK BUKNUKIB. [No-nepLue, HeMpPOHHI Mepexi
4acTo CNpUMaloTLCA SK «4OPHa CKpUHBbKay (black box), BHYTpilLHA CTpyKTypa
SIKOT He Mae nNpo3opoi (isnyHoi iHTepnpeTauii. Lle ycknagHioe aHania cTiikocTi
CUCTEMM KracuyHUMM MeTodamu (Hanpuknag, 3a kpuTtepiem Haiksicta) Ta
cepTudikaLito cuctemn Ansa KPUTUYHUX 3acTocyBaHb. MNo-gpyre, obuncnioBanbHa
CKNafHICTb HaBYaHHSI HEMPOHHUX MEPEX, OCOBMUBO PEKYPEHTHMX, MOXeE ByTu
HagmipHoto Anst BOy4oBaHUX CMCTEM pearnbHOro Yacy. ToMy Ha npakTuLi 4acto
3aCTOCOBYHOTb KOMMPOMICHI pilLEHHS: HaBYaHHS MepeXxi BiabyBaeTbcs odnaiiH (Ha
NOTY>XHi poBOoNil CTaHLi) 3 BUKOPUCTAHHAM TOYHOT MaTeMaTU4HOi Mogeni abo
3ibpaHMX ekcrnepvMeHTanbHKX AaHKX, a OTpUMaHi chikcoBaHi Barosi koediLieHTn

ELM. Apk. No gokym. Mign. ata
ApK.
32 KPM.AKCwm- 06.00.00.000 N3
3aBaHTaXylTbCH B MIKPOKOHTPOIEP ANst BUKOHAHHS B pearnbHOMY Yaci. IHWum
BapiaHTOM € BUKOPWUCTAHHSI riOpMaHMX CXeM, Ae iHTenekTyanbHuin Modynb nuiie
KopWrye napameTpu HafinHoro KnacuyHoro perynsatopa, 3abesnedytoun 6a3osy
npauesfaTtHiCTb HaBiTb y BUNaaKy 36010 aaanTyBHOIO anropuTMy.
AHani3 cy4acHoro cTaHy AocnigkeHb 403BONSE 3p06UTU BUCHOBOK NPO
[OUINbHICTb 3aCTOCYBaHHS iHTENEKTyanbHMX MeTOAiB AN KepyBaHHS MOBOPOTHO
nnatdopMoto B paMkax AaHoi kBanidikauinHoi poboTtn. BpaxoBytoun BuMorn o
aAanTUBHOCTI CUCTEMU B YMOBaAX 3MiHWN KOPUCHOTO HAaBaHTaXEHHS Ta
HeoObXiAHICTb KOMMNeHcaLii HeniHINHOro TepTs, HaWbINbL NEPCNEKTUBHUM
B6avaeTbCA BUKOPUCTaHHS ribpuaHoro niaxody. BiH moxe nonsratn y
3acToCyBaHHi peKypeHTHOT HEMPOHHOT MepeXxi AN NPOrHO3yBaHHsS ANHAMIKN
nnatcopmu Ta afanTUBHOMO HanaLTyBaHHS KOHTYPY NO3WLIOHYBaHHS, NapameTpu
SIKOT ONTUMI3YOTHCS 3@ JONOMOIOK FEHETUYHOrO anropuTMy Ha eTani
ronepeaHboro HaBYyaHHs. Takui Niaxig 403BoNUTb NoeaHaT pobacTHICTb
iHTEenekTyanbHUX anropuTmis 3 nepeadavyBaHICTIO KNACUYHUX CTPYKTYP,
3abe3nevyoun BUCOKY TOYHICTb NO3ULIOHYBaHHS Npy AONYCTUMUX
obumcnioBanbHUX BuTpaTax [25].

ELM. Apk. No gokym. Mign. Oata Apk. 33 _KPM.AKCm- 06.00.00.000 M3 2. PO3POBKA
IMITALLIMHOIO MOENOBAHHSA
2.1 Y3aranbHeHa isnyHa mogenb ob’ekta

MOIENI ®I3NYHOIo OBEKTY ANnA



Mo6ynosa matemaTU4HOI MOZENi MEXaHIYHOT CUCTEMU € NEPLLOYEPTOBUM

eTanom NpoeKTyBaHHS anropMTMiB aBTOMaTUYHOrO KepyBaHHs. [insa 3agad, e
06’ekTOM BMCTynae NoBOpOTHa nnatgopma 3 AOBiINbHO PO3TaLLOBaHNM BaHTaXeM,
MoZenb NoBUHHA 3abe3nevyBaTy nepexia Bif isnyHMX napameTpiB KOHCTPYKLT
[0 AVHaMIYHMX XapaKTepuUCTUK, NPUAATHUX AN aHanisy B Teopii aBToMaTu4HoOro
KepyBaHHS. MeToto Liboro po3gifny € oTpMMaHHs nepeaasanbHOi yHKUIT cuctemu,
siKa A03BOSISIE PO3rnaaaT NNaTopMy sik K4OPHY CKPUHBKY», Ha BXif sIKOT
nogaetbest pyHkUis cunu F(t) , a Ha Buxodi hopMyroTbCst KIHEMaTUYHI 3MiHHI pyXy
— KyToBa LWBMAKICTb w(t) Ta KyT noBopoTy B(t). Takwnii nigxia HeobxigHUM Ans
nofanbLIoro BUKOPUCTAHHS reHETUYHUX anropuTMIB, siKi BUMaratTb
6araTopa3oBoro NPOroHy CUMynALii AN OLiHKN SIKOCTi KepyBaHHS.

KoHcTpykTMBHO nnatdopma pos3rnsfaeTbes sk Teepae Tino, Wwo obepraetbes
HaBKO10 HepYXoMOi BepTuKanbHOi oci Z. OCHOBOI CUCTEMU € AUCK PafliycoM
Rdisk Ta macoto Mdisk, LeHTp sikoro 36iraeTbest 3 Biccto 0bepTanHs. Crneuudika
3apadi nonsarae y HasiBHOCTI KOPUCHOIO HaBaHTaXeHHs — o6’ekTa Macoto mload,
SIKMIA 3aKpinfieHnii Ha NOBEPXHi AncKa Ha BiACTaHi r Big LeHTpy. feomeTpuyHe
pO3TallyBaHHS BaHTaXy NpU3BOAWUTL 0 TOrO, WO 3arasibHuiA LEHTP Mac cuctemun
3MiLLYETBCS BIHOCHO OCi 06epTaHHs. Lle nepeTBoptoe CUCTEMY Ha EKCLIEHTPUYHWI
poTop, AMHaMiYHI napameTpu sSIKoro 3anexaTb Bif paiyca r.

Br3HayanbHUM napameTpoM, Lo XapaKTepuaye iHepTHICTb cucteMu npu
obepTanbHOMY pyci, € MOMEHT iHepLii . Ockinbku Bicb 06epTaHHS HE NPOXOAUTL
Yyepes LieHTp Mac BaHTaxy, A pO3paxyHKy CyMapHOro MOMEHTY iHepLii
3acToCcoBYy€ETbCS Teopema [tonreHca-LUTerHepa Nnpo napanensHuii NepeHoc ocewn.
MoMeHT iHepLii cuctemMmn cknagaeTbcsi 3 BMacHOro MOMEHTY iHepuii aucka Ta
MOMEHTY iHepLii BaHTaxy, NnepepaxoBaHoro BiAHOCHO OCi 0bepTaHHs:

@M. Apk. No gokym. Mign. ata
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222
2
1 rmRMrmJJ loaddiskdiskloaddisk ( 2.1)
OTpumaHa BenuunHa € koediLieHTOM NPOMNOpLINHOCTI MiXX NpUKNageHum
06epTOBMM MOMEHTOM Ta KyTOBMM MPUCKOPEHHsIM. KBaapaTuyHa 3anexHicTb Bif
pagiyca r Bka3dye Ha Te, L0 HaBiTb HE3HaYHe 3MiLLEeHHs BaHTaxy Ao nepudepii
nnaTopMu NPM3BOAMTL A0 CYTTEBOIO 3pOCTaHHS! iHepLjiiHoro onopy. Y
KOHTEKCTi MOAENIOBaHHS Lie 03Havae, Lo napameTp @ € 3MiHHOIO BEMUYMHOIO, AKa
3aJaeTbca nepeq no4aTkom CUMynALii 3anexHo Bif KOHIrypauii ycTaHoBKM.
Pyx nnatcopmu BinbyBaeTbCs Mif Ai€t0 akTUBHOTO KEPYOHOro MOMEHTY
Mdrive(t), sikuin cTBOPIOETLCA NPUBOAOM. Y MaTemaTuyHii Moaeni BXigHUM
BMNMMBOM BBa)AETbCA TaHreHLliansHa cuna (t), npvknaaeHa o oboay
nnatcopmu (abo npmeBoaHoro LkiBa) Ha BiAcTaHi Rapp Big oci. 38’930k Mix
CUIOK Ta MOMEHTOM € MiHIMHUM:

appdrive RtFtM )()(  (2.2)
Lis cuna E(t) € dyHKLieto Yacy i Moxe HabyBaTu [OBINbHOT hopMu
3anexHo Bif Moriku poboTun KoHTpornepa.
OKpiM aKTMBHOrO MOMEHTY, Ha NnaTcopmMy AitoTb MOMeHTH onopy. Ans
oTpuMmaHHsi 6a30BOT aHaNITUYHOI NepeaaBanbHOT YHKLT, sika ON1cye OCHOBHY
AnHaMmiKy npouecy, onip pyxy MOAentoeTbest ik B'a3ke TepTs. Cuna B’si3koro
TEPTSA NPOMopLiiHa WBUAKOCTI 06epTaHHs i cnpsiMoBaHa NPOTUNEXHO HaNPSIMKY
pyxy. MoMeHT B'3k0ro TepTsi BU3HavaeTbes sk fo06yTok koedilieHTa B'A3koro
TepTa B Ha kyToBy LBMAKICTb W(t). KoediuieHT B BpaxoBye onip y nigumnHukax
Ta aepoaunHaMmivHuIA onip aucka.
[AunHamika cuctemmn onucyeTbesa andepeHLuianbHUM PIBHAHHAM APYroro
3akoHy HbtoToHa Ans obepTanbHOro pyxy:

)OO(tMtM
dt
tdJ frictiondrive

(2.3)
MigcTaBnsoun Brpasu Ans MOMEHTIB, OTPUMYEMO FiHiNHe AndepeHLianbHe
PIBHSIHHSI NepLUOro NOpsiAKY BiAHOCHO LWBUAKOCTI:

EIKM. Apk. No gokym. Mign. Aata
Apk.
35 KPM.AKCwm- 06.00.00.000 M3
JOO( tBRtF
dt



tdJ app

(2.4)
[ns nepexoay Bia AudepeHLianbHOro piBHSHHA A0 nepeaaBarnbHOT (yHKLIT
3acTocyemo nepeTBopeHHs Jlannaca. Liei meTon fo3Bonsie 3amMiHMTK onepauii
AndepeHLiloBaHHs Ta iHTerpyBaHHs Ha anrebpaiyHi onepaLii 3 KOMNIEeKCHO
3MiHHO s. BBakaroum noyatkosi ymoBM HynboBumu (w(0)=0), piBHAHHSA B
300paxeHHsx HabyBae BUrnsay:

))()( sBRsFssd app (2.5)
e Q(s) Ta F(s) — 306paxeHHs Jlannaca ansa dyHKLUii LWBUAKOCTI Ta cum
BiAMoBigHO. Ipynytoun oAaHKN 3i LUBUAKICTIO, OTPUMYEMO:

appRsFBsJs )()()( (2.6)
3Biacu BUBoAUTLCS nNepegasanbHa yHKLisA 3a weuakicTio )(sW , ska €
BiAHOLLEHHSM BMXiAHOrO CUrHany Ao BXiQHOrO:

BsJ

R

sF

ssW app

X

)OC (2.7)

[ns npuBeaeHHs BUpasy Ao cTaHAAPTHOT (DOPMU AMHAMIYHOT NaHKn
YMCENbHUK | 3HAMEHHUK AiNSATbCs Ha KoediuieHT B:
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X
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K
sB
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app

(2.8)
OTpumMaHuii BUpas3 knacudikye AnHamiky noBopoTHOI nnatdgopmu (3a
LUBMAKICTIO) SIK anepiognyHy naHKy nepLioro nopsiaky. TyT BUAINATLCA ABa
Kknto4oBi napameTpu. MNeplumnin — koediuieHT nepegadi B
R
K app , gkun
BM3HaYae yctarieHe 3HauyeHHs LWBMAKOCTI Npw Aii OAMHUYHOT MNOCTIHOI cunu.
[pyruii napameTp — enekTpomMexaHiyHa ctana yacy B
JTm . Ctana vacy
XapaKTepu3ye iHepLiiHICTb cucTeMU: Lie Yac, 3a siKuii WBKUAKicTb gocsarae 63,2%
Bi[l CBOrO yCTaneHoro 3HaueHHsi Npu cTpnbkonoAibHin 3miHi BxigHOT cunu.
Ockinbkv Tm npsimo nponopLiiHa MOMEHTY iHepLii, 3MiHa NONOXeHHS BaHTaxy r

@M. Apk. No gokym. Mign. Aata
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6e3nocepeHbO 3MiHIOE Liel napameTp. 36inblUeHHA pagiyca r npusBoanTbL A0
3pocTaHHst Tm, pobnsaun cuctemy BinbLu «NOBINIBHOK» Ta iIHEPTHOH.
OpHak KiHLEBOI METO0 KepyBaHHS € NO3WLioHyBaHHSA nnatgopmu, To6T0
KOHTpOIb KyTa noBopoTy B(t). KyT noBopoTy € iHTerpanom Big KyTOBOI LUBUAKOCTI
B vaci:

t

dt

0

)JOC (2.9)

B obnacTi nepetBopeHHs Jlannaca onepaluii iHTerpyBaHHs Bignosigae
LOiNeHHs Ha 3MiHHY S. TakuM YMHOM, 306pakeHHs1 kyTa )(s noB’sidaHe i3
300paXKeHHAM LUBUAKOCTI criBBigHOWEHHAM )(1)( s

s



s .
O6’egHyto4m Lie 3 nonepeaHbo nepeaaBanbHO yHKLUIED, OTPUMYEMO
MOBHY MaTeMaTu4Hy Moaenb 06’ekTa «cuna — KyT»:

101

ssF
ssW
mm

(2.10)
Lis nepegaBanbHa yHKLis OnMCye cucTemy sik NocnigoBHe 3'eQHaHHS
anepiogMYHoi NaHky (iHepuisi Ta TepTs) Ta ifeanbHOI iHTerpyroyoi naHky (nepexia
BiA LWBMAKOCTI 40 NepeMillieHHst). 3 ToUku 30py Teopii kepyBaHHs, Takuit 06’eKT €
acTaTM4HUM nepLuoro nopsaky. Lie osHavae, Wwo cuctema He Mae hikcoBaHoro
NOMOXeHHs piBHOBaru Npu HynNbOBOMY KepyBaHHi (BoHa 36epirae nonepeaHe
MOSOXEHHS) i MOCTIHO 3MiHIOE NOMOXEHHS NPY HASABHOCTI MOCTINHOMO BXiAHOMO
BMNSMBY.
[MpakTnyHe 3acTocyBaHHSA Li€i Modeni B cepefoBuLLi cumynauii Ans
reHeTUYHOro anropuTMy BUIMSAAE HACTYMHUM YMHOM. BXigHuii Macue gaHux, wo
npeacrasnsie yHkuito cunum F(t) (reHepoBaHy XpoMOCOMOI0 anroputmy abo
KOHTpONepomMm), NoJaeTbCs Ha Bxig 6noky, Wwo peanisye nepeaasanbHy gyHKLiO
)(sW . Y undppoBomy BUrMSAAI (AMCKPETHUIA Yac 3 KPOKOM @) Le peanisyeTtbcs
Yepes pi3HMLEBI piBHAHHS. [Nepexoasyn Ha3ag y Yacoy obnacTb Yepes obepHeHe

E}SM. Apk. No gokym. Mign. Aata
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nepeTBopeHHs1 abo auckpeTusadito metogom Ennepa, oTpuMyemMo pekypeHTHy
dopmyny ans o6YMcneHHs WBNAKOCTI Ha kpoui k:
(111

kappkkk BRFJ
t (2.11)
| ANs NONOXEHHS:

tkkk 1 (2.12)
Came Ui piBHSIHHS € NporpamMHoto pearisadieto epegaBanbHOT (yHKLIT (s)
Ana obumcnoBanbHOro sapa cumynatopa.
[nsa nigBULLLEHHS! TOYHOCTI MoAerNtoBaHHA HeObBXiAHO BpaxyBaTy, Lo
peanbHa cuctema Mae HeniHIMHOCTI, AKi He YBINLWAM [0 MiHINHOT NepeaaBarnbHol
yHKUiT. 30Kkpema, Lie MOMEHT cyxoro TepTsi coulombM Ta AMHaMIYHUIA MOMEHT Big,
ancbanaHcy, BUKIUKaHWIA eKCLEHTPUCUTETOM Macu. Y CTPYKTypi Mogeni Ui
dhakTopy BpaxoByoTbCA Sk 36ypeHHst. BxigHa cuna tF nepep nogadyeto Ha
NiHINHY NaHKy KOPUrYETLCA LUMAXOM BiJHIMAHHA KOMMOHEHT CyMU MOMEHTIB
onopy.

),0sgn(1)()( rtMM
R
tFtF unbalancecoulomb
app
eff (2.13)
OtpumaHa edekTmBHa cuna efff € Tum curHanom, Skuii KMHOXUTBECA» Ha
nepenasanbHy yHkLito )(sSW (abo 06pobnseTbest pisHULEBUM PIBHAHHSM).
Takuii nigxin no3sonsie 36epertu 3pyyHy ANns aHanidy CTpykTypy nepegaBasbHOi
yHKUIT, BoOHOYAC BpaxoBytkoun cknagHy isvky B3aeMogii BaHTaxy 3
nnaTdopMoto.
MowmeHT gncbanaHcy unbalanceM BuHUKae Yepes Te, Lo npu obepTaHHi
eKCLIeHTPMYHO pOo3TaLloBaHOi Macy BUHMKAE BigueHTposa cuna rmF loadc
2.
Xouva usa cvna aie pagiansHo i He cTBoptoe 6e3nocepeaHbOro rarnbmMy4oro
MOMEHTY B ifleanbHOMy BUMNaAKy, B peanbHux NiaunHukax BoHa 36inbluye cuny



HOPMarnbHOrO TUCKY Ha Tifa KOYeHHS, Lo NPU3BOAUTL A0 3POCTaHHA MOMEHTY
TepTs. Tomy B NOBHi Mogeni koediuieHT B Moxe po3rnagatnca He ik KOHCTaHTa,

E}SM. Apk. No gokym. Mign. Aata
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a sk yHKLis Big kBagpaTy LWBUAKOCTI, abo X Lew edpekT AogaeTbcsi 4O BeKTopa
30BHILLHIX 30ypeHb.
Takum YmHoM, po3pobreHa MatemaTyHa Mogerb [03BOMSE OAHO3HAYHO
BM3HA4MTU TpaekTopito pyxy nnarcdopmu 6(t) Ta w(t) ans Byap-akoi 3agaHoi
dyHKuUiT xiaHoi cunu F(t). Mogenb BpaxoBye 3MiHy iHepLiiHUX BNacTUBOCTEN
CMCTEMM 3aNeXHO Bif pO3TallyBaHHA HABaHTaXEHHA Yepes napametp Tm Ta
3abe3aneyye MOXNMBICTb iMiTaLi Ik NepexifgHWX NpoLiecis, Tak i ycTaneHux
pexumiB pyxy. Lie cTBoptoe HeoOXifHWI chyHAAMEHT Ans po6oTy onTUMi3auiiHuX
anropuTMmiB, siki, Bapitoroun napameTpu yHKLii kepyBaHHs F(t), WwykaTuMyTb Taki
il dhopmu, Wo 3abesneyaTb nepemilleHHs nnatopmum y 3agaHy nosuuito 3a
MiHiManbHuii Yac abo 3 MiHiManbHOK eHeprieto.
2.2 Po3pobka nepenaToyHoi yHKLii KONEeKTOpHOro ABUryHa
MobynoBa MaTemMaTUYHOT MoAErNi CUCTEMU KePYBaHHS MOBOPOTHO
nnatcopmoto BUMarae AetanbHoro aHanisy AMHaMiyHUX XxapakTepucTuk
BMKOHABYOro MexaHiamy. ¥ po3rnsiayBaHii CUCTeMi TakuM MexaHi3aMOM BUCTYMae
KONEKTOPHUIA ABUIYH MOCTIAHOTO CTPYMY, SKnii 3abe3neyye o6epTaHHs
nnaTopMmn HaBKONO BepTMKanbHOI oci. MepeaaTovHa dyHKLUist LbOro ABUryHa
OMNUCY€E 3aNeXHICTb MK BXiHOK KEPYIOYOK0 HaNpPyrot Ta pesynbTyHYoto
KyTOBOH LUBMAKICTIO @60 KYTOBMM NEPEMILLEHHAM Basly.
di3nyHa Npupoaa NpoLeciB y KONMEKTOPHOMY ABUIYHI BU3HAYaETLCA
B3aEMOLIE0 eNeKTPOMarHiTHUX Ta MexaHiyHux siBuLl. Konv o o6mMoTku skopst
NpUKNagacTbCs Hanpyra, BUHUKAE eNeKTPUYHUIA CTPYM, SIKUIA CTBOPLOE
obepTanbHUii MOMEHT Yepe3 B3aeMOZito 3 MarHiTH1UM nornem crartopa. Lieii momeHT
[0Mnae MOMEHT iHepLjii poTopa Ta HaBaHTaXeHHS, a TaKoX NPOTUAIE MOMEHTY
TepTsd B NiALLUMHUKAX Ta aepoanHaMiYHOMY OMopy.
[ns BMBeAEHHSA nepeaaTovHoi dyHKLiT HEOBXiAHO PO3rnsiHYTK OBI
B3aEMONOB'A3aHi nigcucteMun. EnektpuyHa nigcuctema onncyeTbCs PIBHAHHAM ANS
KOHTYPY SIKOpsi, ie NpUKNafeHa Hanpyra BpiBHOBaXYETbCSA NagiHHSAM Hanpyru Ha

E}SM. Apk. No gokym. Mign. Oata
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aKTMBHOMY OMopi 06MOTKM, IHAYKTUBHOK CKINaJ0BO Ta eNeKTPOpPYLUINHOK
curnoto camoiHaykuii. Lle piBHSIHHA 3anucyeTbes y BUMnsAi

)O00( tk
dt
tdILtIRtU eaa  (2.14)
ne )(tU nosHayae Hanpyry XuBreHHs1, aR  siBnsie coboto akTUBHMIA onip
akipHoi o6MoTku, )(tl Bianosigae cTpymy sikopsi, aL  xapaktepuaye
iHOYKTMBHICTb 0B6MOTKM, ek NpeAcTaBrsie KOHCTPYKTUBHY MOCTIHY
NpoTVENEKTPOPYLLIAHOT cunu, a )(t BU3HayYae KyTOBY LUBUAKICTb Bany ABUryHa.
MexaHiyHa nigcucteMa xapakTepusyeTbCsl PiBHAHHSM MOMEHTIB, Ae
eneKTPOMarHiTHUA MOMEHT BUTPaYaeTbCsA Ha NPUCKOPEHHST iIHEPLNHMX Mac Ta
nofoNaHHs B'A3KOro Tepts. EnekTpoMarHiTHUin MOMEHT NPonopLiiH1 CTPyMY
SIKOPS Yepe3 KOHCTPYKTUBHY MOCTIHY MOMEHTY

))(tlktM me  (2.15)
PiBHSIHHSI pyxy 06epToBMX Mac 3anucyeTbCs sik 6banaHc MOMEHTIB

)OO( tbtM
dt
tdJ e

(2.16)

Ae J o3Havyae cymapHuUi MOMEHT iHepLii poTopa Ta HaBaHTaXeHHs, b
XapakTepusye KoeiLlieHT B'A3KOro TepTs, a iHLWi 3MiHHI BU3HAYeHi paHilue.
3acTocyBaHHs nepeTBopeHHst Jllannaca Ao umx gudepeHuianbHux piBHAHb
[03BONSIE NEPENTH B OnepaTopHy obnacTb, Ae anrebpaiyHi cniBBigHOLLEHHS
3HaYHO CrpoLLYtOTb aHani3. Mpu HyNbOBUX NOYATKOBUX YMOBaX €fIeKTpUYHe
PiBHSHHS B onepaTopHiii hopmi HabyBae BUrnsay

)OO0( skslsLsIRsU eaa (2.17)
e ss s aABnsie coboto komnnekcHy 3miHHy Jlannaca, a Benuki nitepu
no3HavarTb 306paxeHHs BigMoBiAHMX OYHKLiA Yacy. MexaHiyHe piBHSHHS B



oneparopHin dopmi 3anncyeTbcst Yepes NiACTaHOBKY eNeKTPOMarHiTHOro MOMeHTY
))()( sbslkssdm  (2.18)

BukniodeHHs cTpymy sikopsi 3 CUCTEMM PiBHSIHBb Nepeabavae BUpa3KeHHs

Oro 3 MexaHi4YHOro PiBHSIHHS

@M. Apk. No gokym. Mign. Aata
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Ta MiACTaHOBKY OTPMMAHOIo BUpa3y B €NeKTPUYHE PIBHSHHS
)00000( sk
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Micnsa po3KpUTTS AYXKOK Ta rpyrnyBaHHS YrieHiB OTPUMYETHCS
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PoskpuBatoun JoByTKM Ta NPUBOAAYM O CMiNbHOrO 3HAaMEHHUKa, MaeMo
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3Biacu nepepgaToyHa yHKLA 3a KYTOBOH LUBUAKICTIO BU3HAYAETLCS SK
BiJHOLUEHHS
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3HaMeHHUK Uiel nepeaaToyHoi yHKLii popMyeTbCs 3 enekTpomMexaHivuHux
napametpiB cuctemu. KoedilieHT npy kBagpaTi onepaTopHoi 3miHHOT JLa
BM3HaYaeTbCsl JOOYTKOM iHAYKTUBHOCTI sIKipHOT OBMOTKM Ta CYyMapHOro MOMEHTY
iHepuii. KoediuieHT npu nepomy cteneHi bLJR aa  Bknovae BNAMB SK
eneKTPUYHMX, Tak i MexaHiYH1x napameTpis. BinbHuii yneH mea kkbR
YTBOPIOETLCS MEXaHIYHUM AeMnyBaHHAM Ta enekTpoMexaHiYHUM 3B'A3KOM Yepes
KOHCTPYKTMBHI NMOCTIiNHi.

Y BaraTbox NPaKTUYHMX 3aCTOCYBaHHSX iHOYKTUBHICTb sIKIPHOT 0BMOTKM
KONEKTOPHMX ABUTYHIB HEBEMUKOI NMOTYXHOCTi BUSBMSETHCSH JOCUTL Maror
NOPIBHSAHO 3 aKTVBHWM OMOPOM, LU0 [03BOMSE 3HEXTYBATH iHOYKTUBHOO
cknagosoto Ta noknactu Oal . Take CnpoLeHHs 3MeHLLYEe NopsaoK cuctemu Ta
NpU3BOAUTb A0 NepeaaTodHoi GyHKLIT NepLuoro nopsaky

I
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BuHeceHHs1 aR 3a OyXKU y 3HAMEHHUKY A03BOMSIE 3anuncaTv nepesaToyHy
dyHKUil0 Yy cTaHAapTHIN hopMi anepiognYHOT NaHkn
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Lo ekBiBaneHTHo sanucy
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e koeiuieHT nepedadi BU3Ha4YaeTbCs sK
mea
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MepenatoyHa yHKLis 3a KyTOBOO LLUBUAKICTIO MOXe OyTu nepeTBopeHa B
nepefaTodHy yHKLit0 3a KYyTOM NOBOPOTY LUMAXOM iHTerpyBaHHs. OcKinbKku
KyTOBe nepemilleHHs )(t € iHTerpanom Big KyTOBOI LWBUAKOCTI, B ONepaTopHili
obnacTi cnpaBeAnuBe CniBBigHOLLIEHHS

s
ss)((  (2.27)
PesyneTyloda nepegatoyHa yHKUIS 3@ KYyTOM OTPUMYETLCH AiNEHHAM
nepefaToyHoi YHKLIT 3a LWBUAKICTIO HA onepaTop S
sTs
K
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Lle npeactaBneHHs MiCTUTb Yy 3HAMEHHUKY MHOXHWUK SS S, LLIO XapaKTepuaye
acTaTu3m nepLuoro NopsiAaKy Ta 3abesnedye HynboBy CTaTUYHY NMOXUGKY npwu
BiANpaLoBaHHi MOCTINHOTO CUrHany 3aBAaHHs.

disnyHa iHTepnpeTaLis oTpyMaHoi NnepefaTodHol YHKLT pO3KpUBae YacoBi
XapakTepucTukn aBuryHa. MocrTiHa yacy T BM3Haval BUAKICTb peakLji
CUCTEMM Ha 3MiHY Kepyto4voro curHany. Yvm GinbLumin MOMEHT iHepuii

—/
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HaBaHTaXXeHHs1 ab0 YMM MEHLUMI CyMapHUi koedilieHT AemndyBaHHa mea kkbR
, TUM MOBInNbHilLe cucTema gocsarae BCTaHOBIEHOro pexumMy. KoediuieHT nepeaadi
K BM3Ha4ae cniBBIAHOLLEHHSI MK MPUKNaAEeHO Hanpyrok Ta BCTAHOBEHO
KyTOBOIO LBUAKICTIO NMPU NOCTINHOMY CUrHarni KepyBaHHS.
[nsi NpakTUYHOrO 3aCTOCYBaHHSI B CUCTEMI KepyBaHHsi NnaTchopmoro
HeobXiHO BpaxyBaTu peayKTop, KM BCTAHOBMIOETLCS MK BanioM ABUryHa Ta
nnatcopmoto Anst 36inbLUEHHA MOMEHTY Ta 3MEHLLEHHS! LUBUAKOCTI. FAKLLO
nepefaToyHe YMCIo peaykTopa No3HaYUTU K ii i, TO MOMEHT iHepuii nnaTdopmu
pJ , NpuBeaeHWn 4o Bany ABUryHa, BU3HAYaeTbCS CNiBBIOHOLEHHSAM 2
P
NP
i
JJ o,
a KyToBa LUBMAKICTb NnaTtgopmu noe'a3aHa 3i LWBWAKICTIO Bany ABUIyHa SK
p

. Lle npusBoanTb Ao Moamdikauii nepeaaToqHoi dyHKLUT LsXom
[00aBaHHs MHOXHMKa
j
1 Ta 3MiHM MOMEHTY iHepuii y BUpasi 4ns nocTiHOI Yacy.
EkcnepumeHTanbHa ineHTudikauis napaMeTpiB nepeaaToyqHoi dyHKLiT MoXxe
3AiiCHIOBATUCA METOA0M aHanidy nepexigHoi xapakrepuctuku. MNogatoum
cxig4actuii curHan Hanpyrm amnnitygoto OU - Ha BXif ABUryHa Ta peecTpyoun
3MiHy KyTOBOI LUBWMAKOCTI B Yaci, MOXXHa BU3HaYUTV NOCTiHY Yacy T sik yac, 3a
AKUIA WBUAKICTb Aocsarae 3HadeHHs 0,6320 Bif BCTAHOBMNEHOIO 3HAYEHHs |, a
koedilieHT nepeaadi 064UMCNETLCA K
ou
K . AnbTepHaTMBHO 3aCTOCOBYETbCS
YaCTOTHMI MeTOoA, KON Ha BXif NOAAETbCA CUHYCOIAanbHWUIA cUrHan pisHoT
YacToTu Ta ByayTbca amnniTyAHO-4acToTHa Ta paso-4acToTHA XapakTePUCTUKN,
3 AKMX BU3HAYaIOTLCA NapameTpy nepenaToqHol dMyHKLT.
2.3 Mogenb yaapHuX i 30BHiLLHiX 36ypeHb
PeanbHa cuctema kepyBaHHsi MOBOPOTHOO NnatdopMoto Typeni yHKLioHye
B YMOBaX Pi3HOMaHITHNX 30BHILLHIX BNMWBIB, sIKi BiAXUNSIOTb CUCTEMY Bif,
3afaHoro pexwvmy pobotu. Lli BnnvBM MOXyTb MaTu pisHy npvpogay, Tpusanictb Ta

@M. Apk. No gokym. Mign. Oata
ApK.
43 KPM.AKCwm- 06.00.00.000 M3
iHTEHCUBHICTb, LLIO BUMarae AetanbHOro aHaniay ix BNAuBYy Ha AWHaMIKy cuctemu
Ta 30aTHICTb CUCTEMM KepyBaHHsI KOMMEHCYBaTU Taki BiaxuneHHsi. Po3pobka
afekBaTHOI MaTtemMaTnyHoi Moaeni 36ypeHb € HeobXiAHO YMOBOIO AN CUHTE3Y
pobacTHOI cucTemu KepyBaHHs, 3aaTHoi 3abe3nedyBati cTabinsHe
YHKLIOHYBaHHS B LUMPOKOMY Aiana3oHi ekcniyaTalinHuX yMoB.
Knacudikauisi 30BHiLLHiX 30ypeHb 6asyeTbecs Ha iX YacoBMX
XapakTepucTukax Ta isnyHin npmpogai. Hanbinbw kpuTMYHUMKM Ana cuctem
No3uLitoBaHHA BUSIBNAOTLCSA yAapHi BNIIMBK, SiKi XapaKTepU3yTbCs BENUKO
amnniTyaoko Ta Manoo TpMBanicTio. Taki BIANBY MOXYTb BUHUKATU BHACMIAOK
MeXaHi4YHMX NMOLUTOBXIB KOHCTPYKLIi, BibpaLii Big cymibkHOrO obnagHaHHs,
Pi3k1X 3MiH HaBaHTakeHHs1 abo aepoaMHaMiYHMX NopuBIB BITPY. MaTtemaTnyHe
npeacTaBneHHs Lmx 36ypeHb NOBMHHO BigobpaxaTu ixX iMNynbCHWUI XapakTep Ta
BpPaxoBYyBaTH iHEPLiHI BNACTUBOCTI MEeXaHi4HOi cuctemu.
IMNyNbCHI MOMEHTU NPeACTaBNsOTL COO0K KOPOTKOYacHi obepTanbHi
BNAMBU Ha Nnatopmy, SKi MOXHa onncaTn Yepes 3MiHy KyTOBOrO MOMEHTY
cuctemu. 3rigHo 3 TEOPEMOID NPO 3MiHY KYTOBOrO MOMEHTY, iMMyNbC MOMEHTY
[OPIBHIOE 3MiHi KyTOBOro MOMEHTY TBEPAOrO Tina

tt
t
0
0
JdttM )(
(2.29)
e )(tM nosHavae 30BHiLLHI 06epTanbHWU MOMEHT, LLO i€ NPOTAroM



KOpPOTKOrO iHTepBany Yacy t, J siBnsie coboto MOMeHT iHepLii nnaTtcopmu
BiJHOCHO OCi 06epTaHHs, a Aw xapakTepu3ye MUTTEBY 3MiHY KYTOBOI LUBUAKOCTI
BHacnigok yaapy. Ons iMnynbcHOro BNAvMBY TpMBanicTio, sika HabaraTo MeHLwwa 3a
XapaKTepHWIN Yac CUCTEMU, MOXHa 3anucaTtu

tt

t

0

0

dttMS )(
(2.30)
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ne S npeacTaensie iMnynbC MOMEHTY, WO Aie Ha cucTemy. Llen imnynbc
CNPUYMHSIE MUTTEBY 3MiHY LLIBMAKOCTI
J
S

(2.31)
sika Aani BignpaubOoBYETLCS CUCTEMOK KEPYBaHHS SIK MOYATKOBE BiAXUIEHHS
Bi 3a4aHOTr0 pPeXumy.
MaTematuyHe MofentoBaHHs iMMynNbCHOrO BMNMBY B YacoBiin obnacTi
3AINCHIOETBCA Yepes aenbra-yHkuito [ipaka, ska onvcye ineanisoBaHun
MUTTEBWI BNINB

))( OttStM imp ~ (2.32)
ne )( Ott nosHavae genbra-yHKUio B MOMeEHT Yacy Ot . Y peanbHux
cucTemax iMnynbC Mae CKiHYeHHY TpuBanicTb, ToMy BinbLL afeKkBaTHOK MOAENo
BUCTYNA€e NPAMOKYTHUIA iMMyNbC

iHWwe
ttttM
tM imp
000

,0

X
(2.33)

ne OM osHavae amnniTyay MOMEHTY, a t xapakTepuaye TpuBanicTtb
BNNMBY. IMNynNbC MOMEHTY B LibOMY BuUnaaky AgopisHioe tMS 0, wo gossonsie
noB'sa3aTv napameTpu Mogeni 3 hisNYHUMK XapaKkTepucTukamm 36ypeHHs.
KopoTkouacHi 30BHiLLHI cunu, npuknagexi o nnatdopmmn Ha geskin
BiACTaHi Big oci 06epTaHHs, CTBOPIOOTL 06epTanbHUn MOMEHT 3rigHO 3
dyHAaMeHTanbHUM CniBBIAHOLLEHHAM

rtFtM )()( (2.34)
e )(tF nosHayae BENUYMHY 30BHILLHBOT CUNK, @ I XapakTepuaye nneye
CUnK BiQHOCHO oci o6epTaHHst. [Ins TypenbHOi yCTaHOBKM Taki CUMN MOXYTb
BMHMKATW Bif BigAadi npu ctpinbbi, aepoanHamiyHoro Tucky abo mexaHiyHoro
KOHTaKTy 3 nepeLukogamu. MoaentoBaHHs 4acoBOi 3aNeXHOCTi CUn
3MiMCHIOETLCSA Yepes eKCMOHEHLINHO 3aTyxatouy (yHKLI0

@M. Apk. No gokym. Mign. Aata

ApK.
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)O(0

X

0 0 ttHeFtF

tt  (2.35)

ne OF siBnsie co6oto moyaTkoBy amnniTydy CUIM, XapakTepusye

LwBMAKicTb 3aTyxaHHs, )( OttH npepcTtaBnse dyHkujito XeBicanaa, sika

3abe3neyye NpUYMHHICTb BNMBY. BianoBigHMIA MOMEHT 3anncyeTbest Sk
)O(0

X
0 0 ttHeMtM

tt  (2.36)
ne rFM 00 Bu3Havae noyaTkoBy amnniTyay 06epTanbHOro MOMEHTY.



Bnnue iMnynbcHoro 36ypeHHs Ha AMHaMiKy CUCTEMU MOXHa
npoaHanisyBaTtu Yepes nepeTBopeHHs Jlannaca. 306paxeHHs iMnynbCHOro
MOMEHTY Y BUMMSAI MPSAMOKYTHOTO iMNYrbCy BU3HAYaETLCH SK

s
eMsM
ts
imp

1)(0
(2.37)
[ns kopoTkoro iMnynbey, konn t, a OM Tak, Wwo AobyTok
StM 0 3anuwaeTbes CKIHYEHHUM, 306paXKEHHSI CNPOLLYETLCSA A0
SsMimp )( (2.38)
LLIO BiAnoBigae BNacT1BOCTI NnepeTBopeHHs Jlannaca ansa gensra-yHKLUii.
3006pakeHHs1 EKCMOHEHLINHO 3aTyXar4yoro MOMEHTY Mae BUMsA,

s
MsM 0)(

(2.39)
KU XapakTepusye anepiognyHuin nepexigHuin npouec y cuctemi.
Peakuis cuctemmn Ha iMnynbcHe 36ypeHHs1 BU3HAYaETbCs Yepes3 nepeaTodHy
YHKLiO 3aMKHEHOT cucTeMn KepyBaHHS. FAKLO nepeaaTodHa dyHKLis
PO3iIMKHEHOT CUCTEMMU 328 MOMEHTOM 30ypEeHHs1 0 KyTa NOBOPOTY MO3HAYUTU SK
)(sWm , a nepegatoyvHa dyHKUist perynsaTopa sk )(sWR , To nepegatodHa gyHKUis
3aMKHeHOI cucTemMm Bif, 30yproro4Oro MOMEHTY A0 BUXiAHOrO KyTa HabyBae
BUIMSAY

@M. Apk. No gokym. Mign. Oata
ApK.
46 KPM.AKCwm- 06.00.00.000 N3
o

)O(
sWsW

sWs
R
M
M

(2.40)

ne )(sW aBnsie coboto nepenatodHy yHKLito 06'ekTa kepyBaHHS.
BioxuneHHs kyTa Bif 3ag4aHoro 3Ha4eHHs nif, 4ieto iMnynbCHOro MOMEHTY
BM3HaYaeTbCs K

)( sMs(s) impMa6yp| ~ ( 2.41)
AHani3 nepexigHoro npowecy B YacoBiini 06nacTi 34iNCHI0ETLCA Yepes
obepHeHe nepeTBOpeHHs Jlannaca oTpMMaHoro B1pasy.
[ns cuctemn 3 Ml-perynaropom, nepeaatodHa yHKLiS SKOro 3anncyeTbest
y BUMsAi

s
KKsW IPR )(

(2.42)
Ae PK  xapaktepuaye nponopuinHy cknagosy, a IK Bu3Havae iHTerpanbHy
CKrnajoBy, 3aMKHEHa cuctema 3abesnedye actatuam nepLioro nopsaky. Lie
O3Hayae, Lo npu Aii NoCTiHOro 36ypioovoro MOMEHTY cTaTu4Ha noxmbka
NO3MLLIOBaHHA JOPIBHIOE HYMIO 3aBASAKV iHTErpanbHiii cknagosin perynatopa. [ns
iMNynbCcHOro 36ypeHHsi crucTema NoBePTaETLCS A0 3a4aHOT0 MOMOXEHHS nicns
nepexiaHoro Npouecy, xapakTep SKOro BU3Ha4aeTbCs HanalTyBaHHAMMN
perynsTtopa.
MepeBipka BigHOBNEHHS KepyBaHHSA nicnsa 30ypeHHs nepeabavae aHani3
yacy Ta xapakTepy nepexigHoro npouecy npv BignpavoBaHHi iMNynbCHOTO
BNNMBY. Kputepisammn AKOCTi BiHOBMNEHHS BUCTYNalTb Yac perynioBaHHs,
MaKkcumarnbHe BiAXUNEHHS Bif 3a4aHOoro NosioXKeHHs Ta XxapakTep KonueansHOro
npotecy. Yac perynioBaHHsa pt  BU3Ha4aeTbCA K MiHIManNbHUIA Yac, nicns Akoro
BIAXWUMEHHSA CUCTEMUN HE BUXOAWTL 3@ MEXi 4ONYCTUMOI 30HU

[Peanttt ) (2.43)

E}SM. Apk. No gokym. Mign. Aata
Apk.
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e nosHavae JonycTUMy noxvbky nosuuitoBaHHsl. MakcumanbsHe

OMHaMivHe BiOXUMEeHHS max XapakTepuaye HanbinbLie BiAXWeHHs nnaTdopmm
nig Yac nepexigHoro npowecy

3an
tt
t

)(max
0
max

(2.44)
CTyniHb KONMBaNbHOCTI NEPeXiAHOro NPOLECY OLIHIETLCS Yepes
nepeperynioBaHHsi, sike A CUCTEMU MO3ULiIoOBaHHSI Mae ByTu MiHiMansHUM Ansi
3abe3neyeHHst TOYHOro HaBedEeHHs Typeni.
Yncnose mMofentoBaHHs peakuii ccTeMu Ha iMnynbCHi 36ypeHHst
3OINCHIOETLCA LUNAXOM PO3B'A3aHHS AudepeHuianbHUX piBHAHb CUCTEMU 3
BiAMOBIAHVMMW NOYaTKOBMMM yMOBamu. [Mpu imnynbCcHOMy BrnmnBi B MOMeHT Ot
noYaTKoBi YMOBW AN1s1 KyTOBOT LUBUAKOCTI MOANMDIKYOTLCS 3rigHO 3i
cniBBigHOLIEHHAM
)()(00tt, ped
S

BU3Ha4ae cTpubok

wemAakocTi. Moganblua eBontoLisi CUCTEMU OMUCYETLCSA 3BUYANHUMMW PIBHAHHSAMU
pyxy Mifg Qi€to Kepyo4oro BAMAMBY Bif perynstopa, Ak1il HamaraeTbes
KOMMEHCYBaTU BUHUKITY MOXMOKY NO3WLitOBaHHS.

MpakTnyHa peanisauis Mogeni 36ypeHb y cepefoBULLi MOAENoBaHHS
nepen6avae reHepalito BUNagKoBMX iMNynNbCHUX BNAUBIB 3 3a4aHUMU
CTaTUCTUYHUMM XapakTepuctTmkamu. AMNiTyAa iMnynbciB MOXe po3noginatucs
3a HOpMarnbHUM 3aKOHOM 3 MaTeMaTUYHUM cnodiBaHHaM S Ta
cepeiHbOKBaAPaTUYHUM BIAXUINEHHSAM S |, @ MOMEHTU BUHWUKHEHHS 30ypeHb
BM3HAYaKTbCS MyacCOHIBCbKMM NPOLIECOM 3 iHTEHCUBHICTIO . Taka cToxacTuyHa
Mopernb [03BONSE OLHUTU POBACTHICTE CUCTEMM KEPYBaHHS B YMOBaxX
peanicCTUYHOro BMMNaAKOBOrO HaBaHTaXEHHS.

2.4 UncbpoBuin ABINHMK CUCTEMUN KePYBaHHS MnaTgopmotro

Po3pobka LudpoBoro AgiiHMKa CUCTEMU KEPYBaHHS MOBOPOTHO

nnatcopmoto nepenbayae CTBOPEHHS AUCKPETHOT MoZENi, Ska iMiTye peanbHy

E}SM. Apk. No gokym. Mign. Aata
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noBefiHKy MexaHiYHOT cucTeMu 3 ypaxyBaHHSIM AUHAMIKM ABUTyHA, iHepLUIiHNX
BNacTuBOCTEN NNaTopmMm Ta 3BOPOTHOIO 3B'A3KY Bif AaT4MKa NONOXEHHA. Taka
Mopfernb [03BOMSE NPOBOANUTY HaNalUTyBaHHS PErynsaTopis, TECTYBaHHSA
anropuTmiB KepyBaHHS Ta OLiHKY SKOCTi nepexigHux npoueciB 6e3 HeobxiaHoCTi
eKCrepuMEHTIB Ha pearnbHOMY 06nagHaHH.
BasoBa cTpykTypa LuMdpoBoro ApifiHUKa CKNagaeTbCs 3 AEKiNbKOX
B3aeMOMNoB'A3aHux Gnokis. MepLunii 6rok Moaerntoe enekTpuYHy AnHamiky
OBUryHa, Apyrvii Bigobpaxae MexaHiuHy AuHamiky obepTaHHs nnatcopmMu, TPETIn
iMiTye poboTy AaTymka NonoxeHHs. 3B'A30K Mixk Briokamu 3AiNCHIOETbLCS Yepes
0OMiH 3MiHHMMU CTaHy Ha KOXXHOMY KpOLi AUCKpeTn3aLlii 3a YacoM.
MogaentoBaHHSA KONEKTOPHOro ABUryHa 6asyeTbes Ha AgudepeHuiansHomy
PiBHAHHI AN CTpyMy sikopsi. SAKLO A0 ABUrYHa npuknageHa Hanpyra U , To
LUBMAKICTb 3MiHN CTPYMY BU3HA4YaETLCA PiBHAHHAM
)(1ea
a
kIRU
Ldt
dl
(2.45)
ne | nosHavae cTpym sikopsi, aL  xapakTepusye iHAYKTUBHICTb 0BMOTKM,
aR npepacTaBnsie akTuBHWIA onip, ek SIBNsiE COBO0 KOHCTPYKTUBHY MOCTIHY
NPOTMENEKTPOPYLUINHOT CUMK, @ BU3HAYae NOTOYHY KYTOBY LUBUAKICTb Bany.
[ns manux ABUryHIiB iHAYKTUBHICTb YaCcTO Mana i MoXHa BUKOpPUCTaTK CNpoLLEHY
mMopernb, Aie CTPYM BCTAHOBMIOETHCS NPAKTUYHO MUTTEBO 3riAHO 3 anrebpaiyHnm



CniBBigHOLIEHHAM

a
e
R
kUl (2.46)
EnekTpomarHiTHUA MOMEHT ABWUIyHa NPOMOPLiHWUIA CTPYMY SIKOpsi Yepes
KOHCTPYKTUBHY MOCTINHY
IkMme (2.47)
Llei MOMEHT NpuKNagaeTbCcsa 4O MEXaHIYHOI CUCTEeMU i BU3HAYaE i
obepTanbHuii pyx.

ELM. Apk. No gokym. Mign. Aata
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MexaHiyHa AvHaMika nnatdopmu onUCyeTbCS PiBHAHHSAM 06epTanbHOro
pyXxy TBEpPAOro Tina HaBKOMNO HePYXOMOI OCi. PIBHAHHA MOMEHTIB 3anncyeTbes y
BUrNAA|
HaBaHTTep@ MMMdt
dJ (2.48)
Ae J o3Havyae cymapHuUiA MOMEHT iHepuii nnatdopmu pasoM 3 poTopom
[OBUryHa i TYPEenbHO YCTaHOBKOO, Tep@ XapaKkTepusye MOMEHT TepTs, a
HaBaHT@ NpeacTaBnsie MOMEHTU Bif 30BHiLLHIX 30ypeHb. MoMeHT TepTs
3a3BMYan MOAENETLCA K KOMBIHALSt B'A3KOro TepTs Ta KyfOHIBCbKOro TepTs
)( signMbM (2.49)
Ae b BusHavae koedilieHT B'A3Koro Tepta, a cM  xapakTepusye BenuymHy
cyxoro TepTs. KyToBe nonoxeHHs nnatopMu BU3HAYaETLCS iHTErpyBaHHAM
KyTOBOT LUBMAKOCTI

dt
d (2.50)
[OuckpeTnsauis umx gudepeHuianbHNX PiBHSHb 32 YaCOM 3A4INCHIOETHCS
METOA0M YUCENbHOrO iHTerpyBaHHs. Hannpoctiwmm nigxogom € meton Ennepa,
AKWIA anpOKCUMYE MOXIiAHY CKIHYEHHO0 pisHuLeto. [Insa KyTOBOI LIBMAKOCTI Ha
Kpoui 1n oTpumyemo

))((1 ncnenn signMbMJ
t

(2.51)
ne t nosHayae Kpok AuckpeTmsaLii 3a Yacom. [Ins KyTOBOrO NMooXeHHs!
BiAINOBIAHO MaemMo

nnnt 1 (2.52)
Binblw TouHMM € meTof PyHre-KyTTa apyroro nopsaky, Skuii Bpaxosye
3MiHy NOXigHOI BcepeauHi iHTepBany iHTerpyBaHHsi. [poMixXHe 3Ha4YeHHs!
LUBMAKOCTI 0B4MCNIOETLCS AK

I
2 I'IpOM
signMbM
J
t

(2.53)

E}SM. Apk. No pgokym. Mian. Aara
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MicNs Yoro KiHLEeBe 3Ha4YeHHs BU3Ha4YaeTbCs Yepes

N((1 npom@npom signMbMJ
t

(2.54)
AHanoriyHo ANA NOJTIOXEHHA CnoYaTky obuncnoeTbea I'IpOMi)KHa TO4YKa

(nnnpom
t
2

, @ NOTiM KiHLEeBE 3Ha4YeHHs npom@t 1.



MogentoBaHHSA AaTuvKa NONOXEHHS BPaxoBYeE NOro AUCKPETHICTb,
3aTPUMKY Ta LUYM BUMIpIOBaHHS. PeanbHi AaTyunkn MaloTb CKIHYEHHY po3aifibHy
30aTHICTb, TOMY BUMIPSIHE 3HAYEHHS! KyTa KBaHTYeTbCs
min
min

roundBum ( 2.55)
[e min  xapakTtepusye po3fifnbHy 34aTHICTb AaTyuka. 3aTpumka aartymka
MoZentoeTbCs Yepes Bydep nonepeaHix 3HaveHb, 3 AKOro 6epeTbcs 3Ha4eHHs Ha k
KPOKiB Ha3ag
k)-(n(n) Bumpat4y  ( 2.56)

ne )( troundk gaty  BM3Ha4YaeTbcst YacoMm 3aTpuMkm aaty . Lym
BUMIipIOBaHHS [JOAAETLCA SK BUMNAAKOBA BEMUYMHA 3 HOPMaIIbHM PO3nodinomM

patusum  ( 2.57)
ne )N(0, 2gaty  npeactaensie 6inuii Wym 3 gucnepciero
2
nartd .
Kepytouni Bnnune Ha ABUryH POPMYETLCSA Y BUTMAI HANPYrN XUBNEHHS,
sika obMexeHa MakCcuMasbHUM 3HaYEeHHSIM Hanpyry J)kepena X1BMNeHHs.
ObBMexeHHs1 peanisyeTbCst Yepes YHKL0 HAaCUYeHHS

max
maxmax
max

’

uu
uuu

max
max
pean (2.58)
Takox HeobXigHO BpaxoByBaTh OOMEXEHHS LUBMAKOCTI 3MiHW HaNpyru, sike
BM3HAYaETbCA IHEPLIHICTIO CUIOBOI EMNEKTPOHIKM

maxvdt
du

(2.59)

@M. Apk. No gokym. Mign. Aata
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LLIO B AMNCKPETHIN bopMi 3anmncyeTbCs AK
tvUU nn max1 (2.60)
CTpyKTypa nporpamHoi peanisaduii umgpoBoro ApiiHuka nepenbavae
CTBOPEHHS kracy abo Habopy yHKLIi, SKi iHKancynoTe CTaH cuctTemMu Ta
HapatoTb iHTepderic ans B3aemopii. CTaH cucteMu BKIOYAE NOTOYHI 3HAYEHHS
KyTa , KyTOBOI WUBUAKOCTI , CTPyMy ABuryHa | Ta icTopito BUMiptoBaHb
[aTyvka Ans MoAentoBaHHS 3aTpuMku. [apameTpy cuctemu 3agatoTbCcs nNpu
iHiLjiani3auii i BKNoYaloTb MOMEHT iHepLii J , koediuieHT TepTa b , MOMEHT
cyxoro Tepta cM , napametpu aBuryHa aR , aL , mk , ek , napametpu garyvka
farygarty , ,min Ta napameTpu anckpetm3adii t .
OCHOBHMI MeToA LMPOBOro ABiliHMKA BUKOHYE OAMH KPOK CUMYNALi i Mae
CUrHaTypy BUAY KPOK cuMynaLii 3 BXiAHUMM napameTpamu Kepytoda Hanpyra Ta
MOMEHT 30ypeHHst | BUXOAOM MOTOYHUI CTaH cuctemn. Becepeamni metony
NOCNi0BHO BUKOHYIOTbCS 0BYMCIIEHHS CTPYMY ABUrYHa 3a NOTOYHOK HaMpyrow i
LUBUAKICTIO, €MEKTPOMArHiTHOro MOMEHTY, HOBOI KyTOBOI LLUBMAKOCTI 3
ypaxyBaHHSIM MOMEHTIB TepTs i 36ypeHHs, HOBOrO KyTOBOMO MONOXEHHS
iHTErpyBaHHSAM LUBUAKOCTI, BUMIPSHOIO 3HA4YEHHS Bif AaTynka 3 ypaxyBaHHAM
KBaHTYBaHHs 3aTPUMKU i Lymy. MeToz noBepTae CTPYKTYpy 3 MONsSIMU KyTOBE
MOMNOXEeHHS!, KyTOBa LUBMAKICTb, CTPYM ABUryHa Ta BUMIPSIHE NMOMNOXEHHS Bif
Aatyvka.
[ins TecTyBaHHA perynaTopis LMdpoBUiA ABIHUK BUKOPUCTOBYETLCH B
LMKNi cUMynauii, Ae Ha KOXHOMY KpoLi perynsatop oTpyMye BUMIpSIHE MOMNOXEHHS



[aTyvka i 3afaHe NonoxeHHs, 064MCIOe KEPYYNIA BMNNB, SKUIA NOAAETHCS Ha
BXif, ABilHKKA, MicNgA Yoro ABIVHMK NOBEPTaE HOBUM CTaH cuctemu. Linkn
NMOBTOPIOETLCS 40 AOCATHEHHS 3a4aHOr0 Yacy cuMynsiii abo BUKOHAHHS KpUTEpito
3ynuHkW. Pesynstati cumynsuii 3éepiratoTbes y BUrNa4i YacoBux psais Ans
noJarnbLUIoro aHanisy Ta Bidyanisauii nepexigHux npouecis.

Banigauis undgpooro AgiiHMKa 34iNCHIOETECA MNOPIBHAHHAM MOrO BiAryky 3
eKkcrnepuMeHTanbHUMK aHUMK peanbHoi cuctemmn abo 3 aHaniTUYHUMK
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po3B'A3KkaMu A4nsi CnpoLeHnx Bunaakis. Npun BiACYTHOCTI 30BHiLLHIX 30ypeHb i
NPOCTOMY KepyBaHHi NMOCTIHOI Hanpyro nepexigHui npolec Mae signosigatu
anepioAnYHin NaHui NepLIoro NopsaKy 3 MNOCTIVHOK Yacy
a
me
R
kkb
JT

BigxuneHHs Big aHaniTM4HOro po3B'sA3Ky XapaKTepu3ye TOYHICTb YNCENMbHOMO
MeToay iHTErpyBaHHs Ta afeKkBaTHICTb 06paHoro Kpoky AnckpeTusaii.

Bubip kpoky anckpeTn3auii t BU3Ha4aeTbCs KOMMPOMICOM MiXK TOYHICTIO
MOZEemNBaHHA Ta WBUAKICTIO obumcneHb. [4nsa 3abe3nevyeHHs CTiINKOCTi meToay
Eiinepa HeobXxiaHO BUKOHaHHSI yMOBU

a

me

R

kkb

Jt

2 , Tofi Ak ans metoay PyHre-

KyTTa ust ymoBa MeHLL xopcTka. Ha npakTuui kpok AnckpeTu3auii obupaetbes B
[ecsATb pasiB MEHLUMM 3a MOCTIlHY Yacy cucTemu, Wwo 3abesneyye 4OCTaTHIO
TOYHICTb 6€3 HagMipHMX oBYMCnioBanbHUX BUTPAT.

E]BM. Apk. No gokym. ign. ara
Apk.
53 KPM.AKCwm- 06.00.00.000 M3
3. PO3POBKA MOJET KEPYBAHHA MNAT®OPMOIO I3
BUKOPUCTAHHAM HEMPOMEPEXI
3.1 O6rpyHTyBaHHS BUGOPY METOAY HaBYaHHS B yMOBaX BiICYTHOCTI
anpiopHUX AaHnx
Po3pobka iHTenekTyanbHUX CUCTEM KepYBaHHS ANa eneKTpoMexaHiqYHnX
06'ekTiB hyHAAMEHTaNBHO BiAPI3HAETLCS Bif KNAcUYHKX 3a4ay MalUMHHOMO
HaBYaHHS, TakUX sk po3ni3HaBaHHs 0bpasiB abo 06pobka NpupoaHoi MoBu. Y
TpaauuinHomy niaxopai, BiGOMOMY sIKk HaB4aHHs 3 yuutenem (Supervised
Learning), knto4oBMM €NeMEHTOM YCriXy € HasiBHICTb BEMMKOro, PO3MiYeHOro Ta
BepudikoBaHoro Habopy AaHux — pataceTy. Llei Habip aaHux BucTynae B poni
eTarnoHy, KU MICTUTb TUCAYI Nap NpVKNaaiB «BXiAHI AaHi — npaBunbHa
BignoBiab». Hanpuknaa, Ans HaB4aHHS HeMpomepexi po3nisHaBaTh PyKONUCHUIA
TEKCT, HeobXiAHO HafaTK i BennM4esHy KinbkicTb 306paxeHb CMMBONIB, Ae ANs
KOXHOro 300paxeHHs YiTKO BKa3aHo, sika Le nitepa. Y npoueci HaB4aHHS Mepexa
MiHIMi3y€e pi3HULIO MiX cBOIM nepegbayeHHsM Ta LM eTanoHom. OgHak npu
cnpobi NnepeHecTu Lo Noriky Ha 3agadvy KepyBaHHS AMHAMIYHOK MeXaHiuHO
nnatopmoro AOCMIAHNK CTUKAETLCA 3 HenepebOopHO0 NepeLLKOAoLo, Ska nonsrae
y hi3NYHIN BIACYTHOCTI TaKOro eTanoHxy.
Mpobrnema nonsirae B TOMy, LLO ANt CTBOPEHHS AaTaceTy Ans HaB4aHHs
HENPOKOHTpOriepa HaM Bxe MOTPIOHO MaTy ifearnbHUn KOHTponep, sk 6u
3reHepyBaB Ui AaHi. Akbu My Mornu 3anncaTv TUCAYi NpuKnagie ineansHoOro
KepyBaHHS, e AN KOXHOro NMOMOXeHHs NnaTdopmm Ta KOXHOT MUTI vacy
BiOMUWI MaTeMaTn4HO 6e3goraHHUIA Kepytodmnii curHan ABuryHa, Le osHadvarno 6,
LU0 3afa4a kepyBaHHS Bxe BupilleHa i notpeba y po3pobui Herpomepexi
Bignagae. Cnpoba BMKOpUCTaTU SK «yumnTens» knacuyHui MIQ-perynsatop Takox e
MOMUNKOBUM LUNSXOM. AKLLO HABYMTU HEMPOMEPEXY Ha AaHUX, OTPUMAHWX Bif,
MIA-perynatopa, BOHa B HaWKpaLLOMy BUNAAKY fMLLE CKOTMItOE NOro NOBeAiHKY,



ycnajaKyBaBLUW BCi MOTO HEAOMiKW, TakKi SIK NepeperynioBaHHs, NoBirnbHa peakLis
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Ha 36ypeHHs abo cTaTnyHa nomurka. Hawwa x MeTa nonsirae y CTBOPEHHi cucTemu,
siKa NepeBepLUYE KNAaCUYHi anropuTMu, a He iMiTye ix. Mu nparHemo 3HanTu
CTparTerito KepyBaHHS, sika, MOXIUBO, € HEOYEBUAHO ANSA NI0ANHKU-onepaTopa
abo 3aHaATO CKMafgHoK ANt onucy NiHIMHUMKW 3aKOHaMK PerynoBaHHS.
Burixoasum 3 uboro napafokcy — HEMOXIIMBOCTI HABYMTU CUCTEMY Ha
npuknagax, ockinbku NpuKNaau ineanbHoi NoBeaiHKA e He iCHYI0Tb, — €AUHUM
MOXIIMBUM LLNSXOM CTa€ BUKOPUCTaHHS METOAIB HaBYaHHS Yepes B3aeMogito. Y
[naHi poboTi 3acTocoBaHo Miaxia, Wwo 6asyeTbca Ha EBONOLINHNX CTpaTerisx Ta
NpUHLMNAax HaB4YaHHS 3 MigKpinneHHsM. Lis napagurma 3amiHioe ponb faHux y
npoLeci HaB4aHHs. 3aMiCTb MNACMBHOIO aHari3y CTaTU4YHOro apxiBy «MPaBUMBHUX
BigNOBiAeN», HEMPOHHA Mepexa NepeTBOPIOETLCS Ha akTUBHOTO areHTa, sikun
CaMOCTIViHO reHepye AaHi y npoLeci B3aemogii 3 cepeposuLleM. MNMpouec HaBYaHHSA
TpaHCOPMYETbCH 3 3anam'sTOBYBaHHS €TanoHIB y NpoLec NoLUyKy OnTUMarnbHOI
noBeiHkK Wwnsxom cnpob i nomunok. Cuctema reHepye Kepytodi curHanu,
cnocTepirae 3a peakujieto nnaTtgopmu 1 OTPUMYE OLIIHKY CBOIX Ail Yeped dyHKLio
NPUCTOCOBAHOCTI.
Takuii nigxin Haknagae cneumdiyHi BUMOrn [o po3yMiHHSA o6'ekTa
KepyBaHHS CaMOto HeipomMepesxeto. Y Knacu4Hii Teopii aBTomaTu4Horo
KepyBaHHS po3pobka KOHTporepa NoYNHAETbCS 3 BUBEAEHHS AndepeHLianbHuX
PiBHSAHb, O ONUCYIOTL (Di3NKY NPOLIECY: MOMEHTU iHepLii, koedilieHTn B'a3Koro
TepTs, iHAYKTVBHICTL 0BMOTOK ABUryHa TOLLO. HaToMiCTb, y 3anpornoHoBaHOMY
niaxoAi HeMpoHHa Mepexa po3rnsaae 06'ekT KepyBaHHSA SIK K4OPHY CKPUHBKY». Lie
O3Havae, LWo Mepexi He NoBIAOMINSATLCS 3aKOHN hi3nKKM, 32 SKMMU DYHKLIOHYE
nnatcopma. BoHa He mae BOyAOBaHMX 3HaHb NPO Te, WO cuna CTpyMy BUKIUKaE
obepTanbHUii MOMeHT, abo Lo LWBUAKICTL € NOXIiAHOW Big koopauHatu. Ha
noyaTky npoLiecy HaB4aHHs Mepexa € tabula rasa — ynucTum nuctom, a i
iHiLiani3ayis BUNagkoBUMK BaraMun Npu3BOAUTb 40 XaOTUYHMX PyXiB nnatopmu.
EmnipnyHe HaB4aHHS BiAOyBaETbCSA HACTYMHUM YMHOM: Mepexa nopae
CUrHan Ha BipTyanbHuii ApaiiBep ABUryHa i Yepes BXigHi ceHcopu (ikcye 3MiHY
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CTaHy cuctemn. SKLLO NOAAHWI CUrHamn Npu3BiB A0 3MEHLLIEHHS NOMUITKA
PO3y3rofPKeHHsI Mi>k MOTOYHOIO Ta LiNbOBOI NO3ULLiEt0, BHYTPILLHA CTPYKTYypa Bar
Mepexi 3aKpinsntoe Len natepH noBeaiHku. AKLWO X AiT npu3Beny A0 BiAXUNeHHSs
BiA Lini abo HecTabinbHOCTI, eBOMIOLiHWIA anropUTM BiABpakoBye Taky rinky
HanawTyBaHb. 3 YacoM, Yepes MiNnbioHW iTepaLin cumynsauii, y NpuxoBaHnx
Lapax Hermpomepexi, 3okpema y pekypeHTHUX briokax, hopMyeTbCa HesiBHA
mogenb gis3unku 06'ekta. Mepexa «BuBYae» iHepLito He sk dpopmyny $J \cdot
\varepsilon = M$, a sik Big4yTTs TOro, Lo Micns nogadi noTy>KHOro iMnynbey
nnatcopma npogoBXyBaTUME pPyX AESKUIA Yac 3a iHepLieto, | ToMy HeobxigHO
3aBYacHO noyaTtu raribMyBaHHsl. BoHa «BUBYaE» TepTs sk Onip, SKUA HEOBXiaHO
nogonat MiHimanbHUM NOPOroBUM 3yCUNIAM.
Lis KoHUenUis «4OPHOI CKPUHBKU» € KPUTUYHO BaXKIIMBOID MNEPEBArOH0.
BoHa pobuTb cuctemy iHBapiaHTHOK A0 CKNaAHOCTI MatemaTuyHoi mogeni. Ans
HeripoMepeXi He Ma€ 3Ha4YEeHHS, Y/ ONUCYETLCS TEPTHA NPOCTO NiHINHOK
3anexHicTio, YM CKnagHo HeniHinHoto dyHKuieto CTpibeka — BoHa aganTyeTbCst
[0 pearnbHoi peakuii 06'ekTa, skoto 6 cknagHot BoHa He Byna. OpgHak, Takui
METOA, HaBYaHHS BUMarae KonocarbHOI KiflbKOCTi EKCNEPUMEHTIB, SiKi HEMOXITMBO
npoBecTn Ha isnyHoMy obnagHaHHi Yepes pU3KMK NOro MOLLKOAXKEHHS Ta YacoBi
obmexeHHs1. Came TOMY HEBIA'EMHOIO YaCTUHOO po3pobneHoi MEeTOAMKM €
BMKOPUCTaHHSA BUCOKOTOYHOIO LiMdpoBoro AgiviHuKa. Lindoposuin ABiNHMK
BUCTYynae 6e3neyHumM noniroHoM, ie Nonynsilisi HeMPoMepeXx MoXe 3AiNCHIoBaTH
MinboHM cnpob KepyBaHHS, BKIOYauM aBapiliHi pexumu, 6e3 )XoaHux
maTepianbHux BTpaT. Tinbkn 3aBASKM NOEAHAHHIO €BOSMOLINHOIO MOLLYKY
onTMMarnbHOT cTpaterii Ta BUCOKOLLBUAKICHOT CUMynsALii Ha LM poBOMY ABIHUKY
CTa€e MOXIMBUM CUHTE3yBaTV KOHTPONEp, SKWii NepeBepLLye TpaauLiiHi meToau,
He Mato4u Npu LbOMY XOAHOTO NPUKNazay «NpaBUnbHOTO» KepyBaHHS Ha CTapTi.
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3.2 ®opmyBaHHs BXiQHOro BEKTOpa CTaHiB Ta nonepeaHs obpobka

[aHnx HeipoMepexXeBOro KOHTponepa

MpoekTyBaHHs BXigHoro wapy (Input Layer) € noyatkoBuin eTanom

po3pobKM apXiTEKTYPU HEPOHHOT Mepexi, OCKiNbku came Lien iHTepdeiic
BM3Havae, K iznyHa peanbHiCTb MexaHiqHOT nnaTtgopmm TpaHchOpMyETLCA Y
abcTpakTHi MaTemaTuyHi TeH30pK, 3po3yMini anropuTMy KepyBaHHs. FKICTb,
noBHOTa Ta hopmaT nogavi BXigHMX AaHux 6e3nocepeaHbo BNAMBaTL Ha
30aTHICTb Mepexi 3HaxoAUTN ONTUMarnbHi cTpaTerii kKepyBaHHSA Ta LWBWAKICTb
36KHOCTI anropMTMy HaB4aHHS. Y po3pobreHilt cucTeMi BXiHWUI BEKTOP CTaHiB
chopMOBaHO 3 TPbOX KIHOHYOBUX KOMMOHEHTIB: 6axaHoi no3uuii (Target Position),
noTouHoi no3uuii nnatdopmu (Current Position) Ta nOTo4HOT noMuUnkn
HeysromkeHocTi (Error). Ha nepLuwii nornsag, Takuii Habip moxe 3gaTtvcst
HaONULIKOBUM, OCKiNbKM NOMWIIKa € MiHiiHOW KoMOGiHaLjieo GakaHoi Ta NOTOYHOI
noswuuin, i TeopeTnyHo byab-sika GaraToapoBa HelpoMepexa 3haTHa CaMoCTiiHO
BMBYUTY LItO 3aMEXHICTb Y NepLIOMY X NPMXOBaHOMY Luapi. MNpoTe pilleHHs
nogasaTyt NOMUIKY SIK IBHUIA, OKPEMUIA BXiAHWIA NapameTp € CBiAOMUM
apxiTekTypHUM BMGOpOM, Lo 6asyeTbCst Ha NpUHLUMNax iHxeHepii o3Hak (Feature
Engineering).

BBeaeHHsA NOMUNKK SiK OKPEMOTO BXOAY CYTTEBO PO3BAHTaXYeE

oBumcntoBaribHi pecypcu Mepexi, 3BinbHAHUM HEVPOHM NPUXOBaHMX LIapiB Bifg
HeobXiAHOCTI BUKOHYBAaTV apuMETUYHY onepaLiio BigHIMaHHsS Ta [03BONSYN M
3ocepeanTncsa Ha BinbLu cknagHux 3agadax anpokcumadii AuHamiku pyxy.
Momunka BuCTynae HanbinbLL «KFOCTPUM» CUTHANOM ANS CUCTEMU KePyBaHHS,
ockKinbky came Ti MiHIMi3aLisa € LinboBOK (yHKLiE BCbOro npouecy. Hagatoun
Liel napameTp y ABHOMY BUIMSAI, MV CTBOPKOEMO ANA Mepexi «NPAMUIA LLNSX» A0
pO3yMiHHS TOro, HaCKINbKv Aaneka cuctema Big ctaHy pisHosaru. Lle 3Ha4yHo
NPUCKOPIOE MNOYATKOBI €Tany HaB4aHHS, JO3BOMSIOYN €BOMIOLINHOMY anroputmy
LwBmAaLLe BiabpakoByBaTn HeedeKTMBHI cTpaTerii. BogHo4Yac HasBHICTb
abCoMTHMX 3HaYeHb NOTOYHOI Ta GaxkaHOT NO3WL [O3BOMSE KOHTPOEpY
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BPaxoByBaTW KOHTEKCT po6o4oro npoctopy. Lie KpUTuiHO BaxXnmnBo Ans peanbHUx
MeXaHiYHUX cucTem, Ae isnyHi BNacTMBOCTI MOXYTb OyT HEOOHOPIAHUMM
3anexHo Bif KyTa NoOBOPOTY — Hanpuknag, Y4epe3 HepiBHOMIPHICTb TepTs y
NiALWnnHMKax, HaTar kabenis abo 30BHiLLHI rpaBiTaLiiiHi BNAUBY, SIKLLO BiCb
obepTaHHs He € ineanbHo BepTuKanbHOW. Takum YnHom, Tpiaga «Llinb —
MonoxeHHs — Momunka» 3abeanedye 6anaHc Mixk nokanbHOK 3afaveto
ctabinizauii (4epe3 nomunky) Ta rnobanbHOO OpieHTaLie y NPOCTOPI CTaHiB
(4epe3 abcontoTHi koopanHaTK).
HactynHum eTanom nicnsa Bubopy cknagy BekTopa € npouenypa
Hopmanisauii gaHux. Pi3nyHi BENMUMHK, 3 AKUMK ONepye MexaHidHa nnatdgopma,
BMMIpPIOIOTbCS Y rpadycax i 3HaxoaaTbes y AianasoHi Big 0 4o 360. 3 Touku 3opy
obymcnoBarnbHOI MaTeMaTKN HEMPOHHKX MEPEX, Taki 3Ha4YeHHsI € HENPUMYCTUMO
BenukmMmu. Lle nos'azaHo 3 npupogoto iHilianisauii BaroBnx koediuieHTiB Ta
po6oToto hyHKLi akTvBaLii. Barv HEMPOHHOT Mepexi Ha cTapTi iHiLianisytoTbes
ayXe ManvMu BUNagkoBUMU YMcramu, 3a3Buyai po3nogineHnMy HaBkomno Hyns 3
Aucnepcieto MeHLe oAnHULI. FAKLLo noaaTt Ha BXiA Takol Mepexi «cupi» aAaxi,
Hanpwvknag, 3HadeHHst nosuuii 350 rpaaycis, ckanspHuin 4oByToK BXigHOrO
CcurHany Ha Baru npusBefe 40 YTBOPEHHSI BENETEHCbKUX 3Ha4YeHb akTuBauil
HENPOHIB.
Lle sBuLe cTBOPIOE ABI NpoBnemu, WO YHEMOXIUBIIOWTL ePekTuBHe
HaByaHHs. [Mo-nepLue, BUHMKae npobnema HacuyeHHs pyHKLUi akTuBaLii. Y gaHin
apxiTekTypi, Sk i B 6araTbox peKypeHTHUX Mepexax, BUKOPUCTOBYHOTLCS
curmoiganbsHi yHKuUiT abo rinepboniyHuiA TaHreHe, siki MatoTb BNacTUBICTb
HacuyeHHsi. Lie o3Havae, Wwo npu BEMUKNX aBCOMOTHUX 3HAYEHHSX apryMeHTY
BUXig (OYHKLIT cTae HaassuyanHo 6nmabkum o 1 abo -1, a ii noxigHa npsmye o
Hyns. Ockinbku rpagieHTHi MeToan onTUMI3aLii Ta eBontoLiiHi cTpaTterii
NoKnagaloTbCs Ha YyTNUBICTb BUXOAY A0 Manux 3MiH Bar, MOTPansiHHA B 30HY
Hacu4yeHHs hakTUYHO 3yMUHSIE HaBYaHHA — Mepexa CTae «CRino» A0 3MiH
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napameTpiB, OCKiNbKM cUrHamn NnpocTo rybutbes B 30Hi nnaTo dyHKLii akTusawii.



Lis npobnema Bigoma sik npobnema 3HMKar4yoro rpagieHTa.

Mo-gpyre, BUKOPUCTaHHS HEHOPMani3oBaHUX AaHWUX NPU3BOAUTL A0
HecTabinbHOCTI YncenbHUX METOAIB onTMMi3aLii. JlaHawadT dyHKuii BTpaT cTae
BUTArHYTUM Y HaNPAMKY BXiAHUX KOOPAMHAT 3 BEMUKUMU 3HAYEHHAMMU, LLIO
3MYLLY€E ONTUMI3aTOp POBUTU HeeheKTUBHI Kpoku — abo 3aHaaTo mani, Wwo
NpU3BOAUTL [0 HECKIHYEHHO AOBroro HaB4aHHs, abo 3aHafTo BENUKi, LLO
BMKIMKaE ocumMnaLii Ta po3dikHIiCTb npouecy. [Ans pekypeHTHux mepex (GRU),
e curHan LMpKymnioe y LiMKnax 3BOPOTHOTO 3B'A3KY, Lii edpeKTy NiacunionTbes
6araTopasoBo, OCKiNbKW BENWKI 3HAYEHHS aKyMYTIOTLCS Ha KOXHOMY 4acoBOMY
KpoLi, LWBUAKO NPU3BOASYM [0 NEPENOBHEHHS 3MiHHMX abo BTpaTy TOYHOCTI
obymcneHb.

[ns BupilleHHs uux npobnem y po3pobneHint cuctemi peanisoBaHo

anropuTm MiHinHOI HopManisavii BXigHOro NpocTopy, AKUN TpaHCOPMYye isnyHi
BEMNVYMHW Y AianasoH BiA MiHyC oanHuLi Ao oauHuui [-1; 1]. Mpoueaypa
Hopmanisaduii peanizoBaHa 6e3nocepeaHb0 Nepes nogaqeto AaHux y nepLuni
PeKypeHTHUI Wwap. MatemaTu4HO Lie NepeTBOPEHHS 3AINCHIOETECS LLNSXOM
macLuTabyBaHHs. [Ins no3uuiiHuX AaHux (MoTovHa Ta GaxkaHa no3uuis)
3acTOCOBYETBLCA hopMyna, Lo 3Milye LeHTp gianasony [0, 360] y Hynb Ta cTuckae
amnnityay. 3HaveHHs 0 rpagyciB BigobpaxaeTtbes y -1, 3HayeHHsi 360 rpagycis —
y +1, a 180 rpagycis ctae 0. AHanoriyHa onepaLjis 3acCTOCOBYETLCS A0 CUrHany
NOMUIKW, SIKUIA TAKOX NPUBOANUTLCS [0 LbOro CTaHAAPTHOTO AlianasoHy.

Bubip came gianasoHy [-1; 1], a He [0; 1], Takox € 06rpyHTOBaHUM.

CurMeTpUYHUIA BIAHOCHO HYNS PO3MoAIn BXigHWX AaHux (zero-centered data) €
BaxxaHM ANs HEMPOHHUX Mepex, OCKINbKN Lie J03BOSSE BaraM 3MiHIOBaTH 3HaK y
npoLeci HaB4aHHs BinbLL NPUPOAHO Ta cMMeTpuYHO. Konu BXiaHi AaHi LeHTpoBaHi
HaBKOIO HyIsi, OHOBIIEHHS Bar y NO3UTUBHOMY Ta HEraTVBHOMY HanpsiMKax
Bin6yBalOTbCS 3 OHAKOBOK MMOBIPHICTIO, LLIO 3anobirae cuctemaTuyHoOMy
3MileHHI0 rpagieHTiB (zig-zagging effect) nig yac ontumisauii. Okpim Toro,
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OCKINbKV Ha BUXOAI Mepexxi BUKOPUCTOBYETbCS PYHKLiA rinepboniyHoro
TaHreHca, fika npautoe y gianasoHi [-1; 1], npuBeaeHHs BXigHWUX JaHUX 40
aHanoriyHoro Macutaby CTBOPHOE HACKPI3HY Y3rOMXKEHICTb amMnniTyA curHanis
Yyepes ycto rMubuHy Mmepexi.
PeanizoBaHuin MexaHiam HopmanisaLii Takox BUKOHY€E posib 3anobikHuka. Y
pa3i BUHWKHEHHS! aHOMaITbHUX NMOKa3HWKIB CEHCOPIB ab0 NOMUMOK OBYUCIEHHS,
SKi BUXOAATb 3@ MexXi (i3VYHO MOXKIMBOTO AianasoHy, npoLeaypa XopCcTKoro
obmexeHHs (clipping) yTpumye BXiaHi 3HaueHHs y 3agaHux mexax [-1; 1]. Lle
rapaHTye, Lo HaBiTb NPy 30605X y 30BHILLHLOMY KOHTYpI, BHYTPILLHIA CTaH
Helipomepexi He Byae 3pyNHOBAHO OAHWUM eKCTpeMarnbHUM 3HAYEHHSM, Lo
3abe3neyye BUCOKY poBACTHICTb CUCTEMU KePYBaHHS B LLMOMY. TakuM YMHOM,
BXiOHWI LIap He NPOCTO TPaHCIOE AaHi, a hopMye Ge3neyHnin, MaTemaTuyHo
onTMMarnbHUIM NPOCTIP 03HaK, Y SKOMY €BOSOLINHMIA MOLLYK PO3B'A3KY
BinOyBaETLCSt MakcMmarnbHO edpeKTUBHO.
3.3 O6pobka LMKNIYHOCTI KyTOBMUX KOOpAMHAT
OkpemunmM HioaHcoM Npu POPMyBaHHI BXigHOro BekTopa € crneuundika
po60oTKn 3 06epTOBNMM MeEXaHIZMamu, e KOOPAMHATY € LMKNIYHUMK. Pi3nyHO
nonoxexHs nnatcopmm 0 Ta 360 — Le oAHa 1 Ta X Touka npocTopy. OaHak
0119 HEMPOHHOT MepeXxi, ska CnpuMace BXiaHi AaHi K 3BMYaliHi 4eCATKOBI yMcna,
Lji 3Ha4YEeHHS 3HAXOAATbCS Ha NPOTUNEXHMX Kpasix YMCMOBOro Aiana3oHy. AKwo
obuuncnioBaTh TPETI NapamMeTp BXiAHOrO BekTopa (MOMUIIKY) siK 3BUYaiiHy
apUMOMETNYHY PI3HULIO MK GaXKaHUM Ta NMOTOYHUM MONOXKEHHSIM, BUHWKaE
cuTyalist po3puBYy J@HUX Ha MeXi MOBHOro obepTy.
Ha npakTuui ue ctBoptoe npobnemy Bubopy Hanpsimky pyxy. PosrnsHemo
BMNaAoK, Konv nnatdopma 3HaxoamTbes B Touui 359 , a uinb BcTaHoBneHa Ha 1 .
di3nyHa BiaCTaHb MiXX HUMM CcKragae BCbOro 2 , i HanedeKTUBHILLUM PiLLeHHAM €
HeBENWUKMUI JOBOPOT Yepes HynboBy BiAMITKY. [1poTe, SIKLLO BUKOPUCTaTU NpoCTe
BigHiMaHHs (1 - 359), oTprMaemo 3HaveHHs 358 . Cnmpatoumnch Ha Take Benvke
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Bi’EMHEe YMCno, KOHTporep HamaratuMmeTbesi obeptaTti NNaTopMy y 3BOPOTHUI
Oik, pobnsyn Maiixe NOBHE KOMO AN AOCArHEHHs Lini. Taka nosegiHka €
HeedeKTUBHOIO 3 TOYKV 30py BUTPAT Yacy Ta eHeprii.



[ns BUpILLEeHHS LbOro 3aBAaHHA Ha eTani NiaroToBKM AaHWX peanizoBaHO
anroputm ob4McneHHs HakopoTLLOi KyToBOI BigcTaHi (shortest angular
difference). Ue meToq aBTOMaTUYHO BU3HAYA€E ONTUMArbHUIA HANPSIMOK PYXY.
ARropuTM NopiBHIOE BiACTaHb A0 Lini 3@ rOAMHHUKOBOKD CTPINKOID Ta NPOTU Hel,
obupatoymn Toi LWNsxX, MoAynb sikoro He nepesuiye 180 . Y HaBegeHoMy
npuknagi anroput™ 3amictb 358 nepenacTb Ha BXi4 Mepexi 3HaYeHHs 2 .
3aBasaku Takii nonepegHin 06pobui, NpocTip cTaHiB Anst HelMpomepexi cTae
6e3nepepBHUM. BXigHWI Wap oTpMMye KOpeKTHY iHdopmaLito Npo 6rm3bKicTb
TOYOK, LLIO 3HaXOAATLCA NO Pi3Hi 60KM B HYNbLOBOI BiaMITKY. Lle fo3sBonse
YHUKHYTV HEOAHO3HAYHOCTI B KEPYBaHHI Ta rapaHTye, Lo Mepexa 3aBxXan
obupaTvme HaKOPOTLLMIA LWNAX A0 Lini, He3anexHo Big Toro, B IkOMy CEeKTopi
Kona 3HaxoauTbesa nnatdopma. Hopmanisauis oTpumaHoi KyToBOi pisHMLi
BiabyBaeTbCA BXe Nicns Lboro nepepaxyHky, Lo 3abesnedvye KopekTHy poboTy
BaroBux KoediLlieHTiB Y BCbOMY po60O4OMY AianasoHi.

3.4 ApxiTekTypa npuxoBaHux wapis: Bubip Ha kopuctb

pekypeHTHOoCTi (RNN/GRU)

Mpu npoekTyBaHHI HelpoMepexi ANns KepyBaHHS di3UYHNM 06'eKTOM, KU

Mae macy Ta iHepLito, MM CTUKaeMOCS 3 NPOBNEeMoto, Ky HEMOXIIVBO BUPILLUTH
NPOCTMM HapoLLyBaHHSIM KiflbKOCTi HEeMpOHiB. Lie npobnema cnpuiHsaTTS
AnHamiky. BinbLwicTe cTaHAapTHUX HEpOMepeX, siki Ha3MBaloTb MOBHO3B'A3HUMU
abo MLP (Multi-Layer Perceptron), npautotoTb 3a npuHuunom "TyT i 3apas”. BoHu
AVBASTBLCA Ha BXIiOHI AaHi SK HA CTAaTUYHY KapTUHKY. AKLWO NogaTtn Takii mepexi
iHpopmauito npo Te, wWo nnatcgopma 3HaxoauTbes B noauuii 100 rpaaycis, a uinb
— Tex 100 rpagycis, Mepexa nobaynTb HynbOBY MOMUIIKY i BUAACTb KOMaHA4y Ha
3YNUHKY ABUryHa. MNpote B peanbHoMy (Di34HOMY CBITi OOHIET TOYKM KOOpAMHAT
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HeoCTaTHbO ANS NPUAHATTS pilleHHs. 3BUYaiiHa Mepexa He 6aunTb PisHULL MixX
cuTyauieto, konu nrnatdopma CrokiiHO CTOITb Y TOYLi NPU3HAYEHHS, | cUTyaLieto,
KOMW BOHA MPONiTae L0 TOYKY Ha BENMYE3HIN WBMAKOCTI. [Ina 3BnYanHoi mepexi
Ui ABa CTaHW iAEHTWUYHI, OCKINbKX KOOPAWHATA B MOMEHT BUMIpIOBaHHS
36iratoTbes. Ane isnyHo Lie abCconoTHO pisHi CTaHu: y NnepLiomy BuUnagky Tpeda
Hi4oro He pobuTtu, a B Apyromy — nogaBaTv MakcUManbHy Hanpyry Ha
ranbMyBaHHsi, Wo06 noracuTy iHepuito. bes po3yMiHHsI KOHTEKCTY pyxy 3BUYaiiHa
Mepexa HeMUHyYe NPUNYCKaTUMETLCA NOMUMOK, BUKIMKAOYN nepeperynioBaHHs
abo KonmBaHHS HAaBKOMO Lifi.
o6 BmpiwmnTK U0 npobnemy, y po3pobneHiit cuctemi BUKOpUCTaHo
apxiTekTypy pekypeHTHuX HerpoHHux mepex (RNN), a came mogudikauito GRU
(Gated Recurrent Unit). FonoBHa BigMiHHICTb Takoi Mepexi nonsirae B HassBHOCTI
BHYTPILWHBLOI Nam'aTi. AKLO 3BUYariHa Mepexa — e dyHKLUis, sika nepeTBoploe
BXifl Ha BUXiA, TO peKypeHTHa Mepexa — Lie dYHKLis, Ska NepeTBOpIoe BXiA i CBin
nonepeHil ctaH Ha BUXiZ i HOBWIA cTaH. Llelt nonepeaHin ctaH HasnBaeTbCA
npuxoBaHumM ctaHoMm (hidden state). Y koai npoekTy Le peanizoBaHo Yepes
nepepady napametpy return_state=True npwm iHiuianizauii wapis GRU. Le
[03BONsiE Mepexi nepeaasaTtu iHpopmaLito cama cobi Bif 0AHOTO TakTy KepyBaHHS
[0 HaCTYMHOrO.
MexaHiam po6ot GRU y Uit 3agadi MoxHa NopiBHATU 3 poboToto
NOACBKOro BECTUBYNSpHOro anapaty. Komnv My 3anntoLLlyemMo odi B MaLlvHi, My
BCE O[HO BilYyBaEMO MPUCKOPEHHSI Ta ranbMyBaHHs!, Xo4a He 6a4numo 3MiHK
KOOpAMHAT. Y HerpoMepeXi Lo porib BUKOHYE BEKTOP NMPUXOBaHOro ctaHy. Konm
Ha BXiO Mepexi HaaxoAMTb MNOCNiAOBHICTb No3uuin — Hanpwuknag, 10, 12, 15, 19
rpagycis — wap GRU oHOBMIOE CBill BHYTPILLHIN CTaH. 3MiHW y BXiOHWUX AaHWX
(pisHnus mix 10 i 12, noTtim mixx 12 i 15) "Bigknagatotbea” y nam'ati Mepexi.
PaKTUUHO, Mepexa BUKOHYE YncenbHe AndepeHLitoBaHHS: aHani3youm pisHuL
MiXX MOTOYHMM i MoNepeaHiM 3HaYeHHAM MO3uLii, BOHA OTPUMYE LUBUAKICTb.
AHanisytouu, SK 3MiHMnacs WBUAKICTb, BOHa OTPUMYE NMPUCKOPEHHS.
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Baxnmeo nigkpecnuTu, LWo M1 SiBHO He nporpaMyemo opmMynu
aundepeHLuitoBaHHS | He NogaemMo LWBUAKICTb Ha BXig Mmepexi. BxiaHun Bektop
MiCTUTb nuLe no3uuii. Bektop nam'sti GRU cTae BipTyanbHUM AaT4MKOM
LUBWAKOCTI Ta NPUCKOPEHHS. Y NpoLeci HaB4aHHSA 3a AONOMOrO reHETUYHOro
anroputTMy Mepexa CamoCTiiHO HanaluToBye CBOI Barosi KoediLieHTH Tak, LLo6



neBHi koMipkw ii nam'aTi Bignoeiganu 3a 36epexeHHs iHbopmaLii Npo AMHaMIKy.
Lle nossonsie cuctemi "posymiti” iHepuito nnatgopmu. Axwo nnatdopma
MacvBHa i posirHaHa, 3Ha4eHHs1 y NPMXoBaHOMY CTaHi OyayTb BENUKUMK, | HaBITb
KON MomwmnKa No3uLii cTaHe HyNbOBOHO, Lii BHYTPILLHI 3HAYEHHSI 3MYyCSTb
BUXIOHUI Wap chopMyBaTU ranbmiBHWIA iMNYMbC LWe A0 Toro, SK nnatgopmMa
nepeTHe LinboBYy No3Hayky. Taka 3aaTHiCTb nepeadavaTvi ManbyTHE MOMOXEHHS
Ha OCHOBI MUHYNOT AMHaMIKN POBUTL KepyBaHHSI NMaBHUM | TOMHUM, YOTO
HEMOXIMBO A0CArTM Ha npocTin MLP-mepexi 6e3 nogatkoBux gisnyHnX
CEeHCOopiB.

Bubip came apxitektypu GRU, a He 6inbLu Bigomoi LSTM (Long Short-

Term Memory), 3yMOBREHWIA NparMaTu4yHUMK iHKEHEPHUMU MipKYBaHHSIMU,
noB'si3aHNMK 3 ob4mcntoBanbHo edekTmBHicTio. LSTM mae Tpy BeHTuni
KepyBaHHS Mam'aTTio (BXiAHWIA, BUXIAHUIA Ta BEHTWUNb 3abyBaHHS), L0 BUMarae
YOTUPBOX MaTPUYHMX MHOXEHb Ha KOXeH Kpok 06pobkn. GRU € BinbLu cyvacHoo
Ta CrpOoLLEHO BEPCIiE0 peKypeHTHOro Broky, sika 06'eaHye BEHTUII BXiAHUX
AaHnx Ta 3abyBaHHSA B OMH MeXaHi3M OHOBMeEHHS. Lle 3meHLuye KinbkicTb
HeobxigHUX napameTpis NpubnuaHo Ha 25% nopieHsHO 3 LSTM npwu 36epexeHHi
aHanorivyHoi ePeKTUBHOCTI A8 3a4a4 MOAENOBaHHA (Di3UYHNX NPOLECIB.
3MEeHLUEHHSI KiNbKOCTi mapameTpiB Mae KpUTUYHE 3HAYEHHS Asi NPaKTUYHOT
peanisauii cuctemn. OCKinbK1 KiHLEBOIO METOK PO3pOo6KM € KepyBaHHsI peanbHUM
obnagHaHHsIM, anropyTM MOBUHEH NpaLoBaTU B PeXUMIi peasibHoOro Yyacy 3
hikcoBaHMM KpoOKOM AuckpeTmaauii. Y dhanni koHdirypauii HaB4aHHS BKasaHo
Kpok Yacy dt=0.1, ane B pearbHill CUCTEMi YacTOTa OHOBMEHHS MOXe csrati
coTeHb repu. BukopuctanHs 6inbw "nerkoi" apxitektypu GRU o3Havae, o
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MIKPOKOHTPOIep BUTpa4aTMMe MeHLLEe TakTiB NpoLecopa Ha BUKOHAHHS NPSMOro
npoxoay mepexi (inference). Lie 3HWxXye BUMOru 40 0G4YMUCRIOBaNIbHOT NMOTYXHOCTI
3anisa, 3MeHLLYE eHeprocnoXvBaHHs Ta 3anuwae binbLe pecypcis Ans 06pobku
curHanie 3 AaTumnkiB abo koMyHikauii i3 30BHiLWHiIM cBiToM. KpiM Toro, meHwa
KinNbKiCTb MapamMeTpiB 03Ha4ae MEHLLWI PO3Mip MOAENI, LLIO MPUCKOPIOE npoLiec
HaBYaHHS, OCKiNbK1 €BOMIOLIHOMY anropuTMy MOTPiGHO ONTUMI3yBaTV MEHLL
BMMIiPHWI MPOCTIp MOLUYKY PilLeHb.
TakvM YMHOM, BUKOPUCTaHHSA pekypeHTHoro wapy GRU € He npocTo
cnpoboto 3acTocyBaTh MOAHY TEXHOIMOTri0, @ HEOOXiAHO YMOBOI Afst AKICHOTO
KepyBaHHsi AMHaMi4YHUM 06'ekToM. Lle fo3BONsiE KOMNEHCYBaTK BiACYTHICTb
i3NYHUX AaTuMKIB LIBUAKOCTI NporpamMHMmMm 3acobamu Ta 3abesneuntu
cTabinbHICTb CcMCTEMU, sika BPaxOBYE He nuLle e MU €, a 1 SIK LUBUAKO MU TyAun
pyxaemochb.
3.5 CrHTEe3 BMXiAHOrO Kepyryoro curHany Ta iHtepdenc Bzaemogaii 3
BMKOHABYMM MexaHi3MOM
OcTaHHimM eTanoM 06pobku iHopmaLlii B HepoMepexxeBoMy KOHTporepi €
hopMyBaHHS BUXIAHOIO curHany, Sk 6esnocepenHb0 TPaHCMOETLCS Ha
BUKOHaBYMIA MexaHiam nnatcpopmu. Llei npouec BindyBaeTbes y BUXiAHOMY Lapi
(Output Layer) HelipoHHOT Mepexi. [poekTyBaHHS LbOro Lwapy BUMarae cyBoporo
Y3rOAXXEHHS MaTeMaTUYHUX BMACTUBOCTEW LUTYYHOTO HepoHa 3 disnyHuMmn
XapaKTepucTVKaMu enekTpoaBuryHa nocTinHoro cTpymy. OCKinbku 3aBaaHHAM
CUCTEMM € KEPYBaHHS NO3ULIiE, NPUBIA NOBUHEH MaTV MOXIMBICTL 06epTaTucs B
060x HanpsiMKax Ans KoMneHcaLlii NTOMUIKU He3anexHo Bia i 3Haky. Lie Haknapae
cneumdiyHi BUMOr1 Ha obnacTb 3Ha4eHb BUXIOHOT OYHKLT: BOHA NOBUHHA ByTn
CYMETPUYHOIO BIAHOCHO HYMNs Ta 06MexXeHo ikcoBaHWM Aiana3oHoM, Lo
BiAnoBigae MakcuMarnbHO AONYCTUMIN HaMPy3i XUBNEHHSA ABUrYHA.
[nsa peanisauii Takoi norikv kepyBaHHsi onTUManbsH1UM Bubopom Ans
dhyHKUiT akTVBaUii BUXiQHOrO HelpoHa € rinepboniuHunii TaHreHc (tanh). Lis
dyHKUis Binobpaxkae MHOXMHY BXiAHMX 3HAYeHb Ha iHTepBan Big MiHYC oauHULI
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[o oavHui [-1; 1]. Bubip came ui€i HeNiHIMHOCTI 3yMOBMREHWN i ifeanbHo
Kopensiieto 3 isnkoto po6oTn H-MocTa — enekTPOHHOI CXeMH, Lo Kepye
NONSAPHICTIO MiAKNIOYEHHA ABUryHa. Y Ui napagurMi HynboBe 3HavYeHHs1 BUXOAY
dyHKUIT tanh iHTepnpeTyeTbCs K BIACYTHICTb HaNpyry Ha knemax ABUryHa, Lo
BiAMNOBIAAe pexunMy 3ynuHkn abo BinbHOro Bubiry. 3HauyeHHs 3i 3HaKoM «MNICy»
BKa3yTb Ha HEOOXiAHICTb 06epTaHHs 3a roAMHHUKOBOK CTPINKO, @ 3HAaYEHHS 3i



3HaKOM «MiHyC» — NpoTy Hei. ABCoNTHa BenuyMHa curHany, Lo HabnmxaeTrbcs
[0 oAvHULI, BIAMOBIAae noAadi MakcMMarbHOI Hanpyrv mKepena XUBMEeHHS.
BukopucTaHHs iHLWMX NOLIMPEeHnUX hyHKLi akTUBaLii y JaHOMY KOHTEKCTi

€ HepouinbHUM. Hanpuknag, norictuyHa curmoiga (sigmoid) mae aianas3oH
BUXigHUX 3HaveHb [0; 1]. Lle amycuno 6 itkeHepiB BBOANTU LUTYYHE 3MiLLEHHS
(Hanpuknag, BigHimatu 0.5 Big pesynsraty), Wob oTpumaTyt MOXIMBICT
PEeBEPCUBHOIO PyXY, L0 YCKNaAHIE HaBYaHHS Mepexi, OCKINbKN «HYNboBay Touka
(3ynuHka aBuryHa) nnaeana 6 3anexHo Bif HanawTyBaHHs 3MilLeHHs. PyHKUis
ReLU (Rectified Linear Unit), aka € ctaHgapTom Anst NpUXoBaHWX LWapis, TaKoX
HenpuaaTHa Ans BUXOAY, OCKiNbKM BOHA € HeobMexeHoto 3Bepxy. Lie morno 6
NpU3BECTU OO0 reHepaLii curHanis, WO NepeBuULLYOTb (i3UYHI MOXITUBOCTI
Apavisepa abo po3psaHOCTI LM po-aHanoroBoro NepeTsoptoBaYa, CTBOPOOYM
PU3UK NPOrpaMHUX nNepenoBHeHb. HaTomicTb rinepboniyHnii TaHreHC Mae
B1aCTUBICTb NPUPOAHOIO HACUYEHHSI: SIK 61 CUNbHO HEMPOHHA Mepexa He
«XOTina» npuckopuTy NNaTopMy, BUXiAHUIA CUrHAM HIKONWU He NepeBULLUTL
oauHuuto 3a moaynem. Lle aie sik BOyaoBaHWI nporpaMHuii niMitep, LWo 3axuiiae
cucTeMy Bif reHepaLlii HEeKOPEKTHUX KePYYnNX BNUBIB.

Baxnumeum € iHTepnpeTauis 6e3po3MipHOro BUxoay Herlpomepexi

KOHTPOMNEPOM HUXHBOTO PIBHS, SKWIN 6e3nocepeHbo Kepye CUMOBUMM KIo4aMm
npaneepa. BuxigHe 3HauyeHHs1 HEMPOHY, sike MK no3Hauumo sk u [-1; 1],
HeobXiaHO NepeTBOPUTM Ha CUTHAN LIMPOTHO-iMMyNbCHOT moaynauii (LUIM). Lien
npoLec po3bnBaEeTbCA Ha ABi CkIadoBi: BU3HaYeHHs Hanpsmky (Direction) Ta
po3paxyHok koediuieHTa 3anoBHeHHs (Duty Cycle). MikpokoHTponep aHanisye
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3Hak 4yncna u . Akwo Ou , NOriYHWI CUrHan HanpPsIMKY BCTAHOBMIOETLCS Y CTaH
HIGH, iHakwe — y ctaH LOW. AMnniTyaa Kkepyto4oro BnivBy BU3Ha4YaeTbCs AK
Moaynb BUXIQHOMO curHany u . Ockinbku 6inbLUicTe TaiMepiB MIKPOKOHTponepis
onepyroTb LiNoYncensHUMU 3HaYeHHSMU PericTpiB NOPIBHAHHA (Hanpuknag, Big 0
0o 255 ans 8-6itHoro LWIM a6o Big 0 go 1023 ansa 10-6iTHOro), 3HaYeHHs u
MHOXMUTLCA Ha MakcMmarnbHe 3HavYeHHs pericTpy. Hanpuknag, suxig mepexi
75.0 o3Havae, Wo ABUryH Mae obepTaTncs y 3BOPOTHOMY HanpsiMKy 3
eeKTMBHOIO HaMpyroto, Lo CTaHOBUTbL 75% Bid HOMIHANY >XUBMEHHS.
Taka npsiMa BiANOBIAHICTb CNPOLLYE HanarogXeHHs cuctemMu. [HxeHep
MOXe Nerko iHTepnpeTyBaTu NOBEAiIHKY MepeXi: SKLWO Ha rpadiikax BUAHO, Lo
BUXiOHWIA CUrHan nocTiiiHo nepebyBae B 30Hax Hacu4eHHs (6nuabko fo 1 abo -1),
Lie CBIiAYATL MO Te, LLO NPUBIA HEAOCTATHBO NOTYXHWI ANS 3aAaHoi AUHAMIKY,
abo koedilieHTN perynsaTopa 3aHaAToO arpecuBHi. SKLLO X CUrHanM KONMBaETbCs
6nM3bKo Hyns 3 Manot aMniTyao, Lie MOXe BKasyBaTu Ha HaaMipHY
obepexHicTb cTparterii kepyBaHHs. Kpim Toro, avdpepeHuiioBaHicTb dyHKLUii tanh
y BCbOMY AianasoHi 3Ha4YeHb € KPUTUYHO BAXIUBOIO AS11 anNropuTMiB HaBYaHHS.
HagiTb konu Buxig mepexi 6nm3bknin o Mex AianasoHy, pyHkUis 36epirae
HEHyNbOBWIA rpagieHT (xo4a i Manun), Wo A03BONsE eBOMOLINHAM anroputMam
abo meToaam rpaflieHTHOrO CrycKy TOHKO MiAnaliToByBaTU Barn Ans AOCATHEHHS
ONTUManbHOI TPaeKTopii pyxy nnatdopmu. Takum YMHOM, BUXIAHWUN Lap He
npocTo nepenae curHan, a popmye isnyHo obr'pyHTOBaHUA, 6e3neyHuin Ta
iHTepnpeToBaHWi iHTEPMENC MK LUTYYHUM IHTENEKTOM Ta €NeKTPOMEXaHi4YHO
YacTuHot nnatdopmu.
3.6 AnropuTMmiyHe 3abe3neveHHs npoLecy HaB4aHHs: Metop
€BOrILIMHNX CTpaTerii Ta A3epKanbHOro CEMMOBAHHA
Bubip anroputmy ontumisauii BaroBux koedilieHTiB HEMPOHHOT Mepexi €
KPUTUYHUM €Tanom NpoekTyBaHHS CUCTEMU KepyBaHHsI, siknii 6eanocepenHbo
3anexuTb Bif BnacTMBocTei 06'ekTa Ta cepenoBuLla B3aeMogii. Y KnacuyHmnx
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3aaayax rmmboKkoro HaBYaHHsI, TakMx Sk KOMM'toTepPHUIA 3ip abo obpobka
npupoaHoi MoBw, B6esansTepHaTUBHUM CTaHAAPTOM € METOZ, 3BOPOTHOIO
nowmpeHHs nomunku (Backpropagation). Liet metoq 6a3yetbcs Ha 0GUMCIIEHHI
rpagieHTa pyHKLUii BTpaT No BiAHOLLEHHIO 4O KOXXHOIO Bary Mepexi,
BMKOPUCTOBYHOUM NaHLIOroBe npasuo AvdepeHuitoBaHHs. OgHak, 3acToCcyBaHHs
rpafieHTHUX MeToAIB AN HaBYaHHA POBOTOTEXHIYHMX CUCTEM CTUKAETBLCH 3
dyHAaMeHTanbHOK NepeLLKoAo — BUMOro AndepeHLIoBHOCTI cepeaoBuLLa.
[ns Toro wo6 "NpoLUTOBXHYTW" rpafieHT BiA NOMWUIKM Ha BUXOAi (BiAXUNEHHS



NONOXeHHs1 NnaTopmm) 40 Bar HepoMepexi, He0OXiAHO, L6 KOXEH enemMeHT
NaHLoxXKa — BKIYatoum isndHy Mogens nnatdopmm — ByB rmajakoto,
andepeHLinoBHOI yHKLiE. PeanbHUM MexaHiYHMM cuctemam Lie He BnacTyBO.
MpucyTHICTBb Cyxoro TepTsi, MexaHi4HMX NodTiB Y peayKTopi, ANCKPETHICTb
[aTyMKIiB Ta LLYM BUMIPIOBaAHHA CTBOPIOIOTL PO3PVBM Ta HENIHINHOCTI Y NpocTopi
CTaHiB. ¥ Takux To4kax noxigHa dyHkuii abo He icHye, abo AOPIBHIOE HYMO YK
HECKIHYEHHOCTI, L0 NPMU3BOAUTL A0 PYWHYBaHHS NpoLecy rpafieHTHOro Crycky.
[ns nogonaHHs uiei npobnemu y AaHin poboTi 3acTocoBaHO METOL,

EsontouinHnx Ctparerin (Evolution Strategies, ES). Lle knac anroputmis
onTMMI3aLii "HOPHOT CKPUHBKK", KW HE BUMarae 064MCIeHHs rpafieHTiB

yHKUIT BUHaropoau. 3amicTb aHaniTMYHOrO MOLLYKY HamnpsiMKy CrycKy, anroputm
OLiHIOE rpaflieHT eMnipuYHO, CNNpaYMCh Ha CTaTUCTUKY BUNpobyBaHb. Lle
pobuTk NpoLec HaBYaHHs iHBapiaHTHUM 40 Npupoamn disnyHoro ob'ekTa:
anroputmy 6angyxe, 4n € MexaHika rnafKkor, Yu BOHa Mae XOpCTKi yaapu Ta
po3puvBu. Helipomepexxa po3srnsiagae cuMynsaTop (a 3roaoMm i pearnbHUin CTeHA) nuile
SIK reHepaTop ouiHku sikocTi (Fitness score), He Hamarar4Mcb aHanisyBaTu oro
BHYTPILLHIO MaTeMaTU4Hy CTPYKTYpY.

LleHTpanbHum enemeHTOM MeToAy € nonynauinHUi niaxia. Mpouec

HaB4YaHHS BigOyBa€eTbCst HE HAZA OAHUM €K3EMMIISPOM HEMpPOMEpEeXi, a Had Liinoto
nonynsuieto i Bapiauin. Ha KoxHin itepauii HaB4aHHS (MOKOMiHHI) anropuTm

6epe noToyHi "HarkpaLli" Barv Mepexi, siki MY Ha3MBaEMO LiEHTPOIA0M nonynsii,
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i CTBOPIOE HABKOMO HUX XMapy MOLLYKOBUX TOYOK. Lle peanidyetbcs wnsxom
noaasaHHst 4o 6a30BYX Bar BUNAAKOBOIO LLYMY, PO3NOAINEHOro 3a HopMarnbHUM
(rayciBCbkMM) 3aKOHOM. Y nporpamHiii peanisauii Len npouec KOHTPONOETLCS
rinepnapameTpoM sigma (CTaHAapTHe BiAXuneHHs wymy). NMapameTp sigma
BM3Hayae pagiyc noLuyKy: Mani 3Ha4eHHs Npu3BOAsiTb A0 NOKanbHOI onTuMisauii
Ta TOHKOrO HanalTyBaHHS, TOAI SIK BENVKI 3HAaYEHHS CTUMYIIOTb rnobansHe
[ocnigKeHHs NPOCTOpy pilleHb, J03BOMA0YM BUXOAUTY 3 NOKanbHUX MiHIMYMIB.
Hanpuknag, sKLwo po3mip nonynsuii BCTaHOBNEHO Ha piBHi 50 areHTiB, cucrema
reHepye 50 yHiKanbHMX KIOHIB HEVPOMEPEXi, KOXKEH 3 AKX Mae AeLlo BiAMIHHY
KOHdirypauito CMHanTU4YHMX 3B'A3KIB.
KoxkeH 3 LmMx KMOoHiB NpoXoauTb BUNPOBYBaHHS Y LMPOBOMY ABINHUKY,
BMKOHYIOYMN 3aBAaHHS nosuLitoBaHHA nnatdopmMu. OCKINbKN KOXEH KIMOH
NOBOAMUTLCS TPOXM iHaKLLE — OAMH Moxe ByTu GinbLu arpecuBHUM, iHLLNIA BinbLu
NnaBHUM — BOHW OTPUMYIOTb Pi3Hi OLLIHKM eddeKTUBHOCTI. Ha OCHOBI LIX OL{iHOK
anropuTm obYnCntoe, B SIkUiA Gik NOTPIGHO 3MiCTUTK LEHTpOIA Bar, LWob
noKpaLLnTh cepefHin peaynsrat nonynsuii. PakTMYHO, MU 3aMiHIOEMO TOYHE
aHaniTMyHe gudepeHLiloBaHHA Ha CTOXaCTUYHY anpokcuMalito rpagieHTa. Lien
niaxig € Haa3BUYaNHO CTIMKVMM: HaBiTb SIKLLO OAMH 3 areHTiB Yepes wymmn abo
HeBAany myTauito nokaxe KaTacTpodiuyHO NoraHuii peaynsTar, Le He 3pyiHye
HaBYaHHS, OCKifNbKK1 Moro BNus Oyae HiBENbOBAHO CTAaTUCTUKOLO IHLLUX areHTiB.
HaykoBOt HOBM3HOK Ta BaXIMBOK OCOONMBICTIO peanizoBaHoro
anropuTMy € BUKOPUCTaHHA MeToady A3epKanbHoro cemnmoBaHHs (Antithetic
Sampling). Y knacuyHomy HaiBHOMY NigXoA4i 40 eBONOLIAHUX CTpaTeriin My
reHepyemo $N$ BunagkoBmx MyTaLiit HesanexHo ogHa Big ogHoi. MpoTe, Takui
nigxig cTpaxaae Big BUCOKOT Aucnepcii (variance) ouiHku rpagieHTa. Moxe
cTaTmCs Tak, Lo BUNaAKoBUiA LLYM BUNAAKOBO MOKPaLLMTh pesynbraTt He TOMY, Lo
MW 3HANLLNN NPaBUIbHUIA HANPSIMOK 3MiHW Bar, a Yepes 36ir o6cTaBuH
(Hanpuknag, Baani novyaTkosi ymoBu cumynsuii). Lie npussogute oo "6nykaHHs"
anropuTMy i CNoBifbHIOE 30KHICTb.
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MeTop A3epkanbHOro CEMNIOBAHHS BUPILLYE L0 NPOGnemy LUNsSXoM
BBE[eHHsI CyBOPOi CTPYKTYpY Y reHepaito wymy. 3amicTb Toro, LWob reHepyBatu
50 HesanexHUx MyTauii, M1 reHepyemo 25 sekTopis wymy $\epsilon$, i ana
KOXHOTO 3 HAX CTBOPHOEMO Mapy areHTiB: OAHOro 3 AofdaHuM wymoMm ($+\epsilon$)
i iHWoro 3 BigHATMM wyMoM ($-\epsilon$). Tob6To, My JocnigKyemo npocTip
pilleHb Y AiameTpanbHO NPOTUNEXHNUX HanpsiMKax BiAHOCHO MOTOYHOTO LIEHTPY.
Lle mae rmnboke matemaTuyHe o6rpyHTyBaHHS. SKLWO AoAaBaHHSA NEBHOI
komGiHauil 3MiH [0 Bar NpM3BOAUTL A0 NOKPALLEHHsI pe3ynbTaTy, TO NOrYHO
NPUMYCTUTY, LLIO BiAHIMaHHS Liei ) koMBiHaLii (pyx y npoTunexHuii 6ik) mae



NpU3BECTU [0 NOTIPLUEHHS.

BukopucTtaHHs aHTUTETUYHMX Nap A03BONSAE 3HAYHO TOYHILLE OLHUTK

rpagieHT. OuiHka HanpsiMKy pyxy oB4MCIIOETbCS SIK 3BaXKeHa Pi3HULS
e(eKTUBHOCTI MiXX NO3UTUBHUM Ta HEraTUBHUM KITOHOM. AKLLO o6uaBa KNoHu
NOKa3yrTb OAHAKOBUI pe3ynbTaT, Lie 03Havae, Lo AaHUiA HanpsiMoK Y NpocTopi
Bar He BMIMBAE Ha SKICTb KePYBaHHS, | anropuTM MOro irHopye. AKLLO X Mk
HUMW € CyTTEBA PI3HULSA, Lie Aa€e CUIbHWI i, O HalBaXuMBille, CTaTUCTUYHO
[OCTOBIPHWIA CUrHanM ANsi OHOBMNEHHS Bar. Takui Niaxia CyTTEBO 3HUXKYE
[OMCNepCito CTOXaCTUYHOIO rpafieHTa, LWo Ha npakTuui o3Havae Ginblu ctabinbHe,
nnaeHe Ta LWBMAKe HaByaHHsA. Mu oTpumyemo nepesarn MoHTe-Kapno metogis,
ane 3 HabaraTo MEHLLO KiNbKiCTHO HEOBXiAHNX 3paskiB Anst JOCATHEHHS Tiel X
TOYHOCTI.

®iHanbHW eTan KOXHOI iTepalii — Lie OHOBIIEHHS Bar OCHOBHOI Mepexi.
3ibpaHa cTaTucTuka Npo Te, ki 30ypeHHs ( 4n ) ganu npupicT

eeKTUBHOCTI, arperyeTbcs y BEKTOp OHOBMEHHS. Llein BekTop Maclutabyetbesa Ha
koedilieHT WwBmAaKocTi HaB4aHHSA (learning rate) i opaeTbCA 40 NOTOYHUX Bar.
[ns nigBuLleHHst ctabinbHOCTi 36KHOCTI y AaHin po6oTi 3acCTOCOBAHO HE NMPOCTO
CTOXaCTUYHWIA rpagieHTHuMIA criyck (SGD), a aganTvBHMIA onTumisaTtop,
aHanoriyHun 3a norikoto go anroputMmy Adam. BiH BpaxoBye MOMEHTU nepLioro
Ta Apyroro nopsiaky (iHepuito rpagieHTa Ta icTopito oro amnniTyam), Wo

@M. Apk. No gokym. Mign. Aata
Apk.
69 KPM.AKCwm- 06.00.00.000 M3
[03BOSISIE anropuTMy BNEBHEHO pyXaTuCs MO NONOMUX AinsiHkax naHawadgTy
dyHKLUii BTpaT i 06epexHo ranbmysaTi nobnuay ontumymy. Taka kombiHais
nonynsuiHoOro nigxoay, A3epKanbHOro CEMMIOBaHHS Ta aganTUBHOI onTuMmisaLii
[03BOSISIE CUHTE3YBATN BUCOKOSIKICHUI KOHTPOMEp B yMOBax NOBHOT
HEBW3HAYeHOCTI OO0 TOYHMX NapamMeTpiB disnyHoro ob'exra.
3.7 NporpamHa peanisauis "Lindposoro AgiiHmka" (Simulation
Environment)
Po3pobka nporpaMHoro cepenoBuLla CUMyIsLii € KIMOYOBUM eTanom
CTBOPEHHSA CUCTEMM KepyBaHHS, OCKIfIbK/ came Lie cepefoByLLe 3abesnedye
reHepaLito faHnx, HeobXiaHUX AN HaBYaHHSA HeMPOHHOI Mepexi. B ymoBax
BifCyTHOCTI bidnyHoro goctyny Ao o6'ekta abo HEMOXITUBOCTI NPOBEAEHHS
TpUBanNux ekCnepuMeHTiB Ha pearnbHOMY obrnafHaHHi, IPorpaMHuii Moaynb, KU
Ha3MBaloTh LIMOPOBUM /ABilHMKOM, 6epe Ha cebe dyHKLii cisnyHoro caiTy. Moro
peanisauis y AaHiii poboTi BUKOHaHa 3 AOTPUMaHHAM NPUHLMMIB i3onsuii
iHTepdenciB, MaTeMaTUYHOI AOCTOBIPHOCTI AMHAMIYHUX NPOLECIB Ta
obumncntoBanbHoi e(peKTUBHOCTI Yepe3 BeKTopur3aLlito.
3.7.1. ApxiTeKkTypHa i3onsuisi cepegoBuLLa
3 TOYKM 30pYy NPOrpamMHoOi apXiTeKTypu, LMMPOBUIN ABIVIHWK CNIPOEKTOBaHO
K OKpemMuin MoayInb, MOBHICTIO BiAOKpeMIIeHni Bif Norikvn KOHTporiepa. B ocHoBy
noknageHo WabmnoH NpoeKkTyBaHHs, WO BUKOPUCTOBYE abCTpakTHUIA iHTepdelic. Y
KOAi BU3Ha4yeHo 6a30BuMI knac, KU BCTAHOBIIOE XOPCTKUIA KOHTPAKT B3aEMO/i:
meToq iHiuianisauii (reset) Ta meTtoa Kpoky cumynsauii (step). Lien koHTpakT
rapaHTye, Lo HerlpoMepexa He Mae NpsIMOro AOCTYNY A0 BHYTPILLHIX 3MiHHUX
CUMYNATOpa, @ B3aEMOZIE 3 HAM BUKITIOYHO Yepes CTaHAapTU30BaHi kaHanm
BBeeHHS-BMBeAeHHS. Ha BXig meToay step nofaeTbesa Kepyounin curHan
(HopmanisoBaHa Hanpyra), a Ha BUXopi NOBEPTAETLCS BEKTOP CTaHy CUCTEMMU.
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Taka i3onsuis 4O3BONSE PO3rnaAaTV CUMYNSATOP SK "NoniroR" ans
TpeHyBaHb. Hellpomepexa, sika BUCTYynae B poni areHTa, noaae Aito i oTpumye
peakuito, He 3Hatun Npupoaun cepeaosuLLa. Lie fo3Bonsie Npo3opo 3miHoBaTH
peanisauito cuMmynaTopa — Bif NPOCTOI KiHeMaTU4HOI Moaeni Ha eTani
HanarofXeHHs Koay [0 CknagHoi AnHaMiyHoi moaeni abo HaBiTb ApaiiBepa
hiznyHOro NpUCTpoto Ha etani piHanbHMX TeCTiB — 6e3 KOAHMX 3MiH Y Kofi
camoi Heripomepexi. Kpim Toro, iHkancynsuis ctaHy BcepeauHi ob'ekta
cumynsiTopa 3abesneyye AeTepMiHOBaHICTb: 3a4aBLUM OfHAKOBE NovaTkoBe 3epHO
reHepaTopa BMNaaKoBux Yncen (seed), MU rapaHTOBaHO OTPUMYEMO iLEHTUYHY
NocnifoBHICTb NOAIN, Lo € HeOBXiAHO YMOBO ANs HAayKoBOiI BepudikaLlii
pe3ynbTaTiB HaB4YaHHS Ta NMOLLYKY MOMWUIIOK.
3.7.2. MatemaTnyHa mogenb Ta AUcKpeTm3aLis npouecis
BcepeauHi nporpamHoro metoay step peanisoBaHo matemaTuyHy MOAEenNb



eneKkTpoMexaHivHoi nnatgopmu. 3 TOUKM 30py Teopii aBTOMaTUYHOIO KepyBaHHS,
06'eKT ineHTniKoBaHO Sk anepiognyHy naHKy, WO ONUCye iHepLinHi npolecn
PO3roHy Ta ranbMyBaHHs. Y 6e3nepepBHOMY Yaci NnoBefiHka KyTOBOI LUBUAKOCTI
)(t nig gieto kepytodoro curHany )(tu onucyeTbea andepeHuianbHUm
PIBHSIHHSIM NEPLUOro NOpsiAKY:

(3.1)
ne T — enekTpoMaxaHiyHa ctana vacy (xapakrtepuaye iHepLito cuctemu), a
K — koediuieHT nepegadi (xapaktepuaye NoTy>KHICTb ABUIyHA). [onoxeHHs
nnatdopmu )(t € iHTerpanom Bif LWBWUAKOCTI:

(3.2)
[ns nporpamHoi peanisaduii Ui 6e3nepepBHi piBHSHHS NepeTBOpeHO Ha
Pi3HULIEBI CXEMMU, LLIO BUKOHYIOTBCS AUCKPETHO 3 (DiKCOBaHUM KpokoMm vacy t. Y
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naHin poboti obpaHo kpok t = 0.1 ¢, Wo € gocTaTHiM Ans dikcauii guHamiku
MexaHiYyHoi cuctemu. [inckpetmaadisa anepiogmMyHOI NaHku WBMAKOCTI peanizoBaHa
Yepes anropuT™M eKCrOHEHLINHOTO 3rnaxyBaHHs (PinbTp HU3bKMX YacToT
NepLUOro Nopsiaky).
Ha KOXXHOMY KpOLLi MporpamHoro LKy cnoyaTky 064MCoeTbes LinboBa
LwBMAKICTb ett arg , siky po3BuHyna 6 cuctema y ycrarneHomy pexumi npu
NOTOYHIN Hanpysi:

(3.3)
[ani po3apaxoByeTbCa KOEMILEHT 3rnagXyBaHHS , KW 3aNexuTb Bif
CniBBIAHOLLEHHS KPOKY AMCKpeTM3aLii Ta iHepuii 06'ekTa. Y kogi uev napametp
BMU3Ha4aeTbes Sk . OHOBMNEHHS NOTOYHOI LUBMAKOCTI
BiAOyBaeTbCA 32 peKypeHTHO (hOpPMYIIOHD:

(34)
Lle piBHSIHHA NporpaMHo iMITye iHepLito: LWBWAKICTb HE 3MIHIOETLCSA
MUTTEBO CMIAOM 3a Hanpyroo, a NnaBHO NPsSiMye A0 LinboBOro 3HaveHHs. licna
OHOBJIEHHS LUBWAKOCTi BUKOHYETLCSI YMCENbHE IHTErpyBaHHsi KoopauHaTn
meTtopom Ennepa:

(3.5)
TakvM YMHOM, NMPOrpamMHMI Ko CUMynATOpa MOCMIJOBHO BMPILLYE CUCTEMY
Pi3HULIEBMX PIBHSIHBb, MEPETBOPIOOYMN BXiAHWUIA MACUB Aii HA TPAEKTOPIO PyXy, sika
isnyHO BignoBiaae noBeaiHUi peanbHOro iHepuiHoro Tina. MNMapametpu mogeni
(K, T') BUHECEHO Y KOHirypaLiiHi 3MiHHI Knacy, Lo [03BOMSAE HanalToByBaTu
"BaxkicTb" Ta "pi3kicTb" BipTyansHoi nnatcdopmm 6e3 3MiHv anropuTmy.
3.7.3. TexHonoris npuckopeHHsi (Bektopu3adlisi)
BukopucTaHHsa knacuyHoro 06'eKTHO-OPiEHTOBAHOIO NiAXOAY, A€ KOXHA
nnatcopma MoAenteTbCS OKPEMUM 06'EKTOM, BUSIBUNOCS HEAOCTATHBO
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edeKTUBHUM ANS 3a4a4 eBOMNOLUINHOIO HaB4YaHHS. MeToa eBonouinHNX cTpaTerin
BMMarae ofjHo4acHOro OLUiHIOBaHHS BENWKOI nonynauii areHTiB (Hanpvknag, 50
abo 100). Mpu nocnifoBHOMY BUKOHaHHI po3paxyHKiB AN KOXKHOro areHTa B
LWKNi, HaKknagHi BUTpaTK iHTepnpeTaTopa MOBU NPOrpamyBaHHs Ha BUKUK
MeTOZAIB Ta AMHAMIYHY TUNI3aLito NOYMHAKTEL NEPEBULLYBATU Yac KOPUCHUX
apudmeTnyHUX onepadini. Lie npnssoanTb 40 HEMPUNYCTUMOTO 36inbLUEHHS Yacy
HaBYaHHS.
[insa BupilleHHs Liei npobnemun po3pobneHo cnewjianisoBaHuii knac
BEKTOPM30BaHOro cumynsTopa. B 1ioro ocHOBI NexuTb nepexia Bif CKanspHUx
Tunie aaHux (float) o BekTopHMx macueis (NumPYy arrays). Y win peanisauii ctaH
cucTeMm 36epiraeTbesi He ik Habip okpeMux 3MiHHUX Ansa ogHiel nnatdopmu, a sk
maTpuusa cTaHiB po3mipHicTio ][N, ae N — po3amip nonynsuji.
TexHiYHO Le 03Havae, Wo piBHAHHSA (Di3nKn, onncaHi BuLLe,
3aCTOCOBYIOTbCS HE 10 OKPEMUX Ymncert, a Ao Linmx macueiB ogHo4acHo. lNMpouecop
BMKOHYe onepadii 3a npuHumnom SIMD (Single Instruction, Multiple Data — ogHa
iHCTpyKUisi, 6arato AaHux). Hanpvknag, onepadis OHOBNEHHs WBMAKOCTi ][k
BinbyBaeTbCs Ans Beix 50 areHTiB 3a 0Hy BEKTOPHY iHCTPYKLit0 npoLecopa,
3amicTb 50 nocnigoBHMX onepawiin y LKni.
Peanizauis metoay step y BekTopM3oBaHOMY BapiaHTi TakoX BUMarana
apanTauii anroputMiB 06pobku KyToBUX koopauHaTt. OCKinbkyv BUKOPUCTaHHS
YMOBHMX onepaTopiB if-else (po3ranyxeHb) € HEMOXIUBUM Npy PoboTi 3



BekTOpamu (60 pi3Hi erleMeHTN BeKTopa MOXyTb NOTPebyBaTh Pi3HUX TiNok
BMKOHaHHS), noriky nepexoay yepes 0 rpagyciB Ta po3paxyHKy HaKopoTLLOi
BiAcTaHi fo uini 6yno nepenvcaHo MOBOIO MiHiiHOT anrebpu. 3amicTb YMOBHMX
nepexoAiB BUKOPUCTAHO onepaLii B3ATTS 3anuLuKy Big AineHHs Ta 6iTosi Macku,
LL|0 A03BONUNO 36eperTn napaneniam o64YncneHsb.

BnpoBakeHHsA BEKTOPM30BAHOIO CUMYINSiTOpa [AO3BOMMUIIO CUHXPOHI3yBaTh
pob6oTy dhiznyHoro pywis (Ha CPU) 3 poboToto Hepomepexi (Ha GPU), sika Takox
onepye naketamun gaHux (6atyamu). Lie 3abeaneymno ckopoveHHsi Yacy cumynsuii
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O[HOrO MOKOMIHHSA 3 AEKiNbKOX XBUMWH [0 YacToK CekyHau. Taka Bucoka
LUBMAKICTb PO6OTM LMPOBOro ABINHUKA [O3BOMSE anNropuTMy HaBYaHHS
nepebupaTtu MinbUoHN komMBiHaUi NnapamMeTpiB 3a NPUNHATHUIA Yac, Wo pobuTb
MOXIIMBUM CUHTE3 CKMafaHOI NoBeaiHKMN KOHTpornepa 6e3 BUKOPUCTaHHSA
cynepkoMn'loTEPHUX KnacTepis. Bektopusauia TpaHcdopmysana cumynaTop 3
npocToro 3acoby NepeBipkn y BUCOKONPOAYKTUBHUIA IHCTPYMEHT reHepalLii AaHux.
3.7.4. Cuctema ouiHOBaHHS: ApXiTEKTypa MyfsTUareHTHoro hopmMyBaHHs
BuHaropoam (Reward Shaping)
Cneuudika HaB4aHHSI FEHETUYHUM anropuTMOM Mosisirae y ToMy, LLO
HelipoMepexa He Mae 30BHILUHBbOrO "BYMUTENS", SIKWA Mir 61 BkasaTy Ha MOMUIIKY B
KOXHill KOHKPETHIN aii. EAnHMM gkepernom iHopmalii Npo siKiCTb kepyBaHHS €
nigcymkoBa yHKUisi npuctocoBaHocTi (Fitness Function). Y HalinpocTiwomy
BMNaAKy us dyHKUis Morna 6 po3paxoByBaTUCS nuLLe SK BiACTaHb A0 Uini B KiHLi
enizoay. [poTe AN kepyBaHHSA iHepLiiHO NNaTdOopMOL0 Takvi Miaxia €
HeeeKTUBHMM: MPOCTip MOLLYKY pilleHb 3aHaATo BEMNVKWN, | Mepexa BUTpadae
6araTto Yacy Ha reHepaliito abCcontoTHO XaoTUYHUX PYXiB, SIKi HE OTPUMYIOTb
YKOOHOT MO3UTUBHOI OLIIHKN.
[ns BupilLeHHs Liel npobnemn 3acToCoBaHO METOAUKY (DOPMYBaHHS
BuHaropoau (Reward Shaping). CyTb nigxogy nonsrae y 4eKoMno3uii
rnobanbHoi 3agavi kepyBaHHs! Ha Habip NnokanbHKX KpuTepiiB. Cuctema
OLiHIOBaHHA peanizoBaHa ik KOMITET He3anexHWX MaTemMaTuyHuX areHTiB. KoxeH
areHT BiAMOBiAa€ 3a OKpeMuii Pi3NYHUIA acneKT pyxy NnaTtdopmMmn Ta reHepye CBOK
YacTuHy BuHaropoau abo wrpady Ha KOXHOMY Kpoui cumynsuii. MNigcymkosa
OLiHKa € 3Ba)XEHOI CyMOI0 BUXOZIB YCiX areHTiB. Taka apxiTekTypa A03Bonsie
BpaxyBaTU He NuLLEe TOYHICTb NO3ULLiIIOBaHHS, @ i ekcnnyaTaliiHi OBMexXeHHs
eneKTPOoABUryHa Ta MexaHi4Hoi nepeavi.
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3.7.5. TeopeTnyHe 06rpyHTYBaHHS CTPYKTYpY (PyHKLi BUHaropoawm
dopMyBaHHs apXiTEKTYpM CUCTEMM OLiHIOBaHHS (HAabopy areHTiB) y AaHin
po6oTi 6a3yeTbCsA HE HAa eBPUCTUYHOMY NiABOPI, @ Ha hyHAAMEHTanNbHNX
NpMHUMNax Teopii oNTUMarbHOro KepyBaHHS Ta i3NYHUX 0OBMEXEHHSIX
enekTpoMexaHiyHux cucteM. 3agada CMHTE3y KOHTponepa po3rnsfaeTbes sk
3apada bGaraTokputepianbHOi onNTUMI3aLii, e HeobxiaHO 3HaNTK BanaHc Mix
cynepeynMBnMMM BUMOraMu: MiHimi3aLjieto MOMUIKKN perynioBaHHs Ta
MiHIMIi3aLiel0 eHepreTMYHNX BUTPAaT Ha KepyBaHHS.
Y Knacu4Hii Teopii aBTOMaTU4HOro KepyBaHHS, 30Kpema npu NpoeKkTyBaHHi
niHinHo-kBagpaTnyHux perynsatopis (LQR), kpuTepii SKoCTi kepyBaHHS J
3a4aeTbes y BUMMsAAi iHTerpanbHoro dpyHKLjioHany, Wwo MiCTuTb ABi CKNaaoBi:
KBagpaTUUYHYy NOMUIIKY CTaHy Ta KBaapaTU4HY BapTiCTb kepytodoro Bnnvsy. Bubip
areHTiB AN HENPOMEPEXKEBOro KOHTponepa € NPSIMOKD NPOEKLE LIbOro
KNaCMYHOro MiAXoAy Ha NMOLUMHY HaBYaHHSA 3 MiAKPIMNeHHsAM.
PisnyHi obmexeHHs (Constraints): Byab-sika peanbHa cuctema mae
obmexeHHs. [IBuryH 3roputb npu cTpymi &gt; $1_{max}$ (areHT Saturation),
peaykTop 3namMaeTbcs npu pusky dt
d (areHT Smoothness). BBegeHHs Lux areHTis
obymoBneHo ¢isunkoto o6'ekTa.
Y Teopii RL goBeneHo (Andrew Ng et al.), wo B4nTH poboTa nuiue 3a
KiHUeBMM pesynbtaTtom ("gocar" / "He gocar") 3aHaaTo gosro. MNoTpibeH
"Shaping" — nigkaskn Ha KOXXHOMY KpOLi. @reHTm BMCTYNaloTb came Lmu
mMaTemaTU4HUMK Nigkaskamu.
AreHTn rpynu ToqHocTi (MoveToGoal, StayInThreshold, TimeToGoal)
BiAMOBIAAlOTb NEpLUil CKNagoBiv KNnacu4Horo dyHKUioHany — MiHimMisauii



BiAXWMEHHA BEKTOpa CTaHiB Bif LliNbOBOr0 3HAYEHHS. Ix HasBHiCTb € 060B'A3KOBOIO
YMOBOIO BUPILLEHHA OCHOBHOI TEXHOSOrYHOI 3aaa4i — noauitoBaHHA. bes umx
areHTiB cucTeMa He maTuMe uinenoknagaHHs. Cneundika BUKOPUCTaHHS came
TPbOX areHTiB 3aMiCTb OAHOrO MOB'A3aHa 3 HEMIHINHICTIO MPoLEeCcy HaBYaHHS:
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MoveToGoal 3abe3nevye rpagieHT Ha AarnbHix AucTanuisx, a StaylnThreshold
dopmye "noteHuiansHy simy" B okoni Hynsi, 3ab6eanevyroumn acuMNTOTUYHY
CTINKICTb.
AreHTn rpynu ekcnnyatauii (SaturationPenalty, SmoothActionPenalty) e
BiAoGpaxxeHHsIM Apyroi cknafoBoi dyHKLioHanNy SKOCTi — 0BMEeXeHHs Ha
KepyBaHHS. Y peanbHuX i3nYHNX CUCTEMAX KEPYIOUMIN pecype 3aBXaun €
obmexeHuM. IrHopyBaHHS Liboro dpakTy Npu HaB4YaHHi "y BipTyanbHOMY Bakyymi'
npu3BOAUTb A0 CUHTE3y Tak 3BaHuX "BaH-6aHr" koHTponepis (bang-bang control),
AKi NOCTINHO NepeMunKaloTb Hanpyry Mixk KpanHiMu 3HaveHHaMn maxU Ta
maxU . Xo4ya TeOpeTUYHO TakuUi peXuM Moxe 3abe3neunTy HanwBemaLy Aio
(NpuHUMN Makcumymy MoHTpsriHa), Ha NPakTULi BiH € HENPUNYCTUMUM ANS
KONEKTOPHUX ABUMYHIB Ta MeXaHIYHNX PeayKTopiB Yepe3 BUHMKHEHHS YaapHUX
HaBaHTaXeHb, iCKPIHHSA LLiTOK Ta neperpisy. ToMy BBeAeHHS areHTis Wwrpady 3a
HacuYeHHs Ta Pi3KiCTb KepyBaHHS € He OmMuioHanbHUM, a HeobXiAHNM 3axonom
perynspusadii. Lie npumyLuye Helipomepexy 3HaxoauTu cybonTumansHi 3a Yacowm,
arne pearnisoBaHi 3 TOYKM 30py i3nKM TpaEKTOPIi.
TakvM YMHOM, nepenik BUKOPUCTaHMX areHTiB € HeobXiaHUM | JocTaTHIM
HabopoMm KpuTepiiB, O NOKPMBAKOTL MOBHWI CNEKTP BUMOT O CUCTEMMU:
KiHEMaTUYHUX (TOYHICTb), AMHaMIYHUX (LUBMAKOAIS) Ta ekcnnyaTauinHux
(HaginHicTb). BukntoueHHst Byab-sKoro 3 X KOMMOHEHTIB Npu3Beae Ao
perpagauii cuctemu: 6e3 areHTiB TOMHOCTi BOHa He BUKOHaE 3aBAaHHs, a 6e3
areHTiB 06MeXeHHs1 — 3pYIHY€E BUKOHABUMIA MeXaHi3M.
3.7.6. AreHT uineskasiBku (MoveToGoal)
Llei areHT € OCHOBHUM [paiiBepoM HaB4aHHA Ha No4yaTkoBKx etanax. Voro
3aBaHHs — CTBOPUTHU LLINbHWUIA FPaAIEHT BUHAropoau, Sk BKasye HanpsiMok 4o
uini. bes LbOro areHTa reHeTUYHMIN anropuTm npadtoe "Haocnin", BUNagKoBo
nepebupatoyy BapiaHTu.
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AreHT BUKOPUCTOBYE ANEePeHLIiHNA NPUHLMM OUiHIOBaHHS. Ha koXXHOMY
kpoui dt BiH 064MCrtoe pi3HMLII0 NOTEHLianiB NOMUIKK:

(3.6)
e Error — ue abcontoTHa KyToBa BigcTaHb 40 Lini.
3HayeHHs1 Moxe OyTu sik JogaTHUM, Tak i Big'eMHUM.
Axwo nnatdopma Habnuaunaca Ao uini (), areHt
BMAA€E NO3UTUBHY BUHAropoay.
Axwo nnatdopma Bigaanunacs, areHT Hapaxosye wrpad.
Lle 3abe3neuye MUTTEBMIN 3BOPOTHUI 3B'A30K: OyAb-siKa Aisi, WO 3MEHLLYE
NOMUIKY, MUTTEBO 320X0OHYETLCS.
3.7.7. AreHT yacy (TimeToGoal)
3abesneyeHHs WBuakoaii cuctemu. Cama no cobi TOYHICTb HE rapaHTye
eEKTUBHOCTI — MOXHA pyxaTucs 4O Lini HECKiIHYEeHHO NOBINbHO. Llen areHT
CTBOPHOE "€BOMIOLIIHNIA TUCK", 3MYLLYIOYM MEPEXY LUYKaTN HaKOPOTLLI YacoBi
TpaeKTopii.
AreHT flie ik NoCTiNHMiA WTpad 3a icHyBaHHS npobnemu. Moku nnatdopma
3HaxoAMTbCH No3a Mexamu 3agaHoro nopory TouHocTi (threshold), Ha koxxHOMY
KpoLji cumynsauii HapaxoByeTbCs hikCoBaHe BiA'€MHE 3HAYEHHS:

(3.7)
BuikntoyHo Big'eMHuin abo Hynb. Lie HakonudyBanbHuiA wtpad. Yum gosle
TpvBae nepexigHuii npouec, TMM MeHLwoto 6yae nigcymkosa cyma 6anis (Fitness).
Lle aBTomaTnyHo BiadinsTpoBye 3 nonynsAuii noinbHi ("NiHKBI") exsemnnsapu
HelrpomMepeXx.
3.7.8. AreHt cTabinisauii (StaylnThreshold)
Bopotb6a 3 gpeiichom Ta nepeperynioBaHHsM. Y cuctemax 6e3 teptsa abo 3
BMCOKOIO iHepLieto JOCATHEHHS Liini 4acTo CynpoBOAXKYETLCSH NPOCKAKyBaHHSAM.
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Llen areHT cTumynoe mepexy He NPOCTO NepPETHYTU LiNboBYy kKoopauHaTty, a
3YNUHUTUCSA B Hil | yTPUMYyBaTM MO3MLIit0.
Jlorika po60Tu iHBepCcHa [0 areHTa Yacy. BuHaropoga HapaxoByeTbCs nuile
TOi, KONM cucTema yBiviLuna B 30Hy AOMYCKY:

(3.8)
BukntoyHo poaatHuin abo Hynb. AreHT chopmye "nnarto” BUCOKOT
BMHAropoAu HaBsKono Lini. Lie amyLuye Heipomepexy racuTu WBUAKICTL npu
niaxoAi 4o 3agaHol Touku, Wob MakcumisyBaTy vYac nepebyBaHHs B 30Hi Aii Lboro
areHTa.
3.7.9. AreHT nnaBHOCTI kepyBaHHs (SmoothActionPenalty)
3axnCT MexaHiYHOro peayKkTopa Bif yAapHUX HaBaHTaXeHb. Heripomepexi,
0COBNMBO PEKYPEHTHI, CXUIMbHi reHepyBaTh BUCOKOHACTOTHWIA LLYM
("mepeHyaHHs") Kepylo4oro curHany, Konu HamaratoTbCsl KOMMNeHcyBaTu
MiHiManbHi BigxuneHHs. Lie npn3BoanTb 40 3HOCY LLECTEPEHb.
AreHT aHanisye nepLuy noxigHy Kepy4oro curHany (LWBUAKICTb 3MiHK
Hanpyru). LLitpac po3paxoByeTbCcs SK KBaapaT Pi3HULI MiXX NOTOYHMUM Ta
nonepeaHiM 3Ha4YeHHAM BMXOOY Mepexi:

(3.9)
BukntoyHo Big'eMHunia (utpad).
Mpwv nocTinHiN Hanpy3i a6o nNnaeHiN 3MiHi WITpad HabnMxKaeTbCa A0 Hyns.
Mpw piskomy pesepci ("yaap" 3 -1.0 Ha +1.0) wrpad makcumanbHui. Lie
3MYLLYE Mepexy reHepyBaTtu rmagki KpUBi PO3roHy Ta ranbMyBaHHS.
3.7.10. AreHT 3axucTy Big HacuyeHHs (SaturationPenalty)
3axucT enekTPUYHOI YacTuHK (ApaiiBepa Ta 0OMOTOK ABUryHA) Bif,
neperpisy. PoboTa Ha mexi moxnmsocTen (100% LUIM) € eHepreTniHo
HeedeKkTUBHOIO | Hebe3neyHo AN CMOBKX KNoYiB ApanBepa.
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AreHT KOHTPONoEe amnniTyay BUXIAHOTO cUrHany Hepomepexi. AKWwo
MoZyIb CUrHany nepeswLLye 3aaaHuii nopir (Hanpuknag, 0.9 a6o 90%),
HapaxoByeTbCs WTpad:

(3.10)

BuvkntoyHo Bia'eMHumin. AreHT "obpisae” 6axaHHa Helpomepexi BUpillyBaTh
3afavi BUKITOYHO 3@ PaxyHOK MakcMmarnbHOT NOTYXKHOCTi, CTUMYITHOH4M
BMKOPUCTaHHS iHepuii cuctemu (posriH -&gt; pyx 3a iHepuieto -&gt; ranbmMyBaHHS).
HanawTtyBaHHs BaroBux koediuieHTiB ( moveK , timeW , smoothW ToLL0)
[[03BoNsie nporpamysaTtn baxaHui "xapaktep" pobota. Hanpuknag, 36inbLueHHs
Baru timeW BigHocHo smoothW npu3Bene Ao dhopmyBaHHSA arpecrBHOIO CTUMIO
KepyBaHHS, e NpiopuTETOM € LUBUAKICTb, HE3BaXatun Ha Bibpauii. [loMmiHyBaHHS
smoothW npwusBeae 4o NoOBinNbHOro, ane Ayxe niaBHOrO pyxy. TakMM YMHOM,
cucTemMa OLHIOBaHHSA NepeTBOproe abCTpakTHY 3adady HaBYaHHS Y THYYKO
HanalToBYBaHWUN iHXXEHEPHWUIA IHCTPYMEHT.
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4. PE3YNbLTATWN EKCNEPUMEHTANBHUX OOCHIIKEHb
HEVPOMEPEXEBOIO KOHTPOJEPA
4.1 AHani3 guHamikv HaBYaHHS Ta hopMyBaHHS cTpaTerii
KepyBaHHS
Bepudikauis po3pobneHoi cuctemun nposoaunacst Ha 6asi nporpaMHoro
cepenosua «LindppoBuii ABINHUKY, SKe MoAentoe AMHaMiKy anepiognyHoi NaHku
Opyroro nopsiaky 3 napametpamu auckpetusauii $\Delta t = 0.1$ ¢. JocnimkeHHs
npoLecy HaB4YaHHS, pearisoBaHoOro MeToaoM eBonoLiiHuX ctpaterin (ES) 3
nonynsuieto 50 areHTiB, 4O3BOMMIO BCTAHOBUTY 3aneXHiCTb MiX apXiTEKTYpor
BMHAropog ta hopMyBaHHSIM KEPYYOi NMOMITUKN.
AHani3 kpmBux 36ixXHOCTI dyHKLUiT npucTocoBaHocTi (Fitness Function)
nokasye, Lo npoLec HaB4aHHs cTabinidyetbest B mexax 210-220 enox.
3acTocyBaHHsA MeToAy A3epkanbHoro cemmnoBaHHs (Antithetic Sampling)
3a6e3neqmnno 3HKeHHa aucnepcii ouiHkW rpagieHTa. Ha noyaTtkoBomy etani (0—
50 enox) cuctema 34ilNcHIoe NoLuyk 6a30BUX 3anexHOCTEN, MiHIMI3ytoun
rnobanbHy nomusnky nosuuitoBaHHs. Ha etani 50-150 enox BigbyBaeTbCs
ONTUMI3aLis AUHAMIYHUX XapaKTePUCTUK: 3MEHLLEHHS Yacy perynioBaHHs Ta



YCYHeHHs ocumnauin. ®inanbHuin etan (nicns 150 enox) xapakTepuayeTbes
afjanTauieto Bar pekypeHTHoro 6noky GRU ans 3abe3neqeHHs CTINKOCTi B
HYMbOBIN TOYL.

Okpemy yBary 6yno npuaineHo aHaniy BnavBY KOMMNOHEHTIB (yHKLT
BMHAropoam Ha KiHueBy nosefiHKy cuctemu (Ablation Study). Pesynsratu
MOYEepProBOro BUKIMKOYEHHS areHTiB MPOAEMOHCTPYBanu HacTymnHe:
BigcyTHicTb areHTa uineBkasiBkn (MoveToGoal) yHeMOXMBIOE 36iKHICTb
anroputmy. Yepes po3pigKeHicTb curHany BUHaropoamn cuctema He 3gatHa
cdopmyBaTh CNpAMOBaHUIN pyx A0 Uini npotarom 400 enox HaB4aHHS.
BukntoyeHHs areHTta crabinisauii (StaylnThreshold) npussoaute go apenidy
nnaTopMu HaBKOO TOYKK piBHOBarM. Cuctema gocsirae 3agaHoi koopauHaTi,
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ane He (ikCcye NONOXEHHS, WO CBiAYUTb NPO HEODOXIAHICTL OKPEMOro KpUTEpIto
Ons TepMiHanbHOro CTaHy.
BigknioueHHs areHTiB ekcrinyarauii (SmoothAction, Saturation) He
MNoripLye TOYHICTb MNO3ULiIOBaHHS, ane Npu3BoAnTb 40 hOPMYyBaHHS pernenHoro
3aKkoHy kepyBaHHs (bang-bang control). BuxigHuii curHan Habysae Burnsgy
NPSAMOKYTHUX iMMYSbCIB MakCMManbHOT amnaiTyau, Wo € HENPUNyCTUMUM A4S
peanbHUX enekTpoMeXaHiYHKUX NPUBOLAIB Yepes3 pu3nK NeperpiBy Ta MexaHiyHoro
3HOCY.
AHani3 BHyTpILLHiX cTaHiB npuxoBaHoro wapy GRU nigTBepaye, Wo B
npoLieci HaB4aHHA Mepexa chopMyBana MexaHiam HesIBHOT OLiHKN MOXIQHWX.
KopensuinHuii aHani3 nokasye 3anexHicTb akTUBHOCTiI HEMPOHIB NPUXOBAHOMO
Luapy Bif po3paxyHKOBOI KyTOBOI LUBMAKOCTI 06'ekTa. Lie fo3BONsie kOHTponepy
BpaxoByBaTy iHepLito nnatdopmu 6e3 BUKOPUCTaHHS (Di3UYHMX OaTUUKIB
LUBWAKOCTI.
4.2 lMopiBHANbHMI aHani3 eheKTUBHOCTI Ta po6acTHOCTI cUcTeMU
[Ans ouiHKM SAKOCTI KepyBaHHSA NMPOBeAEHO MOPIBHAHHSA CUHTE30BaHOMO
HelpoKkoHTponepa 3 knacuyHum Mid-perynstopom. MIA-perynsitop 6yno
HanalToBaHWI Ha ONTUMarbHi NOKa3HUKKU (MIHIMYM Yacy perynioBaHHs npu
nepeperynioBaHHi $\sigma &lt; 1\%$) ona HomiHansbHUX NapameTpis 06'ekTa
(MomeHT iHepuii $J = 1.0$). TecTyBaHHsi NPOBOAUMOCS Y TPLOX PEXUMAX:
HOMiHanNbHOMY, peXuMi 36iNbLLUEHOT0 HaBaHTaXXEHHS Ta PEXUMI 3MEHLLEHOrO
HaBaHTaXeHHS.
Y HomiHanbHomy pexumi ($J = 1.0$) 061ABI cUCTEMM [EMOHCTPYIOTH
3a[0BIinNbHi pesynsraty. Henpomepexa hopmMye TpaekTopito, 6nmabky Ao
onTMMarnbHOT 3a LWBWAKOAIE: NIATPUMYE MaKCUMarnbHy Hanpyry Ha etani
pO3roHy Ta hopmye 3aB4acHUI ranbMiBHUIA iMNynbc. Yac nepexigHoro npouecy
HelpoKoHTponepa crisMipHuii 3 MIA-perynatopom (pisHuus B mexax 5%), npu
LbOMYy Hevipomepexa 3abesnevye anepiognyHuin xapakTep HabnxXeHHs 4o Lini.
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CyTTeBI BiAMIHHOCTI BUSIBNEHO Npu AOCHimKeHHi pobacTHOCTI (CTiMKOCTi A0
3MiHW napameTpiB 0b'ekTa):
1. 36inbLeHHs iHepuii (J = 5.0).
MogaentoBaHHsA po60TK 3 M'ATUKPATHUM 36iNbLIeHHSM Macu nnatgopmu
BUSIBUINO HeJoniku iHTerpanbHoi cknagosoi MIJ-perynatopa. TpuBanuin yac
PO3roHy NPM3BOAUTL A0 HAaKOMUYEHHSI MOMWUIKK B iHTerpaTopi (edpekT Integrator
Windup), Wo cnpuynHsie 3HavHe nepeperynoBaHHs (noHaa 40%) Ta Tpusani
3aTyxatodi KonneaHHSA. HelMpokoHTponep, 3aBAsKU HASIBHOCTI PEKYPEHTHMX
3B'A3KiB, a4anTyeTbCsA A0 3MiHU AMHAMIKK: IKCYI04M NOBIMbHiLLE 3pOCTaHHSA
no3wuuii y BiANOBIAb Ha Kepylounin BB, Mepexa KopUrye MOMEHT novaTtky
ranbMyBaHHs. MNepeperyntoBaHHsA He nepesuLlye 2.5%, npouec 3anuwaeTbes
cnabo-konmBanbHYUM.
2. 3meHLweHHs iHepuii (J = 0.2).
Mpwu poboTi 3 nonerwexoto nnatcdopmoto MIO-perynatop BTpavae
CTiMKicTb. KoedilieHT niacnneHHa nponopLinHoi cknagoBoi, po3paxoBaHWin Ha
HOMiHanbHy Macy, BUSIBMSETLCA HAAMIPHMM, L0 NPU3BOAWTb [0 BUHUKHEHHS
Hesaracato4mx aBTOKONMBaHb. Helipomepexa 36epirae CTilikicTb 3aBAsiKM dYHKLT
akTuBauii tanh, sika obmexye amnniTyay BUXody, Ta HaBYEHiIl NomniTULi NnaBHOCTI
(SmoothAction), wo agemndye BUCOKOHACTOTHI 30ypeHHs.
KinbkicHi nokasHuku nepexigHux npouecis Ans o6ox TuniB KOHTpornepis



3BeaeHo B Tabnuuto 4.1.

Tabnuus 4.1. MNMoka3sHWKN AKOCTi KepyBaHHs NpuW BapiaLii napameTpis
Pexum poboTtu

Tun

KOHTponepa

MepeperynioBaHHs

(0), %

Yac perynioBaHHS

(tset), c

XapakTtep

npouecy

HominanbHui MIA 0.5 2.1 AnepiognyHui
(J=1.0) Hennpomepexa 0.8 2.2 AnepioanyHui
Baxkuia M1 42.0 &gt; 8.0 KonveanbHuii
(J=5.0) Hennpomepexa 2.5 4.5 AnepioanyHuii
TNerkuia NIO HecTinknin - ABTOKONMBaHHS
(J=0.2) Hennpomepexa 0.0 0.8 AnepioanyHuii
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[aHi ekcnepyMeHTiB cBigYaThb, L0 HEMpOMepeXeBUiA KOHTponep 3abesnedye
iHBapiaHTHICTb NOKa3HWKIB SIKOCTI KepyBaHHS B Aiana3oHi 3MiHW iHepLUinHOro
HaBaHTaxeHHs Big 0.2 go 5.0 BigHOCHO HOMiHany, Toai Sk NiHIHWIA perynsTop
noTpebye nepeHanaluTyBaHHA KOediLiEHTIB NSt KOXHOIO pexvumMy poboTu.
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BWCHOBKW
Y pesynbrati npoBEAEHOro AOCNIAXKEHHS Byno 3A4iNCHEHO KOMMMIEKCHWIA
aHarni3 iCHyr4MX CUCTEeM KepyBaHHS MOBOPOTHUMM nnaTtdopmMamMu, BKIYaoum
KOHCTPYKTMBHI CXeMW, AaTYMKM NOSNIOXKEHHS Ta OpieHTaUii, KnacuyHi metoam
kepyBaHHg (PID, LQR) Ta iHTenekTyansHi nigxoaw (HediTka norika, HEeMpPOHHI
Mepe»(i.ﬁ_le [03BOMNMNO BU3HAYUTU hyHAAMEHTanbHi 0OMeXeHHst TpaauuinHnx
MEeTO[iB LLIOA0 HeobXiAHOCTI TOYHOro MaTeMaTUYHOLO MOoAENtoBaHHA ob'ekTa Ta
YyTNUBOCTI A0 NapameTPUYHNX HeBVI3Ha‘«{eHOCTel;Ii TakoX obrpyHTyBaTh
[OUiNbHICTE PO3PO6KN HEepoMEPEXEBOT CUCTEMU KEPYBAHHS—AK €PEKTUBHOT
[ﬁ:bTepHaTVIBVI Ans poboTV B yMOBax HEBU3HAYEHOCTi Ta 30BHiLLHIX 30ypeHb.

a OCHOBIi NpoBeAeHoro aHanidy 6yno po3pobneHo cucTemy KepyBaHHS
MOSOXXEeHHSAAM NOBOPOTHOI MnaTtdopmu, Lo 6asyeTbCa Ha PeKypeHTHIN
HelipoMepexeBiit apxiTekTypi 3 BukopuctaHHsim GRU-komipok. PospobneHa
cucTema BKrtodae Metog 06pobKM LIMKMIYHOCTI KyTOBUX KOOpAMHAT Ans
KOPEKTHOro hopMyBaHHsI BXiAHOTO BEKTOpA CTaHiB, a TaKoX BUKOPUCTOBYE
anropuTM HaB4aHHS Ha OCHOBI €BOMIOLIVIHWX CTpaTerii 3 A3epKanbHUM
CeMnIoBaHHAM AN ONTUMI3aLii napamMeTpiB KOHTporepa B yMOBaXx BiACYyTHOCTI
anpiopHux faHux. Takuii niaxig 3abesneyye BUCOKY TOYHICTb NO3ULOHYBaHHSA Ta
poGacTHICTb HaBiTb 3@ YMOBM [ii 30BHiLLHiX 30ypeHb Ta yaapHUX HaBaHTaXeHb.

Y po6oTi po3pobneHo UmMdpoBUiA ABINHUK CUCTEMU KEPYBaHHS
nnatcopmoto, Lo 6a3yeTbCs Ha MaTEMaTUYHIN MOZENi KONIEKTOPHOMO ABUrYHa Ta
Mopeni yaapHuX i 30BHILLHiX 30ypeHb Ans peanicCTUYHOro BiATBOPEHHS YMOB
ekcnnyaradii. [ns nigBuweHHst e(pekTUBHOCTI NpoLecy HaB4aHHs Byno
pO3pobneHo MynsTUareHTHy cuctemy hopMyBaHHSA BUHAropoau 3 po3ainbHUMU
KOMMOHEHTamu LineBkasiBku, Yacy, ctabinizaii, nnaBHOCTI kKepyBaHHS Ta 3axucTy
Bi[l HACUYEHHS, sika BKIIOYaE MexaHi3M BekTopu3aalii obuncneHs ans
apanenbHOro HaB4aHHSA MHOXUHW €K3eMNNsApIiB HEpoOMepeXi.

[ﬂ/ pamMKax NpakTUYHOI peanidaLlii CTBOPEHO KOMMIEKCHE nporpamHe

cepefioByLLE AN HABYAHHSA Ta TECTYBaHHS HEMPOMEPEXEBOrO KOHTPONeEpa, ke

@M. Apk. No gokym. Mign. ata
ApK.
84 KPM.AKCwm- 06.00.00.000 M3
BKIIOMA@E MOAYMb iMITALINHOrO MOAENtoBaHHS Pi3NYHOI cucTemn Ta cuctemy
OLiHIOBAHHS e(heKTUBHOCTI 3 ypaxyBaHHSM GaraTokpuTepianbHUX NOKa3HUKIB
ﬂKOCTm'IpM LboMmy Byno peanizoBaHO anroputMu reHepadii pis3HOMaHiTHUX
TPAEKTOPIN pyxy Ta 36ypeHb 3 KOHTPONLOBAHNMUN XapaKTepUCTMKam ,1 (o]
[03BONUIO BepUpikyBaT €DEKTUBHICT METOAY LUMSXOM MOPIBHANBHOIO aHanisy




3 knacuyHumK PID Ta LQR koHTponepamm.

pakTU4YHa 3HAYMMICTb POBOTM NONArae y CTBOPEHHI _CUCTEMU KepyBaHHSA
MOBOPROTHO NNaTchopMoto, 3AaTHOI 3a6e3neUnT BUCOKOTOYHE MO3NLOHYBaHHS
Ta crabinisauito B ymoBax napameTpuyHMx HEBU3HAYEHOCTEN Ta 30BHILLIHIX
36ypeHb 6e3 HEOOXiAHOCTi TOYHOrO MaTEMaTUYHOIO MOAENOBaHHS 06'ekTa.

ayKoBa HOBV3HA POBOTM BU3HAYAETLCSA PO3POOKOI0 KOMMIIEKCHOrO MeToay
CUHTE3Yy HEMPOMEPEXEBOTO KOHTPONepa Ha OCHOBI PEKYPEHTHOI apXiTeKTypw, LLO
noeaHye 06pobKy LIMKMIYHMX KyTOBMX KOOPAMHAT 3 MYSIbTUAreHTHOK CUCTEMOIO
hopMyBaHHS BUHAropoau Ta TEXHOSOrIE0 eBOOLIMHMX CTpaTeril,
3abe3anevytoun yHikanbHi MokasHyKkM aganTuBHOCTI Ta pobactHocTi.Claude is Al
and can make mistakes. Please double-check responses.
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#!/usr/bin/env python

Table Position Controller - Main CLI Entry Point

Commands:
train Train the RNN controller using Evolution Strategies
evaluate Evaluate a trained controller
export  Export a trained model
demo Run a demonstration with the fake simulator
from __future__ import annotations
import argparse
import sys
from pathlib import Path

def check_simulator_available(use_fake: bool = False):

Check if a real simulator is available.

Args:
use_fake: If True, allow using fake simulator

Returns:
Simulator instance

Raises:
SystemEXxit if no simulator available and use_fake is False

from Modules.models import TableSimulator, FakeTableSimulator

if use_fake:
print("Using FakeTableSimulator for training/evaluation.")
print("Note: This is for testing only. Implement TableSimulator for real physics.")
return FakeTableSimulator(random_start_state=True)

# Try to use real simulator
try:
sim = TableSimulator()
sim.reset()
return sim
except NotimplementedError:
print("\n" + "="*60)
print("ERROR: TableSimulator is not implemented!")
print("="*60)
print("\nThe TableSimulator class in Modules/models.py has placeholder")
print|

"'methods that need to be implemented with your table dynamics.")
print("\nRequired methods to implement:")

print(" - reset(start_pos) -&gt; TableState")

print(" - step(power_input_ratio, dt) -&gt; TableState")

print("\nTo test the training pipeline without real physics, use:")

print(" python main.py train --use-fake-simulator")

print("="*60 + "\n")

sys.exit(1)

(
(
(
(
(
X
(
(
(
(

def setup_gpu():
""Configure and verify GPU availability.""
import tensorflow as tf
import os

# Try to force GPU usage if available
os.environ['TF_FORCE_GPU_ALLOW_GROWTH"] = "true"



# Enable memory growth to avoid allocating aPU memory._
__gpus = tf. config. list_physical_devices('GPU') if gpus:
try:
fwgm
tf.config.experimental.set_memory_growth(gpu, True)
print(f"\n[GPU STATUS] Found {len(gpus)} GPU(s):")
for gpu in gpus:
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details = tf.config.experimental.get_device_details(gpu)
name = details.get('device_name', 'Unknown’) if details else 'Unknown'
print(f* - {gpu.name}: {name}")
print("[GPU STATUS] GPU acceleration enabled.\n")
except RuntimeError as e:
print(f"[GPU STATUS] Error configuring GPU: {e}")
else:
print("\n[GPU STATUS] No GPU detected. Running on CPU.\n")

def cmd_train(args):
""Train the RNN controller using Evolution Strategies."™
from Modules.policy_rnn import create_default_policy
from Modules.train_es import ESConfig, ESTrainer, create_trainer
from Modules.rollout import EpisodeConfig

from Modules.rewards import RewardConfig

# Get simulator
simulator = check_simulator_available(use_fake=args.use_fake_simulator)

# Handle multi-goal training configuration

multi_goal_enabled = getattr(args, 'multi_goal', False)

goals_per_episode = getattr(args, 'goals_per_episode', 3) if multi_goal_enabled else 1
goal_segment_steps = getattr(args, 'goal_segment_steps', 300)

# Calculate actual episode length for multi-goal

if multi_goal_enabled:
actual_episode_length = goals_per_episode * goal_segment_steps
goal_change_interval = goal_segment_steps

else:
actual_episode_length = args.episode_length
goal_change_interval = None

# Create configurations

es_config = ESConfig(
population_size=args.population_size,
sigma=args.sigma,
learning_rate=args.learning_rate,
episodes_per_eval=args.episodes_per_eval,
max_generations=args.max_generations,
checkpoint_dir=args.checkpoint_dir,
checkpoint_interval=args.checkpoint_interval,
patience=args.patience,
multi_goal_enabled=multi_goal_enabled,
goals_per_episode=goals_per_episode,
goal_segment_steps=goal_segment_steps

episode_config = EpisodeConfig(
episode_length=actual_episode_length,
dt=args.dt,
min_pos=simulator.min_pos,
max_pos=simulator.max_pos,
goal_change_interval=goal_change_interval,
reset_on_goal_change=True,
reset_rnn_state_on_goal_change=False



reward_config = RewardConfig(
threshold=args.threshold,
episode_length=actual_episode_length

# Create policy

policy = create_default_policy(
min_pos=simulator.min_pos,
max_pos=simulator.max_pos

# Load checkpoint if specified
if args.resume_from:
print(f"Resuming from checkpoint: {args.resume_from}")
trainer = create_trainer(
simulator=simulator,
es_config=es_config,
episode_config=episode_config,
reward_config=reward_config,

90

policy=policy

)

trainer.load_checkpoint(args.resume_from)

else:

trainer = create_trainer(
simulator=simulator,
es_config=es_config,
episode_config=episode_config,
reward_config=reward_config,
policy=policy

# Train
summary = trainer.train(verbose=True, log_interval=args.log_interval)

print(f\nTraining complete!")
print(f"Best model saved to: {args.checkpoint_dir}/final_policy.keras")

return summary

def cmd_evaluate(args):
""Evaluate a trained controller."™"
import tensorflow as tf
from Modules.rollout import evaluate_policy, run_episode, EpisodeConfig
from Modules.rewards import RewardConfig, RewardPipeline
from datetime import datetime

# Get simulator
simulator = check_simulator_available(use_fake=args.use_fake_simulator)

# Load model

model_path = Path(args.model_path)

if not model_path.exists():
print(f"Error: Model not found at {model_path}")
sys.exit(1)

print(f"Loading model from@odel_path}")_
__policy = tf.keras.models.load_model(model_path)

# Configure evaluation

episode_config = EpisodeConfig(
episode_length=args.episode_length,
dt=args.dt,
min_pos=simulator.min_pos,
max_pos=simulator.max_pos
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reward_config = RewardConfig(
threshold=args.threshold,
episode_length=args.episode_length

# Run evaluation

metrics = evaluate_policy(
simulator=simulator,
policy=policy,
config=episode_config,
reward_config=reward_config,
num_episodes=args.num_episodes,
rng_seed=args.seed,
verbose=True

# Generate plot if requested
if args.plot:
print("\nGenerating trajectory plot...")
try:
from Modules.plotting import plot_episode_trajectory

# Run one episode with trajectory recording
reward_pipeline = RewardPipeline.from_config(reward_config)
plot_seed = args.plot_seed if hasattr(args, 'plot_seed') and args.plot_seed else 999
trajectory_result = run_episode(
simulator=simulator,
policy=policy,
reward_pipeline=reward_pipeline,

config=episode_config,
rng_seed=plot_seed,
record_trajectory=True

if trajectory_result.trajectory:
# Determine save path
if args.plot_save:
save_path = Path(args.plot_save)
if save_path.is_dir():
#lt'sa dire create filename

timestamp *—aatetime.now().strftime("%Y %m%d.. %H%M%S")_
model_name = model_ path.stem

save_path = save_path / f"trajectory_{model_name}_{timestamp}.png"
else:

# Default save location

plots_dir = Path("checkpoints/plots")
plots_dir.mkdir(parents=True, exist_ok=True)

timestamp tetime.now().strftime(}[%Y,%qm%dw"/gH_%M%_&'_')_
model_name = model_ path.stem

save_path = plots_dir / f"trajectory_{model_name}_{timestamp}.png"

# Plot
show_plot = not args.no_show if hasattr(args, 'no_show') else True
plot_episode_trajectory(
trajectory=trajectory_result.trajectory,
titte=f"Episode Trajectory - {model_path.stem}",
save_path=str(save_path),
show=show_plot

print(f"Trajectory plot saved to: {save_path}")
if show_plot:
print("Plot displayed interactively.")
else:



print("Warning: No trajectory data available for plotting.")

except ImportError:

print("ERROR: matplotlib not installed. Install with: pip install matplotlib&gt;=3.7.0")
except Exception as e:

print(f"Warning: Could not generate plot: {e}")

return metrics

def cmd_export(args):
""Export a trained model to different formats.
mport tensorflow as tf
from pathlib import Path

model_path = Path(args.model_path)

if not model_path.exists():
print(f"Error: Model not found at {model_path}")
sys.exit(1)

print(f"Loading model from: {model_path}")
policy = tf.keras.models.load_model(model_path)

output_path = Path(args.output_path)

if args.format == "keras":
output_path = output_path.with_suffix(".keras")
policy.save(output_path)
print(f"Saved Keras model to: {output_path}")

elif args.format == "saved_model":
tf.saved_model.save(policy, str(output_path))
print(f"Saved TensorFlow SavedModel to: {output_path}")

elif args.format == "tflite":
output_path = output_path.with_suffix(".tflite")
converter = tf.lite. TFLiteConverter.from_keras_model(policy)
tflite_model = converter.convert()
with open(output_path, 'wb') as f:
f.write(tflite_model)
print(f"Saved TFLite model to: {output_path}")
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elif args.format == "weights":
import numpy as np
output_path = output_path.with_suffix(".npz")
flat_weights = policy.get_flat_weights()
np.savez(output_path, weights=flat_weights)
print(f"Saved weights to: {output_path}")

return output_path

def cmd_demo(args):
""Run a demonstration with the fake simulator.
import numpy as np
from Modules.models import FakeTableSimulator
from Modules.policy_rnn import create_default_policy, PolicyWrapper

print("n® + "="*60)
print("Table Controller Demo (Fake Simulator)")
print("="*60)

# Create simulator and policy

simulator = FakeTableSimulator(random_start_state=False)
policy = create_default_policy()

wrapper = PolicyWrapper(policy)

# If model path provided, load it



if args.model_path:
import tensorflow as tf
print(f"Loading trained model: {args.model_path}")
policy = tf.keras.models.load_model(args.model_path)
wrapper = PolicyWrapper(policy)

else:
print("Using untrained (random) policy")

# Run demo episodes
for ep in range(args.num_episodes):
state = simulator.reset(start_pos=args.start_pos)
goal_pos = args.goal_pos if args.goal_pos else np.random.uniform(10, 90)

wrapper.reset()

print(f"\nEpisode {ep + 1}:")
print(f" Start position: {state.current_pos:.1f}")
print(f" Goal position: {goal_pos:.1f}")

positions = [state.current_pos]
actions =]

for step in range(args.steps):
action = wrapper.get_action(desired_pos=goal_pos, current_pos=state.current_pos)
state = simulator.step(action, dt=args.dt)

positions.append(state.current_pos)
actions.append(action)

# Print progress every 10 steps
if (step + 1) % 10 == 0 or step == 0:
error = abs(goal_pos - state.current_pos)
print(f" Step {step+1:3d}: pos={state.current_pos:6.2f}, "
f'action={action:+.3f}, error={error:.2f}")

final_error = abs(goal_pos - state.current_pos)
print(f" Final position: {state.current_pos:.1f}")
print(f" Final error: {final_error:.2f}")

print(f" Goal reached: {final_error &lt; 1.0}")

It
It

print("\n* + "="*60)
print("Demo complete!")
print("="+60 + "\n")

def main():
parser = argparse.ArgumentParser(
description="Table Position Controller Training and Evaluation",
formatter_class=argparse.RawDescriptionHelpFormatter,
epilog=""
Examples:
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# Train with fake simulator (for testing)
python main.py train --use-fake-simulator --max-generations 100

# Train with real simulator (requires TableSimulator implementation)
python main.py train --max-generations 1000

# Evaluate a trained model
python main.py evaluate --model-path checkpoints/final_policy.keras

# Run demo
python main.py demo --num-episodes 3

# Export model to TFLite
python main.py export --model-path checkpoints/final_policy.keras --format tflite



)

E]subparsers = parser.add_subparsers(dest="command", _help="Available commands")

# Train _command
train__parser = subparsers.add_parser( "train"p="Train the. controller")_
train__parser.add_argument("--use-fake-simulator", action="store_true",
help="Use fake simulator for testing")
train_parser.add_argument("--population-size", type=int, default=50,
help="ES population size@efault: 50)")
train_parser.add_argument("--sigma", type=float, default=0.05,
help="Noise standard deviatiof_ault;&)ﬂ)_

help="Learning.rate.(default. 0.0.0"
train__parser.add_argument("--episodes-per-eval',~<ype=int, default=3,
help="Episodes per fitness evaluation (default: 3)")
train_parser.add_argument("--max-generations", type=int, default=500,
help="Maximum training generations (default: 500)")
train_parser.add_argument("--episode-length", type=int, default=300,
help="Steps per episode (default: 300)")
train_parser.add_argument("--dt", type=float, default=0.1,
help="Time step in seconds (default: 0.1)")
train_parser.add_argument("--threshold", type=float, default=1.0,
help="Position error threshold (default:1.0)")
train_parser.add_argument("--checkpoint-dir", type=str—aefault="checkpoints",_
help="Checkpoint directory (default: checkpoints)")_
train__parser.add_argument("--checkpoint-inferval”, type=int, default=20,
help="Generations between checkpoints (default: 20)")
train_parser.add_argument("-—patience',ﬁp%int, default=50,
help="Early stopping patience (default: 50)")
rser.add_argument("--log-interval", type=int, default=1, help= "Generations between log messages (default: 1)")
—parser.add_argument(--resume-from”,__type=str, default=None, _help="Checkpoint prefix to resume from")
# Multi-goal training options
train_parser.add_argument("--multi-goal", action="store_true",
help="Enable multi-goal training (multiple targets per episode)")
trair@rser.add argument("--goals-per-episode", _type=int, default=3, _help="Number.of goal segments per episode (default: 3)")_

train_parser.add_argument("--goal-segment-steps", type=int, default=300,

train_parser.set_defaults(func=cmd_train)

# Evaluate command
eval_parser = subparsers.add m("evaIuate",Mpf'Evaluat rained controller")_
eval__parser.add_argument("--model-path”, type= str,@equired=True,

help="Path to trained model" )
eval_parser.add_argument("--use-fake-simulator", action="store_true",

help="Use fake simulator for testing")
eval_parser.add_argument("--num-episodes", type=int, default=20,

help="Number of evaluation episodes (default: 20)")
eval_parser.add_argument("--episode-length", type=int, default=300,

help="Steps per episode (default: 300)")
eval_parser.add_argument("--dt", type=float, default=0.1,

help="Time step in seconds (default: 0.1)")
evai rser.add_argument("--threshold", type=float, default=1.0, help= "Position error threshold (default: 1.0)")
eva : rser.add_argument("--seed”, type=int, _default= None,_

help="Random.seed.for reproducibility”)_
eval_ parser.add_argument(*--plot", action="sfore_.true"

help="Generate trajectory plot")
eval_parser.add_argument("--plot-save", type=str, default=None,
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help="Path or directory to save plot (default: checkpoints/plots/)")
eval_parser.add_argument("--no-show", action="store_true",
help="Save plot without displaying it interactively")
eval_parser.add_argument("--plot-seed", type=int, default=999,
help="Random seed for trajectory plot (default: 999)")
eval_parser.set_defaults(func=cmd_evaluate)



# Export command

export_parser = subparsers.add_parser("export", help="Export a trained model")

expo:ED]aarser.add_argument("--model-r&h", type=str, required=True,
help="Path to trained model")

export_parser.add_argument("--outpE

__export_parser.add_argument("--format", _type=str, default= "keras",

choices=["keras", "saved_model", "tflite", "weights"],
help="Export format (default: keras)")

export_parser.set_defaults(func=cmd_export)

# Demo command
demo_parser = subparsers.add_parser("demo", help="Ruemonstration")_
__demo_ parser.add_argument('-:model-path”, type=str, default=None,_

help="Path to trained model (uses random if not provided)")
demd 2 arser.add argument("--num-episodes", type=int, default=3, help= "Number of demo episodes (default: 3)")
demcjzf‘ rser.add_argument("--steps"”, type=int, default=100, _help="Steps per episode (default..100)")_
demo_ parser.add_argument("--dt", type=float, default=0.1,

help="Time step in seconds (default: 0.1)")
demo_parser.add_argument("--start-pos", type=float, default=None,

help="Starting position (random if not provided)")
demo_parser.add_argument("--goal-pos", type=float, default=None,

help="Goal position (random if not provided)")
demo_parser.set_defaults(func=cmd_demo)

# Parse arguments
args = parser.parse_args()

if args.command is None:
parser.print_help()
sys.exit(0)

# Check and configure GPU
setup_gpu()

# Run command
args.func(args)

if _name__ =="__main__":

main()
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Table position controller interfaces and model definitions.

This module defines:
- TableSimulator: Interface for table physics simulation (NOT IMPLEMENTED - dynamics pending)
- TableControllerModel: Keras model wrapper for RNN-based position controller
m future___import annotations
from dataclasses import dataclass

from abc import ABC, abstractmethod
import math

@dataclass
class TableState:

State representation for the table simulator.

Attributes:
current_pos: Current position of the table (in position units, e.g., 0-100)
current_vel: Current velocity of the table (optional, for future use)

current_pos: float



current_vel: float = 0.0

def to_dict(self) -&gt; Dict[str, float]:
return {"current_pos": self.current_pos, "current_vel": self.current_vel}

class TableSimulatorinterface(ABC):

Abstract interface for table physics simulation.

The simulator models a table that can be moved to a desired position
using a power input (e.g., motor power ratio). Implementations should
model realistic dynamics including inertia, friction, and response lag.

Expected 1/O Contract:
- Observation: (desired_pos, current_pos)
- Action: power_input_ratio in [-1, 1] for bidirectional control
(positive = move in positive direction, negative = move in negative direction)

@property

@abstractmethod

def min_pos(self) -&gt; float:
"""Minimum allowed position."""
pass

@property

@abstractmethod

def max_pos(self) -&gt; float:
"""Maximum allowed position.
pass

@property

@abstractmethod

def current_pos(self) -&gt; float:
""Current position of the table."""
pass

@abstractmethod
def reset(self, start_pos: Optional[float] = None) -&gt; TableState:

Reset the simulator to initial state.

Args:
start_pos: Optional starting position. If None, may randomize
based on implementation settings.
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Returns:
TableState: Initial state after reset, containing at minimum current_pos.

pass

@abstractmethod
def step(self, power_input_ratio: float, dt: float) -&gt; TableState:

Advance the simulation by one time step.

Args:
power_input_ratio: Motor power ratio in [-1, 1].
Positive values move in positive direction.
Negative values move in negative direction.
dt: Time step duration in seconds.

Returns:
TableState: New state after applying the action, containing current_pos.



pass

def wrap_angle_deg(angle: float) -&gt; float:

Wrap angle to [0, 360).

return angle % 360.0

def shortest_angular_difference(target_deg: float, current_deg: float) -&gt; float:

Compute the signed shortest angular difference between target and current in degrees.

Returns value in [-180, 180], where positive means target is ahead in positive direction.
diff = (target_deg - current_deg + 180.0) % 360.0 - 180.0
return diff

class TableSimulator(TableSimulatorinterface):

Table physics simulator.

*** DYNAMICS NOT IMPLEMENTED ***

This class defines the interface contract but does not implement
actual physics. Implement the dynamics based on your specific
table hardware characteristics (mass, friction, motor response, etc.).

Expected properties to calibrate (examples):
- table_mass: Mass affecting inertia
- motor_max_force: Maximum force the motor can apply
- friction_coefficient: Static/dynamic friction
- damping: Velocity-dependent resistance

def __init_ (
self,
random_start_state: bool = True,
min_pos: float = 0.0,
max_pos: float = 360.0,

inertia: float = 0.02, # rotational inertia (kg*m”2)
damping: float = 0.08, # viscous friction coefficient
torque_constant: float = 0.6, # N*m at full power
max_torque: float = 0.6, # cap torque

# Domain randomization (set to True for better generalization)
randomize_physics: bool = False,

inertia_range: tuple = (0.015, 0.025),  # +25% variation
damping_range: tuple = (0.06, 0.10), # +25% variation
torque_range: tuple = (0.5, 0.7), # +17% variation

Initialize the table simulator.

Args:
random_start_state: If True, reset() randomizes starting position.
min_pos: Minimum position boundary.
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max_pos: Maximum position boundary.
self._min_pos = min_pos
self._max_pos = max_pos
self._random_start_state = random_start_state
self._current_pos = (min_pos + max_pos) /2.0
self._current_vel = 0.0

# Store base physics parameters
self._base_inertia = inertia
self._base_damping = damping



self._base_torque_constant = torque_constant
self._base_max_torque = max_torque

# Domain randomization settings
self.-randomize_physics = randomize_physics
self.inertia_range = inertia_range
self.damping_range = damping_range
self.torque_range = torque_range

# Current physics parameters (may be randomized)
self.inertia = inertia

self.damping = damping

self.torque_constant = torque_constant
self.max_torque = max_torque

@property
def min_pos(self) -&gt; float:
return self._min_pos

@property
def max_pos(self) -&gt; float:
return self._max_pos

@property
def current_pos(self) -&gt; float:
return self._current_pos

@property
def current_vel(self) -&gt; float:
return self._current_vel

def reset(self, start_pos: Optional[float] = None) -&gt; TableState:

Reset the simulator to an initial state.

If domain randomization is enabled, physics parameters are
randomized on each reset to improve policy robustness.

import random

# Randomize physics parameters if enabled

if self.randomize_physics:
self.inertia = random.uniform(*self.inertia_range)
self.damping = random.uniform(*self.damping_range)
torque = random.uniform(*self.torque_range)
self.torque_constant = torque
self.max_torque = torque

else:
# Use base parameters
self.inertia = self._base_inertia
self.damping = self._base_damping
self.torque_constant = self._base_torque_constant
self.max_torque = self._base_max_torque

# Reset position and velocity
if start_pos is not None:
self._current_pos = wrap_angle_deg(start_pos)
elif self._random_start_state:
self._current_pos = random.uniform(self._min_pos, self._max_pos)
else:
self._current_pos = (self._min_pos + self._max_pos) /2.0
self._current_pos = wrap_angle_deg(self._current_pos)
self._current_vel = 0.0
return TableState(current_pos=self._current_pos, current_vel=self._current_vel)

def step(self, power_input_ratio: float, dt: float) -&gt; TableState:
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Advance simulation by one timestep using a second-order aperiodic model.

# Clamp input
u = max(-1.0, min(1.0, power_input_ratio))

# Torque from motor
torque = max(-self.max_torque, min(self.max_torque, self.torque_constant * u))

# Dynamics: J * w_dot = torque - b * w
angular_acc = (torque - self.damping * self._current_vel) / self.inertia

# Integrate velocity and position
self._current_vel += angular_acc * dt
self._current_pos = wrap_angle_deg(self._current_pos + self._current_vel * dt)

return TableState(current_pos=self._current_pos, current_vel=self._current_vel)

def update(self, power_input_ratio: float, dt: float) -&gt; float:

Legacy interface - calls step() and returns position.

Maintained for compatibility. Prefer using step() directly.

state = self.step(power_input_ratio, dt)
return state.current_pos

# S

# Vectorized Simulators for Batched GPU Training

#

class VectorizedTableSimulator:

Vectorized table simulator for parallel batch simulation.

Runs N independent simulations simultaneously using NumPy vectorization.
This enables batched GPU inference by stepping all simulations in lockstep.

def __init_ (
self,
num_envs: int,
min_pos: float = 0.0,
max_pos: float = 360.0,
inertia: float = 0.02,
damping: float = 0.08,
torque_constant: float = 0.6,
max_torque: float = 0.6,
random_start: bool = True,
# Domain randomization
randomize_physics: bool = False,
inertia_range: tuple = (0.015, 0.025),
damping_range: tuple = (0.06, 0.10),
torque_range: tuple = (0.5, 0.7)

Initialize vectorized simulator.

Args:
num_envs: Number of parallel environments
min_pos: Minimum position (degrees)
max_pos: Maximum position (degrees)
inertia: Rotational inertia (kg*m”2)
damping: Viscous friction coefficient
torque_constant: N*m at full power
max_torque: Maximum torque cap



random_start: Randomize starting positions
import numpy as np
self.num_envs = num_envs
self._min_pos = min_pos
self._max_pos = max_pos
self.random_start = random_start

# Base physics parameters
self._base_inertia = inertia
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self._base_damping = damping
self._base_torque_constant = torque_constant
self._base_max_torque = max_torque

# Domain randomization settings
self.randomize_physics = randomize_physics
self.inertia_range = inertia_range
self.damping_range = damping_range
self.torque_range = torque_range

# Current physics parameters (may be randomized per env)

# Shape: (num_envs,) for vectorized randomization

self.inertia = np.full(num_envs, inertia, dtype=np.float32)

self.damping = np.full(num_envs, damping, dtype=np.float32)
self.torque_constant = np.full(num_envs, torque_constant, dtype=np.float32)
self.max_torque = np.full(num_envs, max_torque, dtype=np.float32)

# State arrays: (num_envs,)
self.positions = np.zeros(num_envs, dtype=np.float32)
self.velocities = np.zeros(num_envs, dtype=np.float32)

@property
def min_pos(self) -&gt; float:
return self._min_pos

@property
def max_pos(self) -&gt; float:
return self._max_pos

def reset(self, start_positions: Optional[np.ndarray] = None) -&gt; np.ndarray:

Reset all environments.

If domain randomization is enabled, physics parameters are
randomized independently for each environment.

Args:
start_positions: Optional array of starting positions (num_envs,)

Returns:
positions: Current positions after reset (num_envs,)

import numpy as np

# Randomize physics parameters if enabled
if self.randomize_physics:
self.inertia = np.random.uniform(
self.inertia_rangel0], self.inertia_range[1],
size=self.num_envs
).astype(np.float32)
self.damping = np.random.uniform(
self.damping_rangel0], self.damping_range[1],
size=self.num_envs
).astype(np.float32)
torque = np.random.uniform(



self.torque_range[0], self.torque_range[1],
size=self.num_envs
).astype(np.float32)
self.torque_constant = torque
self.max_torque = torque
else:
# Use base parameters for all environments
self.inertia.fill(self._base_inertia)
self.damping fill(self._base_damping)
self.torque_constant fill(self._base_torque_constant)
self.max_torque fill(self._base_max_torque)

# Reset positions and velocities
if start_positions is not None:
self.positions = start_positions.astype(np.float32) % 360.0
elif self.random_start:
self.positions = np.random.uniform(
self._min_pos, self._max_pos, size=self.num_envs
).astype(np.float32)
else:
self.positions = np.full(
self.num_envs,
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(self._min_pos + self._max_pos) /2.0,
dtype=np.float32
)
self.velocities = np.zeros(self.num_envs, dtype=np.float32)
return self.positions.copy()

def step(self, actions: np.ndarray, dt: float) -&gt; np.ndarray:

Step all environments simultaneously.

Args:
actions: Power input ratios (num_envs,) in [-1, 1]
dt: Time step in seconds

Returns:
positions: New positions after step (num_envs,)
import numpy as np
# Clamp actions
u = np.clip(actions, -1.0, 1.0).astype(np.float32)

# Compute torque
torque = np.clip(self.torque_constant * u, -self.max_torque, self.max_torque)

# Dynamics: J * w_dot = torque - b * w
angular_acc = (torque - self.damping * self.velocities) / self.inertia

# Integrate
self.velocities += angular_acc * dt
self.positions = (self.positions + self.velocities * dt) % 360.0

return self.positions.copy()

class VectorizedFakeSimulator:

Vectorized fake simulator for testing the batched training pipeline.

Uses simple kinematics for fast testing.

def __init_ (
self,
num_envs: int,



min_pos: float = 0.0,
max_pos: float = 360.0,
speed_factor: float = 10.0,
random_start: bool = True

import numpy as np
self.num_envs = num_envs
self._min_pos = min_pos
self._max_pos = max_pos
self.speed_factor = speed_factor
self.random_start = random_start

self.positions = np.zeros(num_envs, dtype=np.float32)
self.velocities = np.zeros(num_envs, dtype=np.float32)

@property
def min_pos(self) -&gt; float:
return self._min_pos

@property
def max_pos(self) -&gt; float:
return self._max_pos

def reset(self, start_positions: Optional[np.ndarray] = None) -&gt; np.ndarray:
import numpy as np
if start_positions is not None:
self.positions = start_positions.astype(np.float32) % 360.0
elif self.random_start:
self.positions = np.random.uniform(
self._min_pos, self._max_pos, size=self.num_envs
).astype(np.float32)
else:
self.positions = np.full(
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self.num_envs,
(self._min_pos + self._max_pos) /2.0,
dtype=np.float32
)
self.velocities = np.zeros(self.num_envs, dtype=np.float32)
return self.positions.copy()

def step(self, actions: np.ndarray, dt: float) -&gt; np.ndarray:
import numpy as np
actions = np.clip(actions, -1.0, 1.0).astype(np.float32)
target_vel = actions * self.speed_factor
alpha = min(1.0, dt * 5.0)
self.velocities = self.velocities * (1 - alpha) + target_vel * alpha
self.positions = (self.positions + self.velocities * dt) % 360.0
return self.positions.copy()

import numpy as np

# For testing purposes only - a minimal working simulator
class FakeTableSimulator(TableSimulatorinterface):

Minimal fake simulator for testing the training pipeline.

Uses simple kinematics: pos += action * speed_factor * dt
This is NOT physically realistic - only for code path validation.

def __init_ (
self,
random_start_state: bool = True,
min_pos: float = 0.0,
max_pos: float = 360.0,



speed_factor: float = 10.0

self._min_pos = min_pos

self._max_pos = max_pos
self._random_start_state = random_start_state
self._speed_factor = speed_factor
self._current_pos = (min_pos + max_pos) /2.0
self._current_vel = 0.0

@property
def min_pos(self) -&gt; float:
return self._min_pos

@property
def max_pos(self) -&gt; float:
return self._max_pos

@property
def current_pos(self) -&gt; float:
return self._current_pos

def reset(self, start_pos: Optional[float] = None) -&gt; TableState:
import random
if start_pos is not None:
self._current_pos = wrap_angle_deg(start_pos)
elif self._random_start_state:
self._current_pos = random.uniform(self._min_pos, self._max_pos)
else:
self._current_pos = (self._min_pos + self._max_pos) /2.0
self._current_vel = 0.0
return TableState(current_pos=self._current_pos, current_vel=self._current_vel)

def step(self, power_input_ratio: float, dt: float) -&gt; TableState:
# Clamp action
action = max(-1.0, min(1.0, power_input_ratio))

# Simple velocity model with some damping

target_vel = action * self._speed_factor

# Smooth velocity transition (simple low-pass filter)

alpha = min(1.0, dt * 5.0) # Smoothing factor

self._current_vel = self._current_vel * (1 - alpha) + target_vel * alpha

# Update position

102
self._current_pos = wrap_angle_deg(self._current_pos + self._current_vel * dt)

return TableState(current_pos=self._current_pos, current_vel=self._current_vel)
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