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OBy jaucepranujy I1ocBehyjeM CBOJUM  JIparum
poautesbuma  Jbyouum u bpanky KeBanm  Ha
OCCIOIITEIHO]  MOAPIIIMA  TOKOM  CBHX  MOJUX
HEJIOYMUIIA U IITO Cy BEPOBAIA Y MEHE M Yy HAJTECKUM
TPEHYLIMMA.
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Mmao cam yacT 1 BenuKy cpehy Aa TOKOM u3pajie Moje JOKTOpCKe aAucepraluje capalhyjem ca
CjajHMM MH)XCHEepUMa ¥ HayYHHIMMA KOje KPacH OJrOBOPHOCT M INIEMEHHTOCT.

[IpBO xenuM Aa M3pa3uM BEJIMKO TOIITOBAKHE M 3aXBATHOCT KO-MEHTOPY OBE JOKTOPCKE
nuceprtanuje, 1p Mupjanu @unmunosuh, 3a OpojHa ycMepaBama, CaBeTe U IMOMOh y Hay4yHO-
WCTPKUBAYKOM HAIIPEIOBakby TOKOM MOjUX JOKTOPCKUX cTyauja. Kemwum na joj ce
3axBaJIMM Ha OTPOMHOj MOJPIIIK M BEPU Y MEHE M Yy Halll 3ajeqHUdYKH paia. Jla Huje Omio
IEHE OIPOMHE CHEPTHje, OBa IucepTanrja Ou Ouma JaneKko o1 3aBpIIcHE.

Benuky 3axBanmHocT ynyhyjem MeHTOpYy OoBe muceptanuje, Jom. ap Anexcannpy Pakuhy, 3a
BEIMKY IMOJPIIKY W MHOIITBO HE3a00MJIa3HUX CaBeTa TOKOM U3paje AucepTaiyje.
EHnTy3HWja3am KoOju je mMoKa3ao TOKOM HaIller 3ajeJHUYKOT paja je YBEIMKO YTHIIAa0 Ha MOj
HAyYHU YCIIeX W Ha YCIENIHY peaan3alyjy OBe JUCepTalnje.

3a cBy momoh, MOJPIIKY ¥ HEUCIPITHY PU3HUILY CaBETa TOKOM MOJUX JTOKTOPCKHUX CTy/Hja ce
3axBasbyjem [Ipod. np Katumm C. Xenpux.

3axBasbyjem ce [Ipod. np Kespky DypoBuhy Ha caBeTMMa M moMohu TOKOM MO Hay4yHO-
HCTPAKUBAYKOT HAIIPEI0Bamba.

buna mu je gacT Ta TOKOM HM3pazne Moje JOKTOpcke Teze capalyjem ca koserom JXKuBKOM
CrukuheM Koju MU je HECEOMYHO MPYKHUO IUPOKHU CIIEKTAP CBOjUX 3HAMA.

3axBasbyjeM ce MUHHMCTapCTBY IPOCBETE, HAYKE U TEXHOJIOLIKOT pa3Boja, Penmybnuke CpOuje
KOje je Kpo3 IMpojekTe (PUHAHCHPAIO M peain3aiujy OBOr JokTopara. [lokTopar je
peannzoBan noxapiikoM mpojekra OU 174001 "Jlunamuka XUOPUAHUX CHCTEMa CIOXKEHHX
crpykrypa". PykoBoaunan mpojekra je [Ipod np Karuna C. Xenpux.

3axBasbyjeM ce KoseraMa u3 IHoBammoHor neHtpa EnekrporexHuykor axyiarera Ha
paszymeBamby U TOMOhM TOKOM M3pajie TOKTOPCKUX CTyAH]a.

3axBamHOCT AyryjeM u koserama u3 llentpa 3a pobGotuxky Mucturyra Muxajno [lynun Ha
caBeTHMMa U MOMOhM TOKOM peasin3aliije 0Be JOKTOPCKE AUCepTallrje.

Takohe, 3axBasbyjeM ce M kojerama u3 Matemaruukor mHctutyra CAHY Ha kopucHum
caBeTHMa, TOMONM U MOAPIIIM TOKOM MHCamka JOKTOpaTa.

OrpomHy 3axBanHocT ymyhyjeM cBojoj cynpysu KaTapuHu Ha BeNHMKO] CHa3M KOjy je
YIOXKHUJIAa Y MEHE M Yy MOj paJl M IITO M€ jJ€ U y HAJTeKUM TPEHYLIMMa TOKOM HU3pajie OBE
aucepranyje Bpahajna Ha HpaBU HYT M ycMepaBaja Ka YCIHEIIHOM 3aBIIETKY MOjHX
JOKTOPCKUX CTyNH]a.

Hckpeno ce 3axBajbyjeM MOjOj MOPOIUIM HA OECHOIITEIHO] MOJPIIIKA TOKOM MOJUX
JOKTOPCKUX CTyaWja. XBajla MM IITO CYy ME CBOjJOM BEPOM y MEHE HCIPATHIIN JIO Kpaja u
TUME MM OMOTYhHIIH yCTelIaH 3axBpIIeTak JOKTOPCKE AUCepTalHje.

Benuky 3axBamHOoCT ymyhyjeM CBOjUM TpHjaTe/bUMa INTO Cy OWIM y3 MEHE TOKOM
JOKTOPCKUX CTyAHja W IITO CY CBOJUM TOIUIMM TPUjaT€JbCTBOM U OTPOMHOM MOAPIITKOM
JIOBEJTH /IO TOra Jla YCIENIHO OKOHYaM OBaj Jlyradak MmyT 0]l HA3UBOM JIOKTOPCKE CTyIH]e.



MOAEJOBAILE U YIIPAB/bAIBE KABJIOBCKHW BOBEHUM
POBOTCKUM CUCTEMUMA

Ynorpeba u mpoyyaBambe pOOOTCKHX MEXaHHM3aMa y Pa3IMYUTUM OOJacTUMa NPUBpPEAE U
HayKe je y MmopacTy MOCIeAluX JeleHuja. JeqHa o o0nacTu rae ¢y poOOTH 0IaBHO HAIIUIH
CBOje MECTO jecTe WHIyCcTpHja. Y TOCIeAme BpeMe MmoceOHa rpymna poOOTCKUX CHUCTEMa
II0CTaje CBE MOIyJIapHHja U TH pOOOTH ce Ha3uBajy cepBUCHH poOoTH. CepBUCHU pOOOT je
MalifmHa Koja 00aBJjba KOPUCHE IMOCIIOBE 3a MOTpede Jbyau U ypehaja xoje Jbyaum KOpHCTe.
OBu poOOTH WMajy HIMPOKY MPHUMEHY Y Pa3HOPOJHHMM JbYACKHM JelaTHOCTUMa. JenHa
rpymnamyja cepBucHux podora cy CPR cucremu (enr. Cable-suspended Parallel Robots). CPR
CHCTEM je Halllao CBOjy CBPXY Ha pa3IMYMTHM MECTHMA Kao IITO Cy: HA/ATJICAakhe U CHUMAbe
Benukux porahaja (amp. ¢ymbancke yrakmmuie), momoh crapum ocobamMa U eI,
nosbonpuBpena u ci. CPR cucremu 3a Haariename Benukux jgorahaja 3a caga HUCY
TPKHIIHO JIOCTYIHHU, Beh ce MOTy W3HAjMJBMBATH 3a BpeMe Tpajama MaHudectanuje. To
yka3yje Ha yntbeHuily ga CPR cucrtemu Hucy pa3BHjeHH Ha HUBOY KOMEpIIMjajHE YHOTpeoe.
Paznior Tome je ummennna ga MHoru (peHomenu koju kapakrtepumy CPR cucreme Hucy y
MOTIYHOCTH Pa3jallllbeHH, MOJICIIOBAHH M MTyOJIMKOBaHU KPO3 HAyYHO-MCTPAKUBAYKE PAJIOBE.
OBu 1po0JIeMH U JJAHAC TIPEJICTABIbajy BEIMKH M3a30B 33 UCTPAKUBAUC M UHIKCHEPE HIHPOM
CBeTa.

[IpBu KOpaKk TOKOM HCTpaKHBama MPUKA3aHOT y OBOj JIUCEPTAIMjHU je JeTajbaH Mperiesn
JOCTYITHE JINTEPATYpe M3 00JIACTH: MaTeMaTH4ko MojenoBame CPR cucrema, knHemaruka u
muaamuka CPR cucrtema, pacrnozena cuie y yxaauma, yrpaBbauke CTPYKTYpe NPUMEHCHE
3a HaBoheme Hocaua Tepera CPR cucrema, kpenmpame TpajeKTopHja KpeTama Hocada Tepera
CPR cucrema, npoleaypa aHaJIM3e U CUTHE3€ CHHTYJIAPHOT M U3BOJJBUBOT PATHOT MIPOCTOPA
Hocaua tepeta CPR cucrema ut.

HakoHn wu3BplIeHe cucTeMaTu3anuje, Mperjiela M aHalu3e [IUPOKOr CIEKTpa JIOCTYIHE
CBETCKE JIUTEpaType, youaBajy cy Kapakrepuctuke nocrojehux pemewma CPR cucrema. To
OTBapa HOBE BHJMKE ayTOpy OBE JAWCEpTaluje IITO Aaje uiejy JAa ce AeUHUIlYy HOBE
koHpurypanuje CPR cucrema. Ilpukasyje ce moctymnak maremaruykor mozenoBama CPR
cucTeMa Ha JiBeé pa3iuuyuTe KoHpurypauuje. Jledunumy ce KMHEMaTHMYKd U JAMHAMHUYKU
MOJIENIA OBUX CHCTEMA M YIIPABO PA3IUUYUTOCT Y IbUXOBUM MAaTeMaTHYKUM MOJIEIIMMA TIPYyKa
MoryhHoCT f1a ce youn Mel)ycoOHa pazinka y BbUXOBOM JUHAMUYKOM MOHAIIAKY.

Kapakrepuctuke koje yruuy Ha AMHAMUKY Kperama Hocada Tepera CPR cucrema cy: 1.
o0JIMK pajHor mpocTopa, 2. Opoj akTyaropa, 3. Opoj Tayaka Bellamwa, 4. yKynaH Opoj yxaau
KOja HOCE TepeT, 5. Opoj yKaau OJ] HOcaya TepeTa J0 Tayke Bellama, 6. HAYWH Bellama
HOcaya Tepera, 7. THI akTyaTopa (MoTop+peaykrop+tuekpk), uta. Cnoxenu CPR cucrem ce
CacToju OJ HM3a IOJCHUCTEMa YHjUM KOOPAMHHUPAHUM pPajioM CHCTEM YCIICIIHO W3BpIIaBa
neunucane 3anatke. Baxkan moxacucrem CPR cucrema je m 4ekpk a To je ypehaj 3a
HaMOTaBamke/0IMOTaBame yxkera (kabna). Y JOKTOPCKO] AMCEpPTAllMju C€ TMPBO YyodaBa
notpeba 3a JeTabHOM aHAJIM30M CTaHAAPIHOT OOJIMKAa YEeKpKa 3a JeJHOPEIO BHUIIECIOjHO
paaujaTHO HaMOTaBamke/0AMOTaBamke ykera. OBaj YEKPK C€ JIETaJbHO MOJIENyje, CHHTETH3Y]e
u aHanusupa. Pamu ce gerasbHa aHanmza AuHaMuukor mnoHamama CPR cucrema koju
KOPHUCTH OBaKaB OOJIMK YEeKpKa 3a oOaBjbame NeduHHCAaHWX 3amaraka. [IpemosHajy ce u
neuHuIry GEeHOMEHH KOjU HacTajy MPHIMKOM YHOTpeOe CTaHIapIHOT 00JIMKa YeKpKa.
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TokoM aHanm3e W CHHTE3€ CTAaHJAPIHOT OOJIMKa YeKpKa 3a jeIHOPEIO BUIIECIOJHO
pazujaTHO HAMOTaBamke/0JIMOTaBalkE Y)KETa HAcTaje Hjeja 3a KpeHpameM HOBOT OO0JIHMKa
YEeKpKa 3a JeTHOPEIO0 IIATKO BHIIECIIOjHO paaijalHO HAMOTaBamke/0IMOTaBame yxxera. Hosu
00JMK Yekpka ce neduHuIne, a 3aTUM U aHAJIM3UpA y JUcepanuju. YodaBajy ce peHOMEHH
KOJU HACTajy MPHJIMKOM pajia HOBOT OOJIMKa YeKpKa u ymopehyjy ce ca pagom craHgapHOT
00JMKa YeKkpKa 3a jeJHOPEAO0 BHUIIECIOJHO PaJHjaTHO HAMOTaBamke/0MOTABAKE y)KETa Kpo3
aJIeKBaTHY CHUMYJAIMOHY M ekcrnepuMeHTanny aHanmusy. Ilomro CPR cuctem yobuuajeno
¥Ma BHIIE MMOJCUCTEMa 32 HAMOTABake/0IMOTAaBAE Y)KAU, YOUaBa CE€ CHAXKHO KYIJIOBAHE
m3melhy mux u ocranux noacucremMa CPR cucrema. HoBu 00Hk dekpka 3a jeTHOpeIo TIIaATKO
BHIIIECIIOJHO PpaJIMjaJIHO HaMOTaBamke/OMOTaBamke YyKeTa Ce ynoTrpedsbaBa Ha jEITHOM
npumepy cioxkenor CPR cucrema u yodaBa ce yTHIla) HOBOT O0JIMKa YEKpKa Ha JMHAMUYKH
OJI3VB HABEJICHOT CJIOKCHOT CHCTEMA.

VY IOKTOpCKO]j AMCepTalju ce aHanu3upa (eHOMeH 3aKkperama Hocadya Tepera CPR cucrema
MPUJIMKOM HErOBOT KpeTama y mpoctopy. [leduHuiry ce jeaHauymHe KoOje OIMUCYjy OBaj
(eHOMeH | TMpHKa3yje ce eKCIepUMEHTAHA OTBP/a OCTaB/LEHUX MpeTrnocTaBku. [aje ce
jemno pememe CPR cucrema koje ycmemmno kpehe Hocau Tepera y HpOCTOPY NPH TOM
oJllp>kaBajyhu yKeJbeHy OpHjEeHTAIU]y HOcada TepeTa.

Ha jennoj xondurypauuju CPR cucrema ce aHanu3upa ¥ CUHTETU3Yyje U3BOJJBUBU PATHU
npocTop Hocada Tepera. JlepuHuimie ce HOBa mpoueaypa koja omoryhaBa mpopauyH
M3BOJJBUBOT paJHOr npocTopa Hocada Tepera CPR cucrema u meroB rpaguuku Npukas
KopucHUKY. Ha OCHOBY OBe mpomuenype u HH3a IPYTUX JUHAMHUYKHX MapamMerapa CHCTeMa,
reHepuile ce merojgoronuja 3a u3bop akryaropa CPR cucrema. OBa meromonoruja ce
TecTupa Ha jenHoj koHpurypanuju CPR cucrema mro ce 10kasyje alekKBaTHUM pe3yTaTuma.

Pa3Boj ynmpaBspaukux CTpyKTypa 3a pasnunuure koHpurypamuje CPR cucrema je obnact xoja
3axTeBa CYIITHHCKO MTO3HABAHE CIOKEHOT CHCTEMa M HErOBUX IMapamerapa. Y JucepTaluju
ce MpHKa3yje HOBa ylpaBJbauka CTPYKTYpa Koja Moxe OMTH yrnoTpedsbeHa Ha pasHuM CPR
cucremuma. HoBa ynpaBibauka CTpYKTypa ce TecTHpa Ha jeJHO] oAa0paHoj KOHPUTypaluju
CPR cucrema u aHanu3upa ce \beH pajl y pa3IuuuTuM ycnoBuma. OBe aHalu3e U TECTOBHU Ce
IPECTaBIbajy KPO3 CUMYJIAIIMOHE Pe3yiTaTe.

Hedunucame anropurama 3a HaBoheme Hocaua Tepera CPR cucrema y mpoctopy je 3axTeBaH
nocao. IloTpeOHO je YKJby4HTH CBE OUHAMUYKE IMapaMeTpe y MpopavyyH U jaeduHUcame
pedepentHe Tpajekropuje. Y nuspy nosehawmwa ayroHomHoctu CPR cucrem y mokropckoj
nucepTanuju ce GOpMYyNHIIE HOBH ajropuTaM 3a TeHepucame pedepeHTHE TpajeKTopHje
CPR cucrema ca kamepoM Koja uMa 3aJaTak Ja mpaTH U HaArjiena o0jekar Koju ce kpehe y
BUJIOKPYTY Kamepe. ANropuraMm ce AeQUHHILE, aHAIU3Upa U TeCTHpa Ha jeHOj 04a0paHoj
koHpurypaumju CPR cucrema ca xamepoMm. Ha oBaj HauMH ce reHepuiie pedepeHTHa
TpajeKToprja KpeTama KaMepe y peaTHOM BPEMEHY Y 3aBHCHOCTH OJ] XaOTHYHOT KpeTarmba
o0jexra. Jlobujajy ce oaroropajayhu pe3yntaT Koju ce MpHKa3yjy y AUCepTaIuju.

Kibyune peun: KabGmoBcku BoleHM TmapanenHu poOOTCKHM CHCTEM, MaTEeMaTH4YKO
MOJIeTIOBalk€, KHHEMaTHhKa, JWHAMUKA, paJHd TMpocTop, pedepeHTHa TpajeKkTopuja,
yIpaBJbauka CTPYKTYypa.

Hay4yHa 00J1acT: TEXHUYKE HAYKE — €JIEKTPOTEXHUKA U PauyHapPCTBO

YAK: 621.3
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MODELLING AND CONTROL OF CABLE-SUSPENDED
PARALLEL ROBOTS

Application and study of robotic mechanisms in different fields of economy and science is
growing in last decades. One of areas where robots have long found their place is industry.
Recently, a special group of robotic systems became more popular and these robots are called
service robots. Service robot is a machine that performs useful tasks for the needs of people
and devices that people use. These robots are widely used within various fields of human
activities. One group of service robots are Cable-suspended Parallel Robots, i.e. CPR
systems. CPR system has found its purpose in different places such as: surveillance and
monitoring of big events (for example soccer matches), assistance to the elderly and children,
agriculture, etc. CPR systems for monitoring the big events are not currently commercially
available, but can be rented for the duration of the event. This information points out the fact
that CPR systems are not still developed to the level of commercial use. The main reason for
this is the fact that many phenomena which characterize CPR systems are not completely
clarified, modelled and published through scientific papers. These problems still pose a major
challenge for researchers and engineers around the world.

The first step in the research presented in this doctoral dissertation is a review of available
literature in area of: mathematical modelling of CPR systems, kinematics and dynamics of
CPR systems, force distribution in ropes, control algorithms used for CPR system’s load
carrier guidance, generation of reference trajectory of CPR system’s load carrier, procedures
for analysis and synthesis of singular and feasible work space of CPR system’s load carrier,
etc.

After the systematization, review and analysis of wide spectre of available world literature,
characteristics of existing CPR systems are recognized. This information opens new point of
view to author of this dissertation which results in definition of new configurations of CPR
systems. Procedure of mathematical modelling the CPR systems is presented for two
different configurations. Kinematic and dynamic models of these systems are defined.
Difference in their mathematical models gives one the possibility to recognize the mutual
difference between their dynamic behaviour.

Characteristics which affect the dynamic motion of CPR system’s load carrier are: 1. shape of
the workspace, 2. number of actuators (actuator consists of: motor, gear and winch), 3.
number of hanging points, 4. total number of ropes which carry the load, 5. number of ropes
from load carrier to hanging points, 6. the way of load carrier hanging, 7. type of actuator,
etc. Complex CPR systems consist of several subsystems. Coordinated work of these
subsystems allows the CPR system to implement the defined tasks. One of very important
subsystems is a winch which is a machine used for rope winding/unwinding. In this doctoral
dissertation, firstly the need for detailed analysis of standard winch for single — row radial
multi-layered rope winding/unwinding process is emphasized. This winch is modelled,
analysed and synthetized in detail. Detailed analysis of dynamic behaviour of CPR system
which uses this shape of the winch for task implementation is performed. Phenomena which
occur during the application of standard shape of the winch are recognized and defined in the
dissertation.
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During the analysis and synthesis of standard winch for single — row radial multi-layered rope
winding/unwinding process, a new idea for developing a novel winch for smooth single —
row radial multi-layered rope winding/unwinding process occurs. Novel shape of the winch is
first defined and then analysed and modelled in this dissertation. Phenomena which occur
during the work implementation of novel winch are recognized and compared with standard
winch for single — row radial multi-layered rope winding/unwinding process through
adequate simulation and experimental analysis. Since CPR system usually has several
subsystems for rope winding/unwinding, strong coupling between these subsystems and all
the other subsystems of CPR system is recognized. Novel shape of the winch for smooth
single — row radial multi-layered rope winding/unwinding process is used on one example of
complex CPR system and influence of novel winch on dynamic response of this CPR system
is detected.

In this doctoral dissertation, a phenomenon of inclination of load carrier of CPR system
during its motion in space is analysed. Equations which define this phenomenon are given
and experimental confirmation of theoretical presumptions is presented in the dissertation.
One solution of CPR system which successfully moves the load carrier in space while
keeping its desired orientation is presented.

Feasible workspace of load carrier is analysed and synthesized on one configuration of CPR
system. New procedure which allows the calculation and graphical presentation of feasible
workspace of the load carrier of CPR system is defined. Based on this procedure, a new
methodology for actuators choosing of CPR system is generated. This methodology is tested
on one chosen configuration of the CPR system and these tests are proved with adequate
results.

Development of control structures for various configurations of CPR systems is an area
which requires deep knowledge of complex system and its parameters. Novel control
structure which can be used on different CPR systems is presented in this dissertation. New
control structure is tested on one chosen configuration of CPR system and its behavior is
analyzed in different conditions. These analysis and testes are presented via simulation
results.

Defining algorithms for CPR system’s load carrier guidance in two- or three- dimensional
space is a complex work. All the dynamic parameters of the system must be included in
calculation and definition of load carrier’s reference trajectory. In order to increase the
autonomy of the CPR system, a novel algorithm for generation of reference trajectories of the
CPR system with a camera is formulated in this doctoral dissertation. Camera of the CPR
system has a goal to follow and monitor an object which is moving in camera’s field of view.
Algorithm is defined, analysed and tested on one chosen configuration of the CPR system
with a camera. In this fashion, a reference trajectory of the camera is defined in real time
depending on chaotic motion of the object. Adequate results are achieved and presented in
the doctoral dissertation.

Keywords: Cable-suspended Parallel Robot, mathematical modelling, kinematics, dynamics,
workspace, reference trajectory, control.

Scientific field: technical sciences — electrical and computer engineering

UDC: 621.3
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I'naBa 1

YBoa

Jbyncka 6uha cy Kpo3 MUJIEHHjyMe CBOT IOCTOjamba YBEK TPaKUIIAa CBOjYy aJIEeKBAaTHY 3aMEHY,
Koja OM MX IITO BEpHHUje OMOHAIIaNa. YIpaBO TaKBa TEXKIA je JOBEJIa W JI0 CTBapama
MeXaHHM3Ma Hama JaHac Io3HaTor kao pobor. Mako ce mojam poOOT mpBU MyT AedHHUIIE
MOYETKOM JBAJIECETOr BeKa 01 cTpaHe uemkor nucia Kapena Yaneka, cimyan MEXaHU3MH Cy
MOCTOjaJIM ¥ MHOTO PaHHje ¥ Ha HbHMa Cy PaJWId MHOTY NO3HATH MUCIIHOIM U jellaH O]l FbHX
je 6uo u Jleonapmo na Bunum.

Jenan on Hajno3HaTHjuUX MUcana Hay4yHe (aHTacTuke, VMcak AcHMOB, je BeOMa OMIIMPHO
nucao o podotuma y cBojuM aenuma. OH HUje 3aMMIIBa0 poboTa kao 6uhe koje Tpeba na
ybuja, Beh motmyHo cynpoTHo. Jlepunucao je cieneha Tpu 3akoHa:

a) poOOT HEe cMe Ja MOBpenu JbyACKO Ouhe, HUTH CBOJOM HEAKTHBHOLINY Ja JO3BOJIU Aa
JbyzAcko 6uhe 6yne nospeheHo,

06) poOoT ce Mopa moBuMHOBaTH Hapehewuma Jpynckux Ouha anu mpu ToMe He cMe JAa
yrpo’kaBa MpaBuiIo MO/ a),

B) poOOT MOpa 3aIITUTH ceOe all IPU TOME HE CME J]a yTpOo3U IpaBuiIa Moj a) u 0).

Mebhytum, MozepHH pa3Boj poOOTa yrIaBHOM 3aBUCH O] HEKMX NMPAKTHYHUX MOTpeda Koje
YCIIOBJhABA MPOU3BO/IbA y PATHO] WITM CIMYHUM HHIyCTpUjama. [laHammsu poOOTH yriiaBHOM
uMajy eKCTpeMUTeTe Kao JbyJcka Ouha a MHOTH 0OJ BUX MMajy U MoryhHocT xoxama. bes
o03upa Ha Te pas3iuKe, CBU pPOOOTHM HMajy HCTy CBpPXY a TO je IOMarame YOBEKYy Ha
pasnuuuTe HauuHe. JlaHac MOCTOjM HEKOJIMKO pa3IMYMTUX BpCTa Mojesa podoTa U TO mpema
o0nKKy, o0jJacTH HaMeHe, HMBOY ayTOHOMHOcTH M ci. OmmrenpuxBaheHa monena He
1ocToju jep ce oapeheHu TuUmoBu poOOTa MOTY CBPCTaTH y BHIIE O0JIACTH IO CBOJUM
KapakTepucThkaMa. JemHa oj Moryhux mozena poOoTa jecte: XyMmMaHOAUHH pPOOOTH,
WUHYCTPU]CKU pOOOTH, CEpBUCHU pOOOTH, MOOUITHU poOOTH, leTehr poOOTH U CIIMYHO.

CepBucHH poOOTH Cy MalMHE Koje 00aBjbajy KOPUCHE MOCTOBE 3a noTpede jpbynu u ypehaja
Koje Joynu kopucte. OBH poOOTH WMajy MIMPOKY NPUMEHY y Pa3HOPOJHHUM JbYACKHM
nenatHocTiMa. OHM Cy ayTOHOMHH W KpPEHpaHH Cy Tako Jia He MOTY Jia HAIllKOJE CBOME
KOPHUCHHKY, Tj. YOBEKY.

CepBucHHM poOOTH Hajla3e CBOJy MPUMEHY U Ha CIOPTCKUM U CIUYHUM MaHu(pecTanunjama. Ha
CeerckoMm npBeHCTBY y (hyndany y bpaswmry 2014. ronune je kopuntheH kKaOJOBCKH CUCTEM
3a Bohewme Kamepe y TPOJMMEH3MOHAIHOM MPOCTOPY YMME je JOoOMjeH BeoMma yIedaTJbUB
edekar mpu mocMaTpamy JeliaBamkba Ha TepeHy. OBakBU cucTeMu ce Ha3uBajy KabioBcku
Bohenu podorcku cuctemun — CPR cucremu (enr. Cable-suspended Parallel Robots). OBu
CHCTEMH MOTY Jla c€ KOpPUCTEe U y MHOTE JJpyre cBpXxe: BojHe, 6e30e1HOCHe, TOMOh cTapujuM
oco0ama U el U CIUYHO.



OBa JOKTOpCKa Jucepranyja je pe3yiaTaT BUILIETOAMIIEET  ayTOpPOBOI  HAy4HO-
UCTpaXUBadykor paja ynpaso y odiactu CPR u cinynux poborckux cucrema. To oOyxsara
TEOpHjCKa U NPUMEHEHA HUCTPaXHBamka, Ka0 M pa3Boj pasnumuutux KoHpurypauuja CPR
crcTeMa U BUXOBUX MOJCHCTeMa. Pe3ynTatu ocTBapeHH y OBOj JTOKTOPCKO] AUCEPTALH]H CY
peamu3oBanu y Muctutyty Muxajno [lynun, Yuusepsurera y beorpany, MHoBanmonom
neHtpy EnextporexHuukor ¢akynrtera, YHuep3urera y boerpamy, EnextporexHuukom
dakynrery, YauBepsurera y beorpany u Maremaruukom Unctutyry CAHY, YHuBepsurera
y beorpany.

1.1 Ilpeamet u un/b QUcCEPTALIUjE

CPR cucremu cy CciloxeHH pPOOOTCKM CHUCTEMH KOjU KOpHUCTe Yyxkaja (kabiioBe) Kao
MIPEHOCHUKE KpeTama. ['eHepaqHO peuyeHo, yxkaja cy oOelieHa 3a HEKe TadKe paJaHoT
MIPOCTOPA U TOBE3Yjy HOCAU TEpEeTa ca aKTyaTOPCKUM HOJCHCTEMOM: MOTOP-PEAYKTOP-YEKPK.
[Ipereua CPR cucrema cy meroBe jeIHOCTaBHUjE BapHjaHTE KOje Cy HaBelie HCTPAXHBAUe U
uHXemwepe na pa3sujy CPR cucrem koju myHMM npaBoM HOcH MMe poOoTa Beh HEKOIHMKO
neuenuja. CPR cucteM Moxe Ja MOCHIYXH, TOJCTaKHE W WHTETPHUIIC Pa3BOj Pa3IMYUTUX
o0JIacTH: MEXaHWKa, MAIIUHCKE KOHCTPYKIMje, TIOTOHCKH CUCTEMH DPa3JIMYMTUX THIIOBA,
Mepema U CEH30pH, CIIEKTPOHKKA, pauyHAPH, aJITOPUTMH yIIPaBJbakha U BUXOBA COPTBEPCKA
peanu3aiyja, Kao U CBU acleKTH BemTayke nHTenureHnuje. C 003upoM Ha MIHUPHHY 00JIACTH
Ha KojuMa ce Oasupa Oyayhu pa3Boj CPR cucrtema, oBne he Outr HallOMEHYTH CaMO HEKHU
paJioBU KOjU Cy MHCTIMpUCcaIn ayropa nucepranuje [1]-[11].

[Muonupckn CPR cucremn cy nHactamu y Jamamy m CAJl. Heke ox Hajmo3HaTHjuX
npBoOuTHUX KoHpurypanuja CPR cucrema cy NIST pobGotuzoanu kpan [12] u FALCON
po0ort [13]. Pa3Boj u npumena CPR cucrema je y nopacty y nocieambiX HEKOJIMKO F'OIMHA U
Heku o1l HoBUjuX cuctema cy SEGESTA po6ort [14], NIMS po6ot [15] u apyru.

HNuzajaupame CPR cuctema 3axTeBa JeTajbHY aHAIN3y HETOBE KMHEMATHUKE M JIMHAMHKE.
Takohe, OMTHO je pa3MaTpaTu U pacrojieNy 3aTe3He CHIIC Y yKaauMa, jep HeHa pacrojena
3HAYajHO yYTUYE Ha JAMHAMUKY Kperama cuctema. Y [16]-[19] cy ce ayropu OaBumm
npobieMuMa pacmojene cuie y yxkaauma, Aok cy ayropu [20]-[25] anamusupanu
kuHemMaTuky u auHaMuky CPR cucrema. OBa aHanu3a je BeomMa OWTHa, jep je Ha OCHOBY
n00pe aHaln3e KUHEMaTuKe, JUHAMUKE M pacrojelnie cuie y yxxaauma moryhe HampaBUTH
npeunszHe Maremarnuyke Mmonene CPR cucrema. Ynorpebom oBHMX Monena Mory Ja ce
aHAIM3UPAJy CBHM aCTEKTH MOTPEeOHHU 3a yCHenHy npakTuuny peanusainujy CPR cucrema. V
[26] cy ayTropu mpeactaBmim MojnenoBame kKpyroctu CPR cucrema u ananusupanu cy meH
YTUIIQ] HA paJl CHCTEM Yy pEaJTUCTHYHUM ycioBuMma. Ayrtopu [27] cy aHanu3upaid u
monenoBanu HoBu CPR cucreM koju MMa 3aBHJIHY HOCHBOCT M Op3uMHY KpeTama Yy
TPOAMMEH3UOHATHOM TMpocTopy. OBaj cHCTEM je eKCHEpUMEHTAIHO TECTHpaH Yy
nabopaTopHjckuM ycinoBuMa. McrpaskuBauu cy paaniu Beauku Opoj aHanuza u cuare3a CPR
cucrema nox HasuBoM IPANEMA u y [28] cy ayTopu mokasajn MaTEMaTHUKO MOJEIIOBAKE
OBOI' CUCTEMa IUTO Cy MOTKPENUIM CHUMYJIAlMOHUM €KCliepUMEeHTHMa. CBaku IMOA-CUCTEM
CPR cucrema yruue Ha HEToB paj, 1a je OUTHO MOJIEJIOBATH HKUXOB YTHIIA] U TO YKIbYUUTH Y
yKynmaH wmojnen cucrema. Y [29] cy ayropm MoOjAENOBaIM YTHUIA] TOJ-CHCTEMa 3a



HaMOTaBamkE/0IMOTaBakE YKl U MPHUKA3aIu HKUXOB YTHIA] HAa AMHaMU4YKkd om3uB CPR
cuctema. Aytopu [30] cy aHanmu3uWpanud jeaaH oOJ IO3HATHjUX IMapajeIHuX poOoTa
naHammuie Koju Hocu HasuB FAST u mpukazanu cy METOJOJIOTH]Y MOJEIOBamka OBOT
cucreMa IITO Cy M BepU(UKOBAIM CHMYJAIlMOHUM eKkcnepmeHTuMa. Ayropu [31] cy
ananmu3upain u mozaenoBamu CPR cuctem ca aBa creneHa cio00/e yKJbYYHBIIHN YTHIIA] Mace
ykaau Ha ykynHy quHamuky CPR cucrema. Kako cy yxan riiaBHM oKpeTaun Hocaya TepeTa
CPR cucrema, mopen \BUXOBE Mace, BeoMa je OMTHO aHAIM3MPATH M MOJICIOBATH U YTHIIA]
€JaCTUYHOCTHU YXKaJlid Ha YKYIHY JUHAMHUKY CUCTEMa. YIIPaBo TO Cy ypaJauiu aytopu y [32].
Takohe, moryhe je na nohe 1o cymapa yxaau TOKOM paja CHCTEMa M TO je MoTpeObHo n3dehn
o cBaky meHy. Ayropu cy y [33] ananusupanu oBaj mpoOiIeM M YKIbYUWIH Ta y YKYITHH
MaTeMaTHYKH MOJIel CUCTEMa U IIPUKa3aly aHaJIu3y Kpo3 aJIeKBaHTHE pe3yJiTare.

3a ycnemny aHanu3y u npunpemy CPR cuctema 3a mpaktuuny ynorpeOy norpeOHO je
UCIHUTAaTH CBE HeroBe MoryhHoctu. Jeman on Beoma BakHUX (akTopa Koju Tpeba aa ce
pasmotpu jectre CPR cucteMoB pajgHu, OJHOCHO CHHIYJIApHH, IpocTop. To je jeaHa ox tema
ca KOjOM Cy C€ CYOUMJIM MCTPaXMBAa4YM M MHKemepu oja camor Hactanka CPR cucrema. ¥V
[34] cy ayTopu ananmm3upanu jenny KoHCTpykirjy CPR cucrema ca miect crenenu cinoboje.
OHm cy mpuKa3aqu JW3ajH OBOT CHUCTEMa M HbEroB PaJHH MPOCTOpP. 3ampeMuHa pagHorT
MPOCTOpa je KapaKTeprcaHa Kao CKYNl Tadyaka Koje IIeHTap Mace Hocaya TepeTa MOXKe Ja
JOKYy4d y TPOJMMEH3UHATIHOM mpocTopy. AytopH [35] cy dokycupanu cBoje UCTpakUBambe
Ha aHaAJU3y PaJHOr MPOCTOpa KabJOBCKM BOlEHOI MexaHHM3Ma 3a MO3UIUOHUpame. 300r
3aTe3HUX CWJIa Koje Jelyjy Y yKaJauMa U Koje yTUUy Ha IMOHallalke CUCTeMa, ayTopu Cy
aHAM3UpPaJIM YTHIA] OBHUX CHJIAa Ha BEIMYMHY pagHor npocropa. Y [36] cy ayropu
MPUKa3ajdy aHaJu3y paJHOI IPOCTOpa CUCTEMA BOHEHOI ca YETUpHU YXKeTa yHoTpeOom
WHTEpBaJHE aHanu3e. HampaBunu cy OpoOTOTHUN M M3BPIIMIM Cy TECTHpama Kojuma Cy
MOKa3aJy U3BOJJBUBOCT JIM3aJHUPAHOT CHUCTEMA y JIBO U TPOJUMEH3MOHAIHUM YCIOBUMA. Y
[37] cy ayTopu nipeACTaBUIM HOBH METOJ 3a pellaBame MpodiieMa yTullaja 3aTe3HUX CHUJla Ha
BenuuuHy paaHor mpocropa CPR cucrema npumeHoM koHBekcHOr meroma. Y [38] cy
aHaJM3UpaHe JBe BPCTE PaJHOT MPOCTOpa KOjU je neuHUCAH yThLajeM: 1) 3aTe3HUX cuia 'y
yxkaauMa u 2) crnossammbux cuia Ha pax CPR cucrema. IlpukaszaH je HOBM peKyp3UBHHU
aJlrOpUTaM KOju je YIMOTpeOJbeH 3a IMPOBEpaBabE HCIYHEHOCTH YCIOBa MOTPEOHHX 3a
ycneman paa cucremMa. Hosu CPR cuctem moj HasuBom CaMaReS 3a pexabunmutanujy
nanujeHata Koju Cy MaTWiId OJf MoBpefa pameHa je mpukazad y [39]. OBaj cucreMm je
KapakTepHCaH ca 4YeTHpU YyKeTa KOJU J03B0JbABA]y KpETame paMeHa ca pPa3IMuyUuTHUM
OrpaHHYeHUMa y MOMepamy M Op3WHU KpeTama. AYTOpU Cy aHaIM3UPAIU KUHEMAaTHKY
CHCTEMa U 3aTHM INpHUKa3aly paJHe MPOCTOPE Pa3IMYUTUX KOHCTPYKIHja cUCTeMa. AyTOopU
[40] cy npeacraBunu HOBU Mozen CPR cuctema ca ykibydeHUM onpyrama uzMel)y tepera u
Tayaka Bellama. Ha Taj HaUMH Cy ayTOpH YCIeNnu Ja MOJeNIaBajy paJHu MpOCTOp CHCTEMA.
[Ipukazanu cy yTUIaju pa3IMUUTUX Mapamerapa omnpyra Ha yKynmHH pagHu npoctop CPR
cucrema. Ayropu [41] cy pa3Buian HOBU MeToJ Koju cy Ha3zBanu TFW (enr. Twist Feasible
Workspace) na 6u ananuszupanu pagHyd MPOCTOp HOocada TepeTa, OgHOCHO aTtdopme. OHM
Cy ynoTpeOnIn 0Baj METO/1 Ka0 ONTHMHU3ALMOHN KPUTEPH)YM 32 JUMEH3NOHHUCAKE aKTyaTopa
CPR cucrema. ¥ [42] je npuka3aHa aHajM3a yTUlaja TpeHA y y)KaauMa Ha BEIMUUHY PAJHOT
npoctopa CPR cucrema ca mect crenenn cioboae. Kunemarnka u quHaMuKa CUCTEMa Cy



M3BEJICHU YNOTpeOOM BEKTOpCKHX jenHaunHa W JlamemOepoBor mpuniumna. McrpakuBame
npukazano y [43] je 6mio goxkycupano Ha aHanu3y pagHor npoctopa CPR cucrema ca mect
crenieHu ciobone. Ha ocHoBy neduHucaHe KOHCTPYKIIHMjE CHCTEMa M3BPIICHE CYy aHAIHU3e
yTHIlaja CHUJIa 3aTe3amka Ha pPaJHd TMPOCTOP 3ajeHO ca YTHUIAjeM TIeOMETPHjCKe
uHTepdepeHIyje n3Mel)y yxaau u/uin yxera 1 Hocada TepeTa.

[Tpunukom pana CPR cucrema morpebHo je na cBa yxan Oydy JOBOJBHO 3aTErHyTa WIH
JOBOJBbHO J1abaBa y UCTO BpeMe. 300T Tora je yrnpaBJbamkhe OBUM CUCTEMOM BEOMa 3aXTEBHO U
W3HCKYyje ToOpO MOo3HABame caMor cuctemMa W gobap Marematwuku mojnen. Ilocroju HE3
pamoBa koju ce OaBe oBUM mpoOiemoMm. Ayropu [44] cy muzajuupanu HOBU LQG/Hoo
koHTponep 3a CPR cucrem uuju pax je moTBpheH Kpo3 aJeKBaHTE EKCIEPUMEHTAIHE
pesynarare. CucteM KOju je NMpuKazaH y [45] KOpPUCTH HOBU YNPaBJha4yK{ aJIrOpPUTaM KOju
omoryhaBa 06p30 1 edukacHO uU3BpIIaBame NpeaeduHrcaHuX 3aaaraka. ¥ [46] cy ce ayropu
6aBuIM MpoOIEMOM YIPaBJbAUKUX jEJMHMIIA HAMEHEHUX 3a OJpXKaBame MOTpeOHEe 3aTe3He
cwie y yxaauma Ha jenHom npumepy CPR cucrema. Ayrtopu [47] cy mpukaszaiul HOBY
koHCcTpyKuujy CPR cuctema m TecTupaiay Ccy HOBU YIPaBJ/bauKd METOJ KOJHUM Cy XTENH Ja
n30erHy HeXXeJbeHe eeKkeTe MPUIIMKOM 3aTe3ama yXaau Ipu Kperamy Hocaua Ttepera CPR
cucrema. HoBu am3aju m maremarnuku mozaen CPR cucrema ca Tpu cremeHa cinodoje je
npukazan y [48]. Ayropu cy ynorpeOwim kiu3HO ynpasibame (SMC) Ha OBOM cucTeMy U
aHAJM3UPAIM Cy CTaOMJIHOCT CUCTEMa y pa3iMuuTuM yciaoBuma. Taxobe, y [49] cy ayropu
neuHUCaIN HOBM BHJI yIpaBJbalkha Ha CUCTEMY ca TpH cTemneHa ciobone. Jledunucanu cy
13B. Backstepping npucryn 3a oapeheny konctpykuujy CPR cucrema. Y MHoOro ciyyajeBa je
OUTHO MMAaTU BU3YENHY IpeJCTaBy 1ITa AeduHucaHU cucTeM u3Bpuasa. Aytopu [50] cy Ha
OCHOBY CHCTEMa 3a TocMaTpame JAe()UHUCATH YIPaB/bauykd CHUCTEM KOjU je 3aCHOBaH Ha
BU3UJU. YTIOTpeOwu cy AepuHucanu meroi Ha jenHoMm npoctoM CPR cuctemy. V [51] cy
ayropu aHanusupanu podycHu PID kontponep Ha jenHom mpumepy CPR cucrema. OBy
aHamM3y Cy TOTBPIMJIA M KPO3 EKCIEpUMEHTANHE pe3yiTare KOju Cy JaTH y paiy.
OnHenaBHO ce ayTopu Jocta 0aBe HMIENAHCHMM KOHTPOJIEPHMAa CHUJIE KOJA POOOTCKHX
cucrema. Tako cy ayropu [52] mpukaszaaun poOyCHM HMMIIEJAHCHU KOHTPOJEp 3a jeAHY
koHCcTpyklnjy CPR cuctema. CPR cucremu yecto Memwajy cBoje mapameTrpe TOKOM pajaa U
OUTHO je pa3MOTPUTH U aJlaliTUBHE KOHTpoJepe y ToM ciaydajy. ¥ [53] cy ayropu ypanuinu
yIpaBo TO M TeCTUpalu cy cBOj ajganTuBHU KoHTposiep Ha KNTU kaGioBcku BoheHOM
poborty.

CPR cucremn mory OMTHM NM3ajHUPAaHU Tako Ja ce Hocay TepeTa Kpehe y aBe wiau Tpu
nuMeHnsuje. JlepuHucame TpajekTopHrja Hocava TepeTa YHyTap paaHor IMPocTopa MpeIcTaBiba
3axXTeBaH 10Ca0 M YCKO j€ BE3aH ca KBAIWTETHO MU3aJHUPAHUM YIPaBJbAUKUM jeIMHUIIAMA.
HctpaxkuBauu ce 6aBe mpobdieMoMm Kperama Hocada Tepeta CPR cucrema o1 EUXOBOT camor
HacTaHKa LITO j€ aHaJU3UpaHO Kpo3 BeluWkH Opoj panoBa. IIpBOOMTHO cy HayyHUIU
UCTPAXUBAIHM KPETalheé MaHUIYJIaTOpa, OJHOCHO MHAYCTPH]CKUX poOOTa M Ta UCTPAXKHUBAbA
Cy MHCIMpHCaja MCTpaKMBaue M OJaKIlajga UM JU3ajHHpame aJeKBaTHUX alropuTaMa 3a
CPR cucreme. Jegan o pazoBa KOju je MHCIIUpUCAO HayuyHUKe jecTe [54], rae cy ayropu
MpUKa3ad BPEMEHCKU ONTHMHU30BaHO YIIPaBJbakbe POOOTCKUM MEXaHHW3MHUMA MPUIHMKOM
KpeTtama 1o ojapeheHum myramama. Ayrtopu [55] cy mpuKkaszamy anropuram 3a Kpeupame



Tpajektopuja Hocada Tepera CPR cucrema. JlepuHurcanu cy MeTOI 3a KpeTame CUCTEMa KOj!
Ipy TOME OJp)aBa CUJIE Y yXKaJuMma MO3UTUBHUM IITO 00e30ehyje JOBOJbHY 3aTETHYTOCT
y)KaJIi ¥ YCIICIIHO M3BpIIaBamke ojapeheHux 3amataka. Ayropu [56] cy nu3ajHUpad METOJ
KOJUM Cy TIOCTUTIIM TpEenu3HO Kperame Iuiargopme (HOcaua Tepera) IO IKEJbEHO]
TPajeKTOpUju. AJroputaM je neuHUCAH TAaKO J1a (PYHKIIMOHUIIE CBE BpPEME JIOK CHCTEM HE
HAJIETH Ha HEKe Hermo3Hare mopeMehaje. Y TOM citydajy, IPUCTYI je MOTPEOHO MPOMEHUTH.
Hosu CPR cucrem nox nazuBom The Winch-Bot je npukaszan y [57]. Ayropu Cy HCIUTUBAIIN
HOBE MeToje 3a mnpaheme TpajeKTopHja Ha OBOM cuctemy. [Ipumerwnu cy paziauuure
npobJieMe IITO Cy MpUKa3aiu Kpo3 pesyiaTare. [locToju HU3 mapaneHuX poOdoTa KOju uMajy
CIMYaH OOJIMK Kao KJIATHO M OHHM CE CacToje OJf Mamer Opoja akTyaTopa HEro ITO MOCenyjy
crenieHn ciobone. OBakBM CHUCTEMHU Cy KOMIUIMKOBAaHHM 3a YIpPaBJbatkhbeé U HaBohewme y
mpocTopy. YmpaBo TUM IpoOieMoMm ce 6aBe ayropu [58] rae aHanusupajy mpodieme Koju
HACTajy y OBUM ciydajeBuMa. AyTtopu [59] cy nu3ajHuUpaId aqropuram 3a TadKa-1o-Tadka
IUTAHUPae TpajeKTopuje Kpetama Hocada Tepera CPR cucrema. OHE Cy OBO HCTpakuBame
MOTKPENUIN  EKCIIEpUMEHTATHUM  pe3yatatuma. Y [60] cy ayropu mnpukaszaiu
uepenynnantHu CPR cucrem ca gBa cremeHa cinobojge U jAepUHHCATU Cy METON 3a
OUHAMHYKO JeUHUCAE TPajeKTOpHja OBOr cUCTeMa. TecTupalid Cy CHUCTEM Ha CKYIY
JUHAMHYKHUX TpajekTopuja. Aytop [61] je Au3ajHUpaO TMHAMUYKO IUIAHUPAHkE TPajeKTOpH]je
kpetama 3a CPR cucrem ca tpu crenena cnoboxe. J[u3ajHupao je TakaB ajaropuraMm Koju
IMHAMUYKH JAe(pUHUIIEe TpajeKTopuje y CKJIaay ca OrpaHHYeHMMa Koja Cy yBEJeHa ca
KEJBCHUM CHJIaMa 3aTe3ama y ykaauma. Y [62] je mpuKa3aHo IDIaHWpame KpeTama 3a
wranapan CPR cucteM. Anropurtam nmpuMemeH y OBOM pajly YKJbydyje TakBe 3aXTEBE Jla Yy
y)KaJuMa He cMe J1a Jol)e 10 BEIHMKOT 3aTe3ama a y MCTO BPEMe H JI0 MPEBEJIHMKE JTa0aBOCTH.
OBaj anroputam je EKCIEpUMEHTATHO Bepu(HuKoBaH Ha JeHUHHCAHOM CHCTEMY Ca JIBa
cTerneHa cinoboge. MHOTM ayTopu Cy CBOje aIrOpUTME TECTUPAIH y EKCHEpUMEHTATHUM
yciaoBuMa. TakaB je ciyuaj u ca ayopuma [63]. Onu cy npukazanu CPR cucrem ca tpu
cTerneHa cinoboje M GopMyNIucaId Cy METOJ 3a ojapehuBame MPenu3HOCTH OBOI CHUCTEMA
MPUIMKOM U3BpILaBakba TPAajeKTOpHUje MIPOMEHIBUBE Y PEATHOM BPEMEHY.

CBu HaBeneHu pesynaratu rosope na cy CPR cucremMm Beoma BakaH [1€0 caBpeMEHE
pobotuke. IbrxoBa nmpuMeHa pacTe U CBaKako Hajll03HATHja MPUMEHA OBUX CHUCTEMA JeCTe y
Ipolecy CHUMama M HaJAriefama CHOPTCKHX jgorahaja, jep cy oBakBU ypehaju BUAJbUBU
LIIMPOKUM HAapOJHUM Macama Ipeko menuja. OBakBU CHUCTEMHU Cy Ce MOjaBWJIM Beh Kpajem
OcaMJIeCeTHX TOJMHA MNPOIUIOr BeKa M jelaH O] HajIo3HaTHUjuX cucreMa jecte Skycam
cucreMm [64]. Ilopen mpuMeHe MPHIMKOM CHUMama CIHOPTCKUX U cimyHuX pgorahaja, CPR
CHUCTEMHU Cy HAIUIA CBOjy yHoTpedy y pexaOWiuTanuju W jeaH O] TpUMEpa OBAKBHUX
cuctema koju ce kopuctu jecte STRINGMAN [65]. Takole, npukazanu ¢y U HEeKH KOHIICTITH
3a ynotpedy CPR cuctema y IlossonpuBpean. ¥V [66] cy ayTopu npukaszaiu MOTSHLUjAIHY
yrnoTpedy BeNUKOr KaOJOBCKM BoOheHOr cuctemMa y CBpXe OfpKaBama Ousbaka y
[TossonpuBpenu. HaBenenu cucteMu npencTaBibajy caMO HEKe O MOTEHIMjajHe MpUMEHE
CPR cucrema M OBM CHCTEMHM Hajlla3e CB€ BHIIE MPOCTOpPa y MOJEPHO] HAyUu H
WH)XCHEPUHTY.



[IpBOOMTHY 1TMJb OBE TUCEPTAIHM]E jeCTE MOCTaB/hakhe METOJOJIONIKUX MPUHIIMIIA 33 Pa3BOj
KMHEMATHYKOT W JUHAMUYKOT Mojena pa3nuuutux crpykrypa CPR cucrema. ITpumeHom
MOCTaBJbEHUX TPUHIMIIA Tpeba MOJENOBaTH pPA3IMYUTE HOBE BapHjaHTE peIICHa
noacuctema CPR cucrema, kao mTo Cy: MOJCUCTEM 3a HOUICHE TepeTa (anara), moJICUCTEM
32 HAMOTaBame (0IMOTABAbE) YXKaIu U CJ., U aHAJU3UPATH HUXOB YTUIA] HA KHHEMAaTHYKU
u quHaMUIKH Mojnen ciokeHor CPR cuctema. 3a oBe pasznuuure Bapujante CPR cucrema je
noTpeOHO NerHUCATH TPOIEAYPY 32 TEHEPHCAmE CIOKECHUX TPajeKTOpHja HOocadya TepeTa.
Takohe, moTpeOHO je YKIbYUUTH U PA3BUTU PA3IMYUTE YIIPAB/bAYKe CTPYKTYpPE Ha JIOKATHOM
U 1100a;HOM HEBOY. OBM CHCTEMH Cy BEOMa CIIOKEHH M CACTOje Ce OJ] HM3a aKTyaTOPCKUX
noacucTemMa (MOTOP-PEAYyKTOP-YEKEK), 1A je MOTPEOHO aHATIM3UPATH BUXOB YTHIIA] HA PAJHUA
MIPOCTOP YUTABOT CHCTEMA M Ha Taj HAYMH JIOhU U 70 afekBaTHOT n300pa akTyaTopa Koju Ou
oMoryhwim ycnemHo u3BpIIaBame TPAKEHUX 337aTaka CUCTEMA.

Hayunu pompuHoc oBe nucepranuje Ouhe ocTBapeH y BHIy pe3yiraTa IOMEHYTHX
UCTPa)KUBaa, 0] KOJUX Cy HEeKHU 00jaBJbeHU y yacomucuma oj MehyHapoaHor 3Hayaja [67],
[70], [99], [101] m [116].

1.2 CTpykTypa nucepranuje

ITonazehn O IHUJbCBA U3HCTUX Y MPETXOAHOM OJCJbKY OBC I'nmaBe u OCTBApCHUX pE3yJITaTra
TOKOM HCTpaKMBamba, OBa ,Z[I/IcepTaI_II/Ija nMma CJ'ICI[Chy CTPYKTYpY:

VY I'maBu 2 oBe aucepranuje he outu npukaszane paznuuurte koHpurypamuje CPR cuctema
KOje Cy HacTalle Kao pe3y/ITaT UCTpaKuBama Ha OBOj aucepraiuju. buhe nar kparak ocBpr
Ha KOHUTypalrje OBUX CUCTEMA U HA IbUXOBE Mel)ycoOHE paznuke.

VY I'maBu 3 je mpukazaH npuHMLN AepuHUcama MareMaTnukor mojena CPR cucrema. [latu
Cy JleTaJbHU MaTeMaTHYKu MOJAENH ABe pasnuuure koHpurypauuje CPR cucrema. Mako oBa
JiBa cHCTeMa Ha MpBU MOIJIea U3rie1ajy BeoMa CIMYHO, KpO3 MaTeMaTHUKO MOJIEJIOBAkE Ce
YCTaHOBJbABA]y HUXOBE Haj3HAYAJHU]E PA3ITUKE.

VY I'maBu 4 he OuTH npuKa3aH yTHIA] ynoTpebe cTaHaapIHOT O0JIMKa YEeKpKa 3a jeJHOPEIO
HaMOTaBame (0 MOTaBame) yxeta (kabmna) Ha pax CPR cucrema. buhe nerasmHO mpukazanu
(eHOMEeHM KOjM HacTajy TOKOM OBaKBOT MPOIEC HAMOTaBamwa (0JMOTaBamba) CaMo Ha JeJHOM
nojacucreMy. 3atuM he OMTH mpHKa3aH YTHIA] BHUILE OBAKBUX IOJCHCTEMA HA PaJl jeHOT
npumepa KoHurypauuje cioxerHor CPR cucrema.

VY I'maBu 5 he OuTH NMpHKa3aHo pelIeke MoJCUCcTEMA 32 HAMOTaBamke (0IMOTABAE) Y)KeTa Ha
HOBU OOJMK dYekpka. buhe nerasbHO aHanM3upaHO HOBO peliema OBOT uepka W Owmhe
MPHUKa3aHO EKCIEPUMEHTATHO Mopeherme HOBOT pelema YeKpKa ca OHHM aHaJTU3UPaHUuM y
I'maBu 4. Takohe, 6uhe npukazan pan jenne kondurypamnuje CPR cucrema xoja xopuctu
OBAaKaB YEKPK 32 HAMOTaBambe (0OJMOTABALE) YIKAIH.

Cucremu npukaszanu y ['maBama 1 1o 5 cy nuzajHupanu Tako Ja HUje Moryhe KOHTpoaucaTu
opujeHTanujy Hocadya tepera CPR cucrema. YmpaBo Taj mpobiem he Outu aHanmsupaH y
I'maBu 6. buhe mpukazana nerajpHa aHanw3a OBOT IMpoliema Kao u je jenHo pememe CPR
cUCTeMa Koje uMa MOTYhHOCT KOHTPOJIMCaka OPHjEHTAIIH]e TepeTa.



Y I'maBu 7 he Outm nata aHanmm3a W cUHTe3a mpooOiema u3BojbuBocTd CPR cuctema,
OJTHOCHO BEJIMYMHE HETOBOT HW3BOJJBHMBOI paaHOr Tpoctopa. buhe reHepucana HoBa
nporeaypa Koja uMa MOTYhHOCT Ja M3BpIlIaBa OBY aHAIM3y 3a Pa3iIMuUTe KOH(HUTyparmje
cucrema. Takohe, ymorpeboM oBe mporeaype je neduHUCaHa HOBA METOJOJIOTHja Koja
omoryhaBa KOpHCHHKY Aa u3abepe oarosapajyhe akryatope CPR cucrema moromgHe 3a
M3BpIIaBabE ePUHUCAHUX 33JaTaKa.

VY I'naBu 8 he OuTH reHepricaHa HOBa yIpaBJbadyka CTPYKTYpa 32 KOHTPOJY KpeTama Hocadya
tepera CPR cucrema. HoBoreneprcana ctpykrypa he 6utu Tectupana Ha jeHO] 01a0paHO]
koH(purypamuju CPR cucrema kpo3 aBe crymuje cinydaja. [loOujenu pesynratu he Outm
OIHMCaHU KPo3 OJroBapajyhe cuMyannoHe eKCIepuMeHTe u yropehenu.

VY I'maBu 9 he OutH mpUKa3aH HOBH JITOPUTAM 33 KPEHPAmE TPAjEeKTOPHje HOcada KaMmepe
jemne ctpyktype CPR cucrema. JlepuHucanm anropuTaM ce€ KOPUCTH 3a KpPEHpPame
pedepentne Tpajekropuje kamepe CPR cuctema toxom mporeca npahema u Haarienama
MOKPETHOT 00jeKTa KOjH Ce Haja3H y BUJIOKPYTy kamepe. buhe nara ananmu3sa oBor ajiropurMa
Ha jeIHOM oJjabpaHoM clieHapH]jy npahema 00jeKTa y pealHOM BpEMEHY.

VY I'maBu 10 cy naTu 3aK/by4lid M ayTOpOBa pa3MaTpama U IUNIAHOBU 3a Oyayhe UCTpakuBame.

Ha xpajy je nar cnucak nureparype KopuirheHe y 0BOj JUCEpTaIUju.



I'naBa 2

Hoge xongurypanuje CPR cucrema

Hacranky CPR cucrema je mpeTxonmio BHUIIEACIEHUJCKO HCTPAKUBAIE Y PAa3IUYUTUM
objacTMa HayKe W OBJIE Cy OMEHYTH camo Heku paaoBu [1]-[11]. UcrpaxuBauu ce OaBe
aHanm3oM u cuHTe3oM CPR cuctema kpo3 Benuku Opoj paaoBa a HEKHU OJ HHX KOJU CY
WHCIIUpHUCATIN ayTopa nucepraiuje cy [12]-[66]. deTasbHa aHanu3a OBUX pajioBa je A0Bea 10
uneje 3a ¢opmupameMm HOBUX KoHpurypamuja CPR cucrema mTo mpencraBba J1€o
HCTpakKMBama OBe aucepTamuje. Y oBoj I'maBu he Outu mpencraBbeHe oBe KOH(DHUTypalnje
ca KpaTKUM OCBPTOM Ha BUXOBO (DYHKIIMOHHCAE.

[IpBu cucrem koju he 6utu mpencrasbeH Hocu HazuB RSCPR (enr. Rigid ropes S-type
Cable-suspended Parallel Robot) unju je usrnen y npocropy npukaszad Ha Ci. 2.1. JleraspHa
aHaJI3a U MaTEMaTHYKO MOJICIOBAamkE OBOT CHUCTeMa je mato y [67]. V [68] cy mpukazaHe
pazmuke u ciauuHoctd u3mehy RSCPR cucrema u kiacuyHe HWHIYCTpHjCKE pOOOTCKE
KoHurypanmje, 10K je y [69] npukazana pasnuka m3mel)y rabapuTcKu Maje W BEIIUKE
koH(purypanrje RSCPR cucrema rie je BUAJBMB yTHIA] AUMEH3Hja PagHOr MPOCTOpa Ha
noHamame o0a cuctema. OBaj CHCTEM Ce€ CaCcTOjH O/ TPU aKTyaTopa: MOTOP-PEIYKTOP-YEKPK.
CUHXpOHUM POTHUPAKEM OBa TPHU aKTyaTopa MEmajy ce AYXKHHE yxamu k, h, m U n M Ha
OCHOBY TOra ce Hocauy Tepera kpehe y TpOAMMEH3HMOHATHOM IMPOCTOpPY. Y OBOM CIy4ajy
HOCau TepeTa je Hocad KaMepe Koja Haarieqa HeKU CIOpPTCKU faorahaj, Hmp. gyadancky uimu
XOKejanky yrakmuiy. OBaj cucreM he Outu nerasbHuje mpenacraBibeH y I'nmaBu 3, rae he
OUTH pHKa3aHO MaTeMaTudko mozenoBame RSCPR cuctema.

Cimuka 2.1 — RSCPR cucrem: usrien y npoctopy.

Cnenehu cucrem koju he O6utu mpukaszan Hocu HasuB CPR-A cucreM W mWweros usrien y
TPOJMMEH3NOHAIHOM IIpocTopy je Aar Ha Ciu. 2.2. MaTemMaTuyku MOJEN U JeTajbHa aHalu3a
oBor cucreMa cy npukaszanu y [70]-[73]. CPR-A cuctem je HacTao aHaIU30M U HUCIPABKOM
koHdurypamnuje CPR cucrema mnpukazane y [74]. Ynopenna anamuza usmehy CPR-A u
RSCPR cucrema je nata y [75]. Mako oBa Ba cucTema JaudKy MOCMaTpPaHO Ha MPBU MOTJIE]T
JIeNyjy BeoMa CIMYHO, pa3jifKa y HHUXOBOM I[IOHANIAKY j€ €BHJIEHTHA M TO he OuTH
npukazano nerasbHuje y I'maBu 3. CPR-A cuctem je Takohe MOTroOmeH ca TpH aKTyaTopa,



pasiiiKa je y TOMe IITO C€ Y OBOM CIIy4ajy CBa TPH aKTyaTopa Hajaze y UCTOM hoIKy pagHor
MPOCTOPA, IITO CUCTEM HOCH TEepeT OMOhy AYIUIMX Y)KaIH U jOIll HU3 IPYTUX pa3IiKa.

Crnuka 2.2 — CPR-A cucrem: u3ries y npocTopy.

PasBujenu cy u cucremu koju Hoce HazuBe CPR-B, CPR-C u CPR-D. OBu cucremu cy Ha
npBu moryieq Beoma ciudan ca CPR-A cucremom. Pasnuka je y TomMe mTO Ccy akTyaTopu
MOCTaBJbCHHU Y PA3NIUUYUTHUM HAJBHUILKMM TaykaMa paJHOT MPOCTOpa HOcaya TEpeTa CUCTeMa.
OBu cucremu cy npukazanu Ha Ci. 2.3, 2.4 u 2.5, peCieKTUBHO.

Cnuka 2.3 — CPR-B cucrem: usrien y npocropy.

HNako cBa uyertupu AeduHUCaHA cUCTeMa Jelyjy BeoMa CIMYHO, AMHAMHUKA HHXOBOT
MOHAIIaka je MPHWINYHO JIpyrayrja U TO je aHaJIM3UpPaHO KPO3 HEKOIMKO pagoBa. Y [76] je
npukasaHa ynopenHa ananuza usmehy CPR-B um CPR-A cucrema rne je BUIJbUBa jacHa
pasnuka mwamehy mux. Y [77] je npukazana nerasbHuja aHanmza CPR-B cucrema. CPR-C
CUCTEM je NpeAcTaBbeH y [78], rie je naT meroB MaTeMaTWyKd MOJEN M aHaju3a paja y
Pa3IMYUTUM AUHAMUYKHAM yCJIOBHMA.

Ha xpajy, CPR-D cucrem je npukaszan y [79] u [80]. ¥V [79] je nmpukazan MaTeMaTUYKu MOJIEN
OBOT cucTeMa, oK je y [80] ananu3upan paja oBOT cUCTeMa y oapeheHrnM ycioBuUMa U MO
onpehennm crnospammuM ontepehemem. Cucremn mnpukazanu y [67]-[80] mpencraBipajy
HoBe koH(purypanuje CPR cucrema u y [81] je maT oCBPT Ha HBHUX M BAKHOCT HHUXOBE
peammzanuje. Takohe, mnpukazaHa je TOTEHIMjaJdHAa yNoTpeda OBHX CHCTEMa Yy
IToseonmpuspenu.



Cnuka 2.4 — CPR-C cucrem: usrien y npocropy.

Cinuka 2.5 — CPR-D cucreM: usrien y npocropy.

CPR cucremu mnpeacTtaBibeHH y JAOCaJallllbeM Jeny oBe [JnaBe cy Au3ajHUpaHu IOA
MPETIOCTABKOM Jla y»KaJ KOjy KOpUcTe HUCY enacTuuHa. OHOCHO, YCBOJEHO j€ J1a Cy YyXKal
caBplIeHO KpyTa. HapaBHO, y pealHUM yciaoBHMa Ta MPETIIOCTaBKAa HHMje OCHOBAHA ajH je
OBAaKBa MPETIOCTaBKa YCBOjeHA pajiy JIaKIIeT AU3ajHUpama U MpBoOUTHE aHanu3e oBux CPR
cucremMa. OBM CHUCTEMM Cy JIOJaTHO aHAIM3UPAHU WU HUXOBU MATEeMaTUYKH MOJENU CY
JIONYHEHHU ca MPETIOCTaBKOM JIa jé CBAaKO Y)Ke eJacTU4yHO. Ha Taj HauumH ce KMHEeMaTU4yKu U
muHaMudkn mozxenn CPR cucrema yciokmaBajay W ylpaBibamkbe HBUMa €€ KOMILIHKY]E.
VYBohewe ocobune enactuuHocTH y MareMatuuke mojene CPR cucrema je ypaheHno Ha Beh
nedunrcanum npuHIUnuMa u3 [82] -[85]. V [86] je mpukazana kommiekcHocT CPR cucrema
noa HazuBoM eSCPR (enr. elastic S-type Cable-suspended Parallel Robot). OBaj cuctem
npencrasiba .enactuuHy“ Bep3ujy RSCPR cucrema, omnocno RSCPR cucrem ca
enacTuuyHUM yxanuma. Jlame, y [87] je mpukazana jomr jeana ep3uja CPR cucrema ca
enactuyHuM yxxanuma o HazuBoM eFCPR (ewr. elastic F-type Cable-suspended Parallel
Robot). IlpukazHo je MaTeMaTHYKO MOJIENIOBamk€ OBOI' CHCTEMa W HEroBa MOTEHIMjaTHA
yrnoTpeba 3a momoh poauTesbuMa 3a aHMMaljy maine jere. Y [88] je mpukazana ynopeaHa
anHanuza uzMely CPR cucrema ca enacTH4HUM yKaauMa U APYTUX POOOTCKUX cHCTEMa KOjU
MoCceAyjy €JacTHYHE eJeMeHTe (3rJI000BH, JTWHKOBH). [IpukazaHa je CIIOXKEHOCT CBHX
CHUCTeMa M HUXOBO (YHKIMOHHUCame y pa3nuuuTuMm yciaoBuma. Ha Cn. 2.6 je mpukaszan
npoctopHu usrien eFCPR cucrema.
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Cnuka 2.6 — eFCPR cuctem y mpoctopy.

Cnuxka 2.7 — IIpumena CPR cucrema y cTakieHUKy.
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VY oBoj aucepranuju Hehe Outn anammsupanu CPR cucremu ca enacTuyHmM KaOJioBUMa
(yxxamuma), Hero he pam OuTu mocBeheH cCHUCTEeMHUMa ca KpyTUM YKaJuMa, OJHOCHO ca
yxaauma 0e3 elacTHYHHX elleMeHara. JlonpuHocu ayTopa oBe aucepranuje he OuTu jacHuje
HaryanieHu Ha kpyruM CPR cucremnma.

VY cnenehoj I'maBn he OuTm mpukasana JneTajbHa aHadM3a W MAaTEMAaTHYKO MOJICIIOBAMHE
RSCPR u CPR-A cucrema. Takohe, Ouhe mpukazana u pasnuka u3mel)y maremMaTudkor
MoJiesoBama oBa aBa CPR cucrema.

CPR cucremMu cy HalUId CBOjy yHOTpeOy y pa3IMUUTUM OO0JIaCTHMA: BOJHE M TOJIHUIH]CKE
CBpXe, HaJrjelame BEIUKUX CIIOPTCKUX M cauuHuX norahaja (Bumm Cia. 2.1-2.5), momoh
ompacnmuma u genu (Bumu Cn. 2.6), rpaheBunapctBo, Ilospompuspena (Bumau Cu. 2.7),
BUPTYEITHU CUMYJIATOPHU U CII.
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I'naBa 3

MartemaTtnuko moaejosame CPR cucrema

VY I'maBu 2 oBor paja je mpuKas3aH ocBpT Ha pasnuuute KoHpurypamuje CPR cucrema koje cy
pe3ynTaT UCTpaxkuBama Ha OBOj mucepranuju. IlomeHyT je cucrem moa HazmBom RSCPR
CUCTEM W KOjU je JeTajbHO mpeacTaBbeH y [67]. YmpaBo y oBoj ['maBu he Outn mpukazan
noctynak Martematudykor wmozenoBama RSCPR cucrema. Takohe, Ouhe mnpukazana wu
nporeaypa MmaremMaTudkor mojenoBama CPR-A cuctema koju je meraspbHO mpukazaH y [70]
Kao U pasnuka usMmel)ly oBa aBa cucrema. MaTeMaTHUKO MOJEIOBAaHmE OBUX U CIMYHHX
cUCTeMa KOju Cy INpuKa3zaHu Yy mnperxoaHoj [nmaBu je OazupaHoO Ha HMCTpakUBambUMa
npukazanuM y [89]. YV oBoj KBbU3H je MPUKA3aHO MAaTEMAaTUYKO MOJIEIIOBAakbEe XyMaHOUIHUX U
WHIYCTPH]jCKHX poboTa.

3.1 Martematnuko moaeaoBame RSCPR cucrema

VY oBowm geny ['maBe 3 he Outu mpukazano maremMatuuko mozaenoBamke RSCPR cucrema. Panu
nakuie aHanuse, Ha Cii. 3.1 je mpukaszaH 0Baj CHCTEM ca MOTJIe0M 0J103T0.

Cmuka 3.1 — RSCPR cucreMm: norien 0x03ro.

butHO je HarmacuTh nma ce Hocad Tepeta (y OBOM ClIy4ajy Kamepe) mocMarpa Kao maca
CKOHIIGHTpHCAaHAa y Tadykd A, Ma caMHM THUM JUMEH3Mja HOcaya HeMa yTHullaja Ha
MaTeMaTHYKO MOJIeTIoBame cructeMa. Kao mTo je moMeHyTo u y mperxoaHoj [ maBu, OUTHO je
rmocMarpaTH IpOMEHJbMBE Iy>KUHE Yxkanu k, h, m u n. OBe IyXuHe ce pauyHajy Ha cineaehu
HAYWH:
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k=222 (3.1)

h=.(d-x)2+y%+z2 (3.2)
m=,(d—x)2+(s—y)?+z2 (3.3)
n=.x2+(s—-y)?+2z2 (3.4)

r7e d mpeacTaBba NyKHUHY, JOK S MPeACcTaBiba MHUpUHY paaHor npoctopa RSCPR cucrema.
Bennuune x, y u z npencraBibajy Kapresujancke koopauHate Tauke 4, OJHOCHO HOcaya
xamepe. Takohe, Benmuune p = [X Y Z]T ce HasuBajy cmnospamme koopaunate. AKo ce
HampaBe mpBU u3Boau jeaHauwmHa (3.1)-(3.4), omma ce moOwja ciexnehu cer jegHaumHa
MIpe/ICTaB/beH y OOJIUKY MaTpUIIE:

_ x y Z -
. k kK
’.‘ - N
= Z—x yn Z y (3.5)
4 I S P
m d—x s=y z
L m md

Besa usmel)y npBux msBona ayxuHa k, h, m u n, ogHocHO € = [k 5 h m]" u npsux
M3BOJIA CIIOJBAIIBLUX KOOpAMHATA p=[x J z]' je mepuHHCaHA OE3TMMEH3UOHOM MATPUIIOM
E:

é=E-p. (3.6)

Ha Cn. 2.1 je mpukazan RSCPR cucrem y TponumeH3noHaaHom npocropy. Kao mro ce Buau
ca Cn. 2.1 u 3.1, RSCPR cucrem ce cacrtoju o1 TpU aKTyaTopa 4YHje CHHXPOHHU30BAHO
KpeTame noMepa Hocau kamepe y Kapresujanckom mpocropy. CBaku o7 akTyaTopa ce
cacToju O MOTOpa, penyKTopa W uekpka. Kperame cBakor o akTyaTopa je AeduHUCAHO
HETOBMM yraoHuMm 3akpetameM 0;(i = 1,2,3). Takohe, Benmmunne ¢ = [6; 0, 63]7 ce
Ha3uWBajy M YyHyTpallmke KoopauHate. Kao mnpBu kopak ka JeduHUCAmy YKYIHOT
marematuukor mojienna RSCPR cuctema, 6utHO je neduHucaTH HeroB KHHEMATUIKUA MOJIET,
OJIHOCHO Be3y M3Mel)y yHyTpammHX U crojpallllbux KoopauHata. [IpBo ce nedunuiie Beza
m3Mel)y IpBHX M3BOAA AYXKHHA € ¥ IPBUX M3BOJA YIIIOBA 3aKpeTamba aKTyaTtopa ¢ m 1o0uja

ce:
0, R, =k +n, (3.7)
6, R, =h, (3.8)
05 - Ry = 1, (3.9)

rae R;(i = 1,2,3) npencraBiba MONYIPEYHUK YEKPKa I-TOT aKTyaTopa. YCBOJEHO je Ja Cy
BPEIHOCTH TONyNpeuHruKa KoHcTaHTHe. U3 jegnaumna (3.7)-(3.9) ce Buam na je mpomeHa
TIPBHX H3BOJA BEMUMHA k + 11, h M 1 jeaHAaKa IPOMEHH MPBOT H3BOAA YTAOHE 3aKPEHYTOCTH
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onromapajyher akTyaropa MOMHOXEHa OJroBapajyhuM MOJYIPEYHUKOM YEKpKa aKTyaTopa.

Hakon komOuHoBama jeanaunmHa (3.5)-(3.9) mobuja ce Besa m3mehy p=[x y z]' u

=16, 6, 6,]' nacnenehu naunn:

x x y s— z z
01 |t rm mx T mk tma|
.1 _ I _d—x y z I x
02| = | Ry'h Ryh Ryh | Y| (3.10)
é3 _d—x sy z VA
l R3 m R3'm R3 m J
Jennauna (3.10) Mmoxxe OutH HanMcaHa u 'y cieneheM o6IuKy:
¢ =Js D, (3.11)

rae /s npeacraBiba JakooujeBy marpuily RSCPR cucrema. JakoOujeBa marpuna Js je myHa u
€JIEMEHTH KOjU CE HaJla3e BaH INIaBHE JMjaroHalie 0Ka3yjy jaky crupery umely crospanmux
U YHYTpAIIBUX KOOPAUHATA.

Crnenehm kopak jecre nedunmcame auHamuukor moxaena RSCPR cucrema koju yjeaHo
MpEeJCTaBba M YKYIHH MaTeMaTHYKH MOZEN OBOr cuctema. Kako je paHuWje HariameHo,
HOCa4y KaMmepe ce MocMarpa Kao Maca CKOHIIGHTpHCAaHa y Tauku 4 W Ta Haealu3anuja je
BeOMa OMTHO NPWIMKOM (opMHpama AMHAMHUUYKOI Mojena. Jlakie, Hocay KaMmepe je maca
BpenHocTH m. Takole, OUTHO je MOHOBUTH Jla C€ CBa yKaJ cMaTpajy MOTHyHO KpyrtuMm. Ha
OCHOBY OBHUX INpPETNOCTaBKU Moryhe je HamucaTu 100po MO3HATy jeJHauYMHy MOTOpa Koja je
nedunucana y [89]. Jeqnaunna y MaTpuyHOM OOJIUKY TJIacH:

U=G, ¢+L, p+S, M, (3.12)

rae je: ”:[”1 u, u3]T - BEKTOp HalloOHa Ha MOTOpPUMA TpU akrtyatopa, G,s.s =diagG, -
MaTpHIIA KOja caap:ku HHGOPMAIMjy o HHEPIIHju cBa TpU MoTopa, ¢ =[6, 6, 6.1 - BexTop
JAPYTUX W3BOJA YHYTPAlllbMX KOOPAMHATA, L. =diagl, - wMaTpuma Koja HOCH
MH(OPMaIKjy O KapaKTEpUCTHIM NPUTYIIEHha CBA TPH MOTOPA, Sy, =diags, - marpuua

Koja caapku HHPOpPMaIMjy O TEeOMETPUJCKOj KapaKTepUCTUIM cBa TpH MoTopa U Mg
IIPEeJCTaB/ba BEKTOP pe3yiyTyjyher MOMeHTa M cBaka O]l KOMIIOHEHTH Jiellyje Ha OCOBUHY
oarosapajyher akryaropa. Pe3ynryjyhu MoMeHT npenctaBiba ontepeheme Ha akTyaTope U OH
ce pepuHuUIIE Kao:

F-R
M, =| FoR, | (3.13)
Fy R,

rne cy F; (i = 1,2,3) cune y yxaauMma Koje NMpeKo MOJyNpeyHuKa R; nenyjy Ha OCOBHUHY
yekpka. Cuiie Koje Aeiyjy Ha Macy m ce Ha3MBajy CHOJballibe cuiie. BekTop crnospammux
cuia je JeuHucaH Kao:
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F=F,+P,, (3.14)
F,=m-(p+a,). (3.15)

Jlaxne, cniosbamma cuna £ npencTsiba cyMy MHepuuanie cuie F, u nopemehajue cune P, .

[Topemehajua cuna Moke MMaTH OWJIO KakaB OOJMK M OHA OTEXaBa KOHTPOIY KpeTama

7
HOCa4ya KaMepe y TPOAMMEH3UMOHAIHOM IpocTopy. Bekrop a,. = [0 0 - g] MPEACTaBIba
IpaBUTALMOHO YOp3ame, JOK p NpeacTaB/ba BEKTOpP JPYTUX H3BOJA CHOJbAIIBUX

KOoOopJZuHarta.

Jla 6u ce komreTupao quHamMudku Mojien RSCPR cucrema motpedHo je nedunucatu yTunaj
CroJpallllbe cuiie [ Ha JMHAMUKY KpeTama Moropa. Besa mamehy cune F u pesynryjyher
MOMeHTa Mg mpencTaB/ba KOMIUIMKOBAHY HEIMHEApHY BE3y KOja je TeHepHcaHa yroTpeOoom
JlarpamxoBor mpuHIHMa BUpTyernHor paxa [90]. Buprtyennu pajn je neuHMCaH Kao Be3a
n3Mel)y BUPTYEITHOT TTOMEpaja Ag¢ U PE3YITaHTHOT MOMEHTa Mg, M BUPTYEIHOT IoMepaja Ap

U crnoJballme cuie F :
(M)T - Agp = FT - Ap. (3.16)

Axo ce jennaunna (3.16) momenu ca At, nobwuja ce:

A¢ Ap
M) 2L _pr .22 3.17
(M) At At (3.17)

AKo ce IpeTnocTaBu Ja je BpeMe ogabupama At 10BOJbHO Maslo, OHja jeaHaunHa (3.17)
Mo>ke OMTH HamMcaHa Kao:

(M) -g=F"p. (3.18)

Axko ce jennauuHa (3.11) 3amenu y (3.18) u ako ce HOBOHacTaJla jelHaYMHA MOJIEHN ca p U

TpaHCIOHYje, 100uja ce cneneha jenHaunHa:
J) -Mg=F. (3.19)
U3 jennauune (3.19) Mmoxe Aa ce u3pasu pe3ynryjyhu MoMeHT Ha cienehu HauuH:

My=((75)) . (3.20)

Cnenehu xopak jecte 3amena jegHauumHe (3.20) y (3.12) umme ce noOuja KOMIUIETaH
nuHaMuuku (Matematuuku) moaen RSCPR cucrema:
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“1 TG, 0o o % L, 0 0 ?1
u =l o G, 0 +0 L, 0[]0 |+
’ Gollallo o Ll
u3 0 0 v3 9 v3 9
3 L3d (3.21)
-1 F
Svl 0 0 JSll JSIZ JS]3 ! X
H 0 Sy 0 [ Jsu Joun Jsn e
0 0 Sv3 JS3I JS32 JS33
OnnocHo, jeqnaunny (3.20) je moryhe mucaty y BEKTOPCKOM OOJIHUKY:
u=G,-¢p+L, -¢p+S,-Og-F . (3.22)

Martpuna O ce neduHHIIe Ka0 MaTpHLa IPECIUKaBakba MOMEHTA U OHA IIPHKA3yje CHAXKHO

cnpesame n3mely kopumhenux akryaropa. OHa je nedpunucana Ha cineaehu HauuH:

0,=((,)') - (3.23)

dopmupameM jennaunne (3.22) je nobujena konauHa popma marematuukor mozgena RSCPR
CUCTEMa U UCTH je Moryhe aHaTM3UPATH U TECTHPATH Y Pa3IMUUTUM yCIOBUMa, mTo he Outn
npukaszano y ciuenehum ['maBama oBor qokTopara.

3.2 Martematnuko moaenoBame CPR-A cucrema

VY nperxonHoM Aeny oBe ['naBe je mpuka3zaHo MareMaTHuko mozenoBame RSCPR cucrema.
[Ipuka3zaHo je kpenpame KMHEMAaTHUKOT U JTUHAMUYKOT MOJENa 0 y JeTajbe. Y OBOM JIely
I'maBe he Outu mpukazaHo kpeupame Matemaruukor monena CPR-A cucrema. Ilornen
onosro Ha oBa] CPR cucrtem je mpukazan Ha Cn. 3.2. [lopehewem Cin. 3.1 u 3.2 ce Buam
pasnuka y KoH(Urypanuju oBa Ba cucrema. Buau ce na ob6a cucreMa umajy TpU akTyaropa,
anu cy oHu apyraunje pacnopehenu. Takohe, Bunu ce na CPR-A cucrem moceayje ayminy
y)XaJ oJ] HOocaya KaMmepe N0 Hocauda yxkamau, Aok To kox RSCPR cucrema nuje cmyuaj.
Kongurypaunjy CPR-A cucrem kapakrepuiry asa yxera, 1ok RSCPR cucrem rpane tpu
y’KeTa. YIiora MOTopa je pa3iuduTa KoJ jeJHOT y OJHOCY Ha IpYTu cucTteM: MoTopu 1 u 2
kox CPR-A cucrem mpemoraBajy oaroBapajyhe yxe, Mok Tpehm MoTop MMa yiory na
HaMoTaBa WJIM oJMoTaBa o0a yxeTa nctoBpemeHo, 10k koa RSCPR cuctema cBaku Motop
HaMOTaBa WJIM OJJMOTaBa CBOj€ yXe. YIIPaBO OBE Pa3IMYUTOCTH YTHUUY Ha caM MaTeMaTUYKu
MojIel cucteMa u To he OuTu mpukaszaHo y oBoM aeny I nase 3.
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Cimmka 3.2 — CPR-A cucreM: morjien ox03ro.

Ca Cn. 3.2 ce Bumu na je m konm CPR-A cucrema kao u xom RSCPR cucrema OutHO
ocMaTpaTH TMPOMEHJbUBE IyKMHE KabmoBa k, h, m u n. OBe ayxuHe ce neUHHITY
UICHTUYHO Kao y jenHaunHama (3.1)-(3.4). [loctynak pnobujama Matpuie E je uaeHTHYaH
Kao IITO je mpukazaHo y jenHaunHama (3.5) u (3.6). KunemaTuuku Mozen, OJHOCHO Be3a

mmelly p=[x y ' m ¢=[91 92 93]7 je nedbunucana Ha crnenaehu nHaumH. IlpBo ce
nepunume Besa usmehy e = [ n h mlT w p=[x » zJ'. dedunume ce Be3a mzmehy
é=1[k nh ml" uyraonux 6psuna ¢=[0, 6, 6,]'. 360r paznmuure KoHpUrypaHje

CPR-A cucrema y ogHocy Ha RSCPR cuctem, oBa Be3a je apyraurja HETo IITO j€ TPUKa3aHO
jennaunnama (3.7)-(3.9) u ona rnacu:

0, R, =k +n, (3.24)
6, R, = m +n, (3.25)
05 Ry =k +n+m+h. (3.26)

Ako ce HampaBe mpBH u3BoAM jenHaunHa (3.1)-(3.4) m ako ce 3aTUM 3aMeHE Yy jeIHAuYMHE

(3.24)-(3.26) no6uja ce Be3a u3Mel)y mpBUX M3BO/A CIOJBANIHKUX KOOPJIMHATA p =[x 7 2]’ H

IpBMX M3BOJA YHYTpalImHX KoopauHata ¢=[0, 6, 6,]'. Ha Taj maumn ce nobuja

ku"ematnuku moneir CPR-A cucrema:

d=J, p, (3.27)
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rae J, mpencraBiba JakoOujeBy Marpuily. M3 mpukasaHaHOr je jacHO Ja KMHEMaTHYKH

monen CPR-A cucrema nmpouctrue U3 \eroBe KoH(Urypalyje u Kapakrepuiie ra Jakooujesa
Marpuua J , Koja IJacH:

X Y Sy _z .z
Rl k Rl-n Rl k Rl'}’l Rl k Rl-n

J, = _d=x  x Sy sy zZ ,Z . (3.28)
Rz'm Rz'n Rz'm R2 ‘n R2 ‘m R2 ‘n

x d-x d-x  x y |y §=y sy z z |z | Z
_R3'k R3h R3-m R3'l’l R3k R3h R3-m R3~n R3k R3h R3-m R3~n_

[Topehemwem jeqnaunna (3.10) u (3.28) ce Buau paznuka u3Mel)y KHHEMaTHUYKUX MOJIENa OBa
nBa cuctema. Buam ce nma je 30or cBoje koHburypamnuje, kuHemarnuku mozgen CPR-A
crcTeMa KOMIUTMKOBaHU]jH.

Cnenehu xopak jecte ¢dopmupame auHamuukor mozaena CPR-A cucrema. Tume he ce
KOMIUIETUpPATH YKYITHH MaTeMaTHMYKU MOJEN OBOT CHUCTeMa. 3a AePHUHHCAmE TUHAMUYKOT
mozena CPR-A cuctema ce KopucTyd MaTeMaTUYKU MOJIE] MOTOpA U OH TJIacH:

u=G, ¢+L, d+S,M,. (3.29)

Cee BenmmuumHe w3 jegHaunHe (3.29), ocum pesynryjyher momeHnta M, cy neduHmcane y
nperxoaHoM Jneny oBe [nmaBe (Bumm jegHauuny 3.12). Jlakie, padyHame pesynryjyher
momenTa kog CPR-A cucrema ce pasnukyje oa pauyHama ucror kog RSCPR cucrema u to
npeJicTaBlba ciefehy pa3nuky u3Mel)y oBa JBa cucrema.

Panu nakmer pazymeBama ojipehuBama MOMEHaTa KOjU J€NIyjy HA OCOBUHE TPU MOTOpa, Ha
Cn. 3.3 cy npukazaHe cuiie Koje Jenyjy y yKaauMa KOJ MOTOpa 3aje/lHO ca cuiiama Koje
Jenyjy Ha Hocad kamepe. Ha ocHOBY oBe ciHKe ce 3akjbydyje Ja MpPBU MOTOp ca jedHe
CTpaHe HaMOTaBa YK€ KOje cTBapa pe3yaTyjyhy cuiy F;, Tok ca npyre cTpaHe oBaj MOTOP
0JIMOTaBa yKe ¥ TUMe ce renepuine cua F;'. OBe ase cuie popmupajy cuiy Fj:

Fl=F'—F,. (3.30)

Taxobe, ako ce mocmarpa Ci. 3.3 101a3u ce 10 CAMYHOT 3aKJbydKa U 33 JPYTU MOTOP M MOXKeE
7 ce THIIe:

F, =F) —F,. (3.31)

Tpehu motop pyHKIMOHMINIE Ipyrayuje o1 MOTOpa jefaH u aBa. Iberos 3aiarak je 1a y ucto
BpeMe HamMoTaBa U oiMOTaBa 00a yxkera. Ha Taj HaunH HacTaje yKymHa cujia Tpeher Motopa
F;. OBa cwia uma /Be jeHaKe KOMIIOHEHTe ca MHTeH3uTeToM o A - F3. Cana je moryhe
neguHUCATH BEKTOP PE3yJATaHTHUX CHJIA KOje Jeyjy Ha cBa TP MOTOpA U OH je AeduHUCaH
Kao:
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Fy

Fy = (3.32)

F3

Crnuxka 3.3 — a) Cuite koje aenyjy ucnpen motopa 1, 2 u 3 u uza moropa 1 u 2, 6) Cuie koje
JIeITyjy Ha Hocad Kamepe.

Bektop nedunucan jeagnaunHom (3.32) 3aBucH 0] CHIOJbAIILUX CHUJIA KOj€ Cy MpPHUKa3aHe Ha
Cn. 3.30). Crnospamme cuiie cy nedunucane uaeHTHdHO kao u 3a RSCPR cucrema miro je
npukazano jemHaunHama (3.14) m (3.15). Besa um3mel)y cuma koje nenmyjy Ha MOTOpe U
CIOJBAIITHUX CHJIA j€ NeUHICaHA Kao:

F1 ) R1 0A11 0A12 0A13 Fx
Fy Ryl = 10421 Oazz Ouz3 |- Fy > (3-33)
F3-R3 Ouz1 Opszz Ogpss E,

rzie je 0, MaTpuIa npecnukapama usmel)y cnompammux cuna [Fe B, ;)T u momenara xoju nenyjy
Ha ocoBuHe Tpu MoTopa [Fy *R; F,* R, F3-R3]", a R; je nonynpeunuxk i-tor uekpka. Ha cimuan
HauynH kao ¥ koj RSCPR cucrema ce neduHuIe jeqHaunHa 3a pauyHame pe3yJITAHTHUX MOMEHAaTa
MpUMEHOM JlarpaH:xoBOT PUHIIKITA BUPTYEIHOT paja (Buau jenHaunHe (3.16)-(3.20)) u noduja ce:

M, =((2,) )_1 F (3.34)

3a paznmuky ox RSCPR cuctema, oBa jeqHaunHa He MOKe€ OMTH AMPEKTHO MPUMEHEHA Ha
CPR-A cucreM 1 Mopa Outu MoaudukoBaHa u3 cieneha aBa pasora:

1) CPR-A cuctem mocenyje 1Ba yXeTa y cBa 4eTHpHU MpaBua k, h, m u n. 3060r Tora
jemnaunHa (3.34) mMopa Outm MomudukoBana ¢akropom A= 0.5. OBaj KOpEKIIMOHU
(dakTop yTHUE Ha CHIIE KOje JeNyjy Y YeTUPH cMepa, OJHOCHO ocune Fy, Fy, B, u F, u
BUXOBE BpeAHOCTH nocTajy A - F,,A- Fy, A+ F, u A+ F,. Ha ocHOBy oBe aHanu3e ce
nepuHUIIe HOBa MoAUHKOBaHa JakoOujeBa MaTpHIla

Jo, =0T, (3.35)

OBo npezcrasiba NpBY MoauduKkanujy JIarpaH:XxoBOT MPUHIIUIIA BUPTYETHOT paja.
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2) Ha motope jenan u 1Ba Jeiyjy MO JIB€ KOMIIOHEHTE CHJIa KOj€ UMa]y Pa3IuduT CMEp U
uHTeH3uTeT. Buau jeqnaunne (3.30) u (3.31). 3a pasnuky oa mHuX, Ha Tpehu MOTOP
JeNyjy JBE CWJIE KOje MMajy UCTH cMep W HHTeH3uTeT A - F;. YKymHa cuiia Koja
nenyje Ha Tpehu MoTop je 30up OBHX JBEjy cuia, rma ce nqobuja F3 =2-A-F;. Ha
OCHOBY Je(uHUCAHUX TBpPIAHBU ce€ ao0uja nomgaTHa Moaudukanuja JakoOujee
MaTpHuIie:

A Ja11 A+ Ja12 A+ Ja13
Jaa=| B Jaz A Jaz2 A Ja23 | (3.36)
2°AJaz1 2D Jazz 2D u33

Jennaunna (3.36) npencrasiba nmocieamy MoauduKaiujy JakoOujese MaTpuiie.

Cana je moryhe HampaBuTi Mmogudukanujy jennadnne (3.34) na cneaehu HauuH:
-l
M, =((Ja)") -F. (337)

Ha oBaj HaumH je neduHMcaHa mpoMeHa pe3yITaHTHHX MOMEHaTa KOju Jelyjy Ha TpHu
motopa CPR-A cucrema. 3amenom jemHaumue (3.37) y (3.29) ce moOuja KOMHIUICTHU
munamuuku mMojzien CPR-A cuctema. MaTemMaTHdyko MOJI€TIOBamk€e MPUKA3aHO Y OBOM JIENy
I'naBe 3 je nerasbHuje npukaszano y [70].

Ha ocnoBy ananmze u cuntese, onHocHO MareMatnukux mojena, RSCPR u CPR-A cucrtema
MpUKa3aHuX y oBoj [1aBu yodaBajy ce M mperno3Hajy pasnuke n3mehy mux. [locraje jacHo na
MaKO OBHM CHCTEMH JIaWYKU Ha TPBH TOIJICA W3IIIEAajy CIMYHO, HbUXOBA aHAW3a H
MaTeMaTHYKO MOJIENIOBakE MOKa3yjy pa3iuuuTy GU3MKaIHOCT 0BUX cucteMa. CBaku o CPR
cucTeMa KapakTepulle HeroBa 0COOCHOCT U TO IMpeJCTaB/ba jefaH o]l mpobiemMa Ha KojuMa
JlaHac UCTpakuBauu paze. JlepuHucame HEKOI YHHBEP3aJHOT ajaTa KOju Ou MOCIYXHO 32
TreHepHcame MaTeMaTHIKOT Mojena 0uino koje koHdurypamuje CPR cuctema 3a caga jomn
yBek Huje Moryhe. I'enepucame Matematnukux mojnena CPR cucrema je Beoma OMTHO M 3a
caja ux je Moryhe camo nojeanHayHo reHepucatu. Maeja je na ce cTBopy yHUBEp3aJIHU ajaT
Kao IITO j€ TO CIy4aj ca XyMaHOUIHUM U MHIYCTPUJCKUM POoOOTHUMA 3a Koje je To oMoryheHo
Hip. ynotpedom Robotics Toolbox —a [91].
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I'naBa 4

AHaJIM3a YTHIIAja TUIIA YEKPKA 32 jeJHOPeI0 HAMOTaBame
(oamoTaBame) y:keta Ha pag CPR cucrema

V¥ I'maBu 2 cy npukazane paznuuute koHpurypamnuje CPR cucrema n y I'naBu 3 je mpukaszan
noctymnak ¢popMupama MaTemMaTHakor Mozena nsa cucrema: RSCPR u CPR-A cucrema. U3
npukaszaHe mnpoueaype u3 ['nmaBe 3 ce BUAM Ja KUHEMATHYKd U AuHaAMU4Yku Mojaeinu CPR
CHUCTeMa 3aBHCE OJI HErOBUX KapaKTePUCTHKA: OONHMK pagHOr MpocTopa (paBaHCKH,
MpOCTOpHU), Opoj akTyaTopa, Opoj Tayaka Bellama Hocada TepeTa, yKyInaH Opoj yxaau, 0poj
y’KaJ¥ O]l Hocada TepeTa JI0 Tadyaka Bellama, TUIl MOTOpa (TPaHCIATOPHU WU POTAI[MOHU) U
IBEroBa yliora a Takohe W HEeroBe CHEpPrercke MOryhHOCTH, THI YEKpKa W FheroBa
koH(purypanuja. CBaka ol OBUX KapaKTEPHCTHKA MOpa OUTH JETaJbHO aHAIM3UpPaHA MPU
mu3ajuupamy CPR cucrema. Kao mro moxe aa ce Buau u3 I'maBa 2 u 3, npukazanu CPR
CUCTeMH Cy Je(HUHHMCAHU TaKO Ja KOPHCTE YEKpPKe KOjU MMajy KOHCTAHTaH MOJYNPEYHUK
TOKOM H3BplIaBama 3agaTka. OBakaB TUN 4eKkpka je mpukazaH y [92]. YUekpk uz [92] je
KapakTepHCcaH ca: a) JIBa MOTOpa KOju T€HEpUIy POTalUjy W TpPAHCIALU]y YeKpKa Hiu O)
jeTHUM MOTOPOM U JIBa peayKTopa. Y ciydajy 0) BapHjaHTe, jelaH PeIyKTOp ce KOPUCTH 3a
OOpPTHO KpeTame YEKpKa, JIOK C€ JAPYrd PEAYKTOP KOPHCTH 3a TPAHCIATOPHO KPETame
yekpka. Tun u oO0JHMK YeKpKa 3HATHO yTUYEC HA JTUHAMUYKH OA3WB CHUCTeMa W TO he OuTH
JETaJbHO aHAIM3UPAHO y 0BOj [maBu mucepranuje. 300T CIOKEHOCTH H IIEHE KOHCTPYKITHje
yekpka u3 [92], TokoM u3paze oBe AUcCepTalHje je MpodiieMy HaMmoTaBama (OJAMOTaBaba)
y)KeTa Ha 4yekpk mocBeheHa moceOHa Makka M 3aTO j€ aHAIM3MpaHa JIOCTYIHA CBETCKa
JUTEpaTypa y oBoj 0OJIACTH.

[Tpobnem HaMoTaBama (0IMOTaBaka) Y)KaJl Ha YEKPK je MPUCYTaH y Pa3HUM CUCTEMUMA U3
Pa3NUYUTUX TEXHUUYKHUX 00sacTH. T CUCTEMH MOTY MMAaTH MOTIYHO PA3JIMYUTy HAMEHY W
CaMHM THUM M Pa3IM4UTE KOHCTPYKIM]jE, alld UX KapaKTepHIle YMHECHUIA 1a Y ceOu caapike
MOJI-CUCTEME 3a HaMOTaBame (0AMOTaBame) ykaau. CBU TH CHCTEMM 3aXTeBajy CTaOMIIHO
yopaBJbamkhe 3a peanusanujy oxapeheHor 3amarka. buhe HaOpojaHm caMo HEKH Ol THUX
cHcTeMa: MEpPHH MEXaHHM3MH, MAIlMHE Yy TEKCTHJIHO] WHAYCTPHjH, CHUCTEMH 3a BYIY
kopuitheHn y mrymapcTBy M rpaheBuHapcTBy, auzanuie, CPR u npyru cioxeHu cucteMu
KOju cy Boh)eHHM KaOyioBUMa WM YyXaauMa. AHaJIM30M Mpolieca HaMOTaBama (0MOTaBamba)
y’KaJd Ha YEKpKe Cy ce JIyTM HM3 JeleHHja OaBUiIM pa3Hu ucTpakuBaud. OBne he Outn
MIOMEHYTH HEKH O] HHUX KOjU Cy MHCHOHpPUCAIM OBO HCTpakuBame. Ayropu [93] cy ce
OCBpPHYJIM Ha ymoTpeOy BYYHUX cHCTeMa y IIymapcTBy. JlepuHucanu cy ymyTcTBO 3a
KOPHUCHHUKE YHjOM YIOTPEOOM MCTH MOXKE Ja C€ YHalpeAHu U 3aIUTUTH CBOjE JbYICTBO O]
MoBpea Kao M Ja 3allITUTH 3eMJBUINTE U ImymMy of Moryher omrehema. Y [94] ayrop maje
WCTOPHjCKH TIPETJIe]l CHUCTeMa KOjH KOPHCTE YEKpKe 3a HaMOTaBame (OMOTAaBambE) Y)KaIH.
Aytop naje uadopmaimje 1a ce OBaKBU CUCTEMH pa3BUjay M KopucTte Beh Bullle MHJIEHH]yMa
W TUME j€ HarjaleH WHUXOB 3Havaj). Y [95] je amanu3upaHa IWHAMHKA YIIpaBJbamkba
KpaHOBMMa YMjH je CacCTaBHU JIE0 MO/-CUCTEM 3a HaMOTaBame (0aAMOTaBame) yxkaau. OBo je
NperyieiHd paj TJe ce BUAM HCTOpHWja pa3Boja KpaHoBa. Y [96]-[98] cy matu Teopujcku u
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eKCIIEPUMEHTAIHN JONPUHOCH aHaJIM3Ud W CHUHTE3M KHWHEMaTUKe M JAUHAMUKE Ipoleca
HaMOTaBama (0JIMOTaBama) KOHIIA ca KaJleMOBa KO/ MalllHa Y TEKCTUIIHO] UHTYCTPH]jH.

Jlocanmanima MCKYCTBa y OBOj 00JIacTH Cy 3HauyajHa, U TO je OMO TMOJCTHUIA] JIa C€ TOKOM
u3pajie OBe JMCEPTAIlHje MOCBETH MMOCeOHa MaKiba aHAJM3U U CUHTE3H MPOolleca HAMOTaBamka
(omMoTaBama) yXeTa Ha HajjeJHOCTaBHHU]jE (PYHKIIMOHAIHO pelIeHhe YeKpKa 3a jeaHOpEeIO
BHUIIIECIIOJHO Pa/iMjaTHO HaMOTaBame (0IMOTaBame) yxkera. OBaj Yekpk je mpukazad Ha CiI.
4.1.

Crnuka 4.1 — Yekpk 3a jeIHOPEI0 BUILECIOjHO PaJANjalTHO HAMOTaBame (0IMOTaBakbE) YKeTa.

VY oBoj I'maBu paga he 6utu npukazan pax dekpka ca Ciu. 4.1. JlerajbHa aHaym3a paja OBOT
yekpka je myonukoBana y [99]. ¥V npBom neny ['maBe he 6utu ananusupan paj caMmo jeTHOT
YeKpKa 3a jeHOPEI0 BHUIIECIOJHO paJijallHO HaMOTaBame (0JMOTaBame) yxkera, JoK he y
JApyroM Jiely OMTH NpHKa3aHa aHAJIM3a YTHIIaja OBOT YEKpPKa Ha Paj CIOKEHOT KaOJIOBCKU
BoheHor cuctema. buhe nmpukasana HoBa Bep3uja RSCPR cuctema u 6uhe ananusupan pan
OBOI' CHCTeMa KOjuU KOpUCTH Tpu uekpka ca Cn. 4.1 3a kperame HOcada Kamepe y
TPOJUMEH3UOHATHOM IIPOCTOPY.

4.1 OCHOBHM TEOPHjCKH NPHHIUNHN JMHAMHMKE HAMOTaBama (0IMOTaBama) y)KeTa Ha
YeKpK

VY oBoM neny pazna he Outn ananuzupan yekpk ca Ci. 4.1. Ca cnuke ce BUIM Jla YEKPK UMa
KPYXHH OONMUK oJpeheHor monympeyHuka. YXKe je Tako MOHTHpPAHO Ja W3BHpPE U3 OBE
KpykHe noBpiirHe Ha oapehenom mecty. Ha Cin. 4.2 je mpuka3aH MOYETHU I0JIOXKA] OBOT
cuctema. [loyeTHu mosOXKaj je TUIAHCKU (KamuOpamujoMm) TOJEHIeH Ja Oy/ae Ha MpaBIily
HEeraTUBHOTI jena x; oce. Onadup MOYETHOr MoJioXkKaja je BeoMa OMTaH jep yTUde Ha Jajby
TMHAMHUKY HaMOTaBama (O0JMOTaBama) yxeTa Ha 4ekpk. Ha cienmehoj cnumm, Cn. 4.3, je
JeTajbHUje TpHKa3aHa I[IOYeTHa TMO3UIMja CcUcTeMa. Panu pasymeBama JIUHAMUKE
HaMOTaBama (OJMOTaBamka) YyXKeTa, y JajbeM TeKCTy he OWTH JeTasbHO 00pa3iokeHa
reoMeTpHja OBOT CJIOXKEHOT IpoIieca.

23



Crnuxka 4.2 — [ToueTHu MooXkaj cucrema.

JloGpo TeHepHucaHa TeOMEeTpHja JEIHOPEIOr BUIIECIOJHOT paJAMjaIHOT HAMOTaBamba
(oaMoTaBama) yxera Ha YeKpK he OMTH O]l BeJIMKE KOPHUCTH 3a POpPMHUPame KUHEMATHYKOT
MoJIena a Takohe ¥ TUHAMUYKOT MO/IesIa OBOT Ipolieca.

Cnuxka 4.3 — [loueTHu nonoxaj cucreMa — yBehaHn 4ekpk.

Takobhe, 300r nakmier pazymeBama YUTaBOT MpoIleca, CaMO HaMoOTaBame he OUTH JeTasbHO
npukasaHo. Pa3zymeBame Impoleca HamMOTaBama Y)KeTa Ha 4YEKpK ymyhyje uyuTaouna Ha
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3aKJbYYaK J1a Cce MpOoIeC OAMOTaBama JellaBa ca UCTUM (EHOMEHHMMAa KOJU Ce JeIIaBajy
OOpHYTHM pPEIOCIIEIOM.

Ha Cn. 4.2 je mpencTaB/beH TOYETHU II0JI0XKA] CHCTEMa KOJU C€ CacTOju O]l YeKpKa
nonymnpeynuka R;y = 13.6 mm 3a xoju je Be3ano (u3Bupe) yxe aedpune d = 0.8 mm. Ca
JpyTe CTpaHe, yXKe Mpelia3y MPeKo Mamer KOTypa Moyynpedynuka ¥ = 9 mm. M3a tor kotypa
YK€ HOCH TepeT KOjU 3aTexke yxke. BUTHO je HallOMeHYTH J1a ce y)Ke He HaMOoTaBa Ha KOTYp,
Beh ra KOoTyp camo mpeMoTaBa.

Tauka E je nepuHHCaHa MO3MIUjOM TAC Y)KE H3BHpPE M3 YEKpKa. Y IMOUYCTHOM IOJIOXKAjY
CHCTeMa 3a HaMOTaBambe y)KeTa Ha YEKPK OHA je IOCTaBJbeHAa HAa HEraTHMBHH JICO X; OCE.
Tauka £ uma (ukcupaHy MO3UIU]y Yy OJHOCY Ha 4eKpK Oe3 o03upa Ha HEroBO KpeTame.
YcBojeHo je ma yrao 8; npeacrasiba nomepaj m3mely npase O,E n HEraTHBHOT Jiea X; 0CE
Taj Yrao y mo4eTHOM TPEHYTKY H3HOCH:

6; = 0. 4.1)

3a pa3nuky on tauke E, neduHuie ce tauka 1 Koja CTaJHO MEHa IO3MIHUjY Y OJHOCY Ha
yekpk. OHa IpeAcTaBiba MECTO T€ YKe Toaupyje (WM Y HEKHM MEePHOANMA TAaHTHPa) YEKPK
WM JI0 CaJla HAMOTAHO YKe. Y MOYeTHOM TPEHYTKY Tauke E u T ce mpeKiamnajy mro ce BUAU
Ha Cn. 4.2 u 4.3. Ileo cucreM HaMOTaBama JIOKET YCKPKA j€ TAKO KOHCTPYHCAH Ja C& MOXKE
MpecTaBuTH y paBHH kao Ha Ci. 4.2. LlenTap yekpka je y tauku O;(x;p = 0, y;0 = 0), r1e je
MOCTaBJBCH X; — Y; KoopauHaTHU cucteM. LlenTap xorypa je y tauku C(x;c = —a, yic = b),
TZie je MOCTaBJbEeH X;; — Y;; KOOpAUHATHH cucTeM. Pactojame a = 45 mm je XOpU30HTAIHO
pactojame m3Mel)y oce Yekpka M oce KOTypa, a b = 524 mm je BepTHKAIHO pacTojame
u3Mely oce uekpka u oce KoTypa. YeKpk M KOTyp Cy NOCTaB/bEHM Tako Jia je yrao y; > 0 3a
OWJI0 KOjy MO3UILHM]y HaMOTaBama YyKeTa. Y IIOYETHOM TPEHYTKY HaMOTaBama KOjU je
npeactaBbeH Ha Ci. 4.2 u 4.3, y; uma Hajehy BpeIHOCT M U3HOCH Yimax = 2.36° =
0.04116 rad. Yrao y; ce onapehyje Tako mTO ce MOBy4Ye TaHTEHTAa U3 Tauke I Ha KpyT ca
MOJYIIPEYHUKOM T + d, unju je uentap y tauku C. Ha Taj HauuH ce no6uja tauka G. 3aTum
ce MOByuYe JIMHMja MapajelHa Ayku TG Kpo3 LIEHTap YeKkpka, y Tauku O;, ¥ OApENH ce
OTKJIOH T€ JIMHHUje y OJHOCY Ha TO3WTHUBHHU JIe0 Y; oce. Taj OTKIOH mpejacTaBba MOYETHY
BPEIIHOCT yIiia Yj.

VYcBojeHH Cy HJleallu30BaHM YCIOBU KpeTama yria 6; a To je Ja ce YeKpK HaMoTaBa
KOHCTAHTHOM YraoHOM 6p3uHOM @; = const. OBH yCIOBH KpeTama 4eKpKa Cy YCBOjeHH 1a
0u ce nakuie NpuOIMKUO PeHOMEH AMHAMHMKE HamMOTaBama (0MOTaBama) y)KeTa Ha YEeKpK
YHUTAOLLY.

[IpernocTaBspa ce aa cuia 3aTe3ama yKeTa Jellyje YBeK Kpo3 ocy yxkera u3Mel)y dekpka u
KOTypa, MpaBall 1paBe sm. Y CBaAKOM TPEHYTKY je OUTHO OJIpeUTH MOJYNPEYHUK HAa KOME
CHJIa Jieyje Ha YekpK. Y TIOYeTHOM CIydajy, MOMyNpeuHHK NpeCcTaBiba pactojame 0,Ag 1
ca Ci. 4.2 ce BUIM J1a MOJTYNPEYHUK U3HOCH:

R; = 0,A cos(y; — ¢y). 4.2)
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Tauka A je mocTaBJbEHA TAKO Ja C€ y CBAKOM TPEHYTKY HaJla3u Ha MpaBoj KOja je 3apoThpaHa
oKO Tauke 7y 0JJHOCY Ha XOpU30HTay 3a yrao y; (Bunu Ci. 4.3). [Ipecek Te npaBe u npase
sm, KOja TIpeJICTaBIba ¥ MpaBall JIejcTBa CUJIE y YKeTy, je Tauka A. [Ipasa 0,4 je OTKIOBmEHa y
onnocy Ha mpaBy O,E 3a yrao ;. Y HHHIMjaJTHOM MOMEHTY OBaj yrao uma Hajsehy
BpenHoct. Tauka Ap mpencTaBiba INMpecek mpaBe sm W mpaBe or. Tauka B ce Haja3W Ha
MpeceKy IpaBe sm W IMpaBe Koja je moBydeHa u3 Tauke C M MapayielHa je ca MpaBOM OF.
Pactojame AB Kkoje je O3HAaueHO Kao AyXKHHA [w; je JIMHAMHYKA BEIMYMHA TOKOM
HaMOTaBama (0JMOTaBama) yxera. JlyxuHa [w; uma CBOjy TMHAMUKY IIPOMEHE M 3HAYAJHO
yTHYE HA IUHAMHYKH OJ[3UB CHCTEMA.

Ha Cn. 4.4 je npukasana cieneha mosunuja Mexanusma. [Ipukaszan je camo dekpk yBehaH.
OBo je mo3uIlMja MEXaHu3Ma 3a 3apOTHUPAHOCT yria f; Koju 3a70BoJbaBa cienehu ycios:

[Toynpeynrk HaMOTaBama (0JMOTaBakA) j€ Y OBOM CIIy4ajy:

R; = 0,A cos(y; — ¢; — 6;). (4.4)

Cnuka 4.4 — ITonoxaj cucrema 3a 0 < 8; < y; - yBehaH 4ekpk.

Tauka Ar je u masbe y mpeceky MpaBHX Sm H oF, a Tauka 4 je y IpeceKy IpaBe sm | MpaBe
KOja je mapajieJlHa ca MpaBoOM or U MpoJiazu Kpo3 Tauky 7. TpeHyTHa BpPEeIHOCT yria y; je
caja Mama y OJHOCHY Ha IMOYETHY BPEIHOCT, jep j€ II€0 CHCTEM 3apoTupaH 3a yrao 0;.
Takobhe, yrao ; je Mambu y 0IHOCY Ha BpEIHOCT y MHULMjaIHO] o3uuuju ca Ci. 4.2 u 4.3,
10K fyxkuna lw; = AB pacTe y 0JIHOCY Ha F»eHY BPEIHOCT Y HOYETHOM HOJIOKA]Yy.

Crnenehu monoskaj Koju je aHanu3upad je npukasan Ha Ci1. 4.5 u To je ciaydaj Kajaa je:

V 0BOM crieu(pUIHOM cilyuajy ce Tauke Ag U A npeknanajy u nexe Ha npasoj 0,T. Takobe,
y OBOM TpPEHYTKYy yrao ; mocraje (. Y TOM TpeHYTKY, y»K€ TaHTHMpa YeKpK y Tauku 7.
Takohe, To je mocenmH TPeHyTKa Kajia ce Tauka £ 1 Tadyka 7 mpekyanajy u o TOT TPEeHyTKa
ra Ha Jajbe Tauka E 3ajpkaBa CBOjJy (PUKCHY MO3ULIHM]Y Y OJTHOCY Ha KpeTame YeKpKa, JOK
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Tayka 7 mpaTtu AMHAMUKY HaMOTaBama y)XeTa Ha 4ekpk. [lonynpednuk y oBoMm ciydajy uma
cienehy BpeIHOCT:

R, =0,A =04z =Ry +d/2. (4.6)

Crnuka 4.5 — [Tonoxaj cuctema 3a 8; = y; - yBehan 4ekpk.

Takohe, y OoBOM crenujaqsHoOM TIONOXKajy, nyX [(w; = AB uma HajBehy BpeaHOCT TOKOM
HaMOTaBama (0JMOTaBamba).

Z[aJLI/IM TOKOM HaMOTaBamwa yKETa, Hl' y3uma Cﬂeﬂehe BpCOAHOCTHU:
Vi < 91' <2m+ Yi — &;. (47)

Ob6nact nedpunucana jeguaunHom (4.7) Hocu ume con (eHr. constant). Tokom oGmactu con,
TIOJYTIPEeYHHK HaMOTaBama R;, nyxkuHa Iw; = AB 1 yrao y; cy KOHCTAaHTHH M 33JpKaBajy
BPEIHOCTH J00MjeHe Kaja ce §; u3jeHaduIo ca yriioM y;, BUuau jeanauuny (4.5). Ca Cn. 4.6
ce BUJIe pa3nuuuTe nosuuuje Tavaxka £ u T.

Yrao a; mpeacraBiba jelHY O]l KOHCTAaHTH CHUCTeMa M HAYWH Ha KOjU ce OH onapehyje je
npukaszan Ha Cin. 4.6. Jlakie, 4eKpK ce 3apoTupa 110 mojioxkaja §; = m U MoBydYe ce TaHTeHTa
u3 Ttauke F(R;,0) tme je Rjy =Rjp+d Ha kxpyr ca meHtpom y Tauku O; u ca
TMOJTYTPeYHUKOM R;, M TuMe ce no6uja TanmreHtHa Tauka D. Yrao usmely mpase O,D u
MO3UTUBHOT JIeTia X; 0Ce MPECTaBsba Yrao «;.

Y TPEHYTKY Ka,uaje:
Hi = 2w+ Yi — &y, (48)

Ttauka T goaupyje yke Koje moBesyje 4ekpk u kotyp (Bumu Ci. 4.7). To je OutaH TpeHyTaK,
jep oI Tajga CUCTEeM HM3Ja3u U3 00JacTU con W yIa3H Ce Y HOBU 3aKOH MPOMEHE CBUX BaKHHUX
JTMHAMHYKUX BeIMYMHA: TOJIyNpeYHHKa HaMoTaBama R;, yrma y; u ayxude lw; = AB. Y
cneneheM TpeHyTKy yrao 6; ynasu y o0yacr:

2w+ Yi — q; < 9i < 2m+ Yi- (49)
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Cnuka 4.6 — OnpehuBame yria «;.

OBa obnact HOCH Ha3uB jumpvar (eHT. jumpy variable), Bunu Ciu. 4.8. YV obnactu jumpvar
NOJIYTIPeYHHK HaMoOTaBama R;, yrao y; u ayxuHa lw; = AB cy npomensbuBu a Takohe cy
MIPOMEHJbMBH U TIoMOhHH yriioBu f; u §;. Bpennoct yria 6; je:

Hi =2n+ Yi — (Ofi - ﬁl) (410)

Crnuka 4.7 — [lozunmja cucrema 3a 6; = 2w + y; — a;, a) IOCHEBHA TPEHYTAK y con 00JacTH,
0) MpBU TPEHYTAK y jumpvar 00IacTH.
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Cnuka 4.8 — [lo3unuja cucrema 3a 0; = 2w + y; — (a; — f;)-
VYrao f§; je HOBa MpOMEHJbHBA Koja ce oapelyje Ha ciienehn HaunH:
Bi=a;—(2n—6;)—v: (4.11)

OBa BenMuyMHA pacTe OJ HyJe MpHU yJaacky y obusact jumpvar. Kako ce yxe HamoTaBa Ha
YeKpK, yrao [§; pacte TOKOM obnactu jumpvar. tberoBa MakcUMaiHa BPEIHOCT j€ Limax = Q-
VY TOM TEHYTKY CHCTEM H3JIa3U U3 00JIACTH jumpvar U yaa3u y HOBY 00J1acT con.

Cnuka 4.9 — [Ipomena yrna 6; oko u yHyTap jumpvar o0natu.
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Ha Cn. 4.9 je npuka3ana npomeHa yriia 6; HEMOCpeaHO Mpe yiacka y obmact jumpvar (Koja
MpUIajga IPeTXoAHO0] 00JIaCTH con), TOKOM OOJIACTH jumpvar, U HaKOH H3J1acKa U3 00JacTH
Jjumpvar (Koja mpuIiaza HOBOj obnactu con). Buam ce na yrao 6; J1MHEapHO pacTe TOKOM
HaMOTaBamba yXKeTa.

Cnuxka 4.10 — IIpomena nyxuHe [lw; OKO U YHYTap jumpvar oo6naTH.
Obnact jumpvar je cienuuyHa U3 BUILIE pa3jiora na he OUTH JeTajbHO aHATM3KpaHa:

a) y IpBOM TPEHYTKY OB€ 00JIacTH, Tauka 4 Harjio Mema cBOjy no3uiujy (ymopeau C.
4.7a) n 4.76)): na Cun. 4.7a) Tauka A4 je y npaBiy npase or, 10k je Ha Ci. 4.76) Tauka
A Ha mpaBlly IIpaBe Koja je mapajeiHa ca MIpaBoM or ajld caApku Tauky 7, mpasa ta.
300r TpeHyTHE MpPOMEHE IMO3UIlMje Tauke A, J10Jla3y /10 Harje MpoMeHe BPEJHOCTH
nyxune lw; = AB. To y3poKyje 3HauajaH CKOK Op3HMHE MpPOMeHe AyXKHHe lw; y ToM
TPEHYTKY, IITO C€ HEMOBOJHHO OJlpa’kaBa Ha yKYIHY JMHAMMKy cuctema. [IpomeHa
nyxuHe lw; oko u 'y obnactu jumpvar je npukazana Ha Ci. 4.10, nok je Ha Ci. 4.11
npuKa3aHa Gp3MHA IpOMeHe AyXHHe [w;, o3HaueHa Kao [w,. JenaH mpuMep mo3uimje
cucrema y obnactu jumpvar je npukasad Ha Ci. 4.8.

0) y mpBOM TPEHYTKY OBE 00JacTH, MOJIYNMPEUHUK R;, Ha KOME Jeiyje CHlla Y YXKETy,
nounmwe Ja pacre. TokoM oOBOr mnepuoja HamMoOTaBamba IMONYNpEeYyHUK R; ce
KoHTUHYanHO moBehaBa ca BpenmHoctu R; = R;y + d/2 Ha BpenHocT R; = R;jp + 3 -
d/2 . Pamum nakumier ommca mpoMeEHEe MOJYNpevYHHKa R;, pa3maTpajy ce JBe IOj-
obnactu o0JacT jumpvar v TO Kaja.

e y; KoopauHaTa Tauke 4 je y;, > 0. OBaj mepnoa HaMOTaBama je MpUKa3aH Ha
Cn. 412 u y oBOj moa-oblmacTu Tmepuoja jumpvar TOTYIPEUYHUK Ce
M3pavyHaBa mo GopMyIu:
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R; = 0,Ag = 0,A" cos(|8;] + 7). (4.12)
e y; xoopaunHara Tauke 4 je y;, < 0. OBaj mepuoj HaMOTaBama je MPUKa3aH Ha
Cn. 4.13 u y oBOj moa-o0iacTu mepuoja jumpvar MOTYNPEUHUK ce oapehyje

1o GopMyJIu:

R; = 0, Ag = 0,A - cos(y; — |6;]). (4.13)

Cinka 4.11 — IIpomena BeuanHe [w, OKO U yHYTAp jumpvar o0naTy.

[Ipomena monynpeunnka R; oko u y obnactu jumpvar je npukazana Ha Ci. 4.14, a
npoMeHa Op3uHe MOJYNPEeYHHUKA OKO U y o0nacT jumpvar je npukazana Ha Ci. 4.15
¥ 03HadeHa je kao R;. Yrao §; mpencraeba yrao msmel)y mpase 0,A M HEraTHBHOT
IpaBlia x; oce.

Cnuka 4.12 — Io3unnja cucrema y jumpvar oonactu 3a y;4 > 0.
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Cnuxka 4.13 — Ilo3unuja cuctema y jumpvar obnactu 3a y;, < 0.

B) Yrao y; ce onpelyje Ha HCTH HAYMH Kao U y JOCaJallllbUM TPEHYIIMa HaMOTaBamba,
TaKo IITO CE MOBYYE TAHTCHTA W3 Tadke 7 Ha KPYT ca MOJYNPEYHUKOM r+d, 4uju je
ueHtap y tauku C. [IpaBarl Te nmpaBe M NO3UTHBHU IIpaBall y; oce AeGUHHUILY YIrao Y;j.
VY 0BOM jumpvar niepuony Yi HETIPEKUIHO omaja u To je mpukazaHo Ha Ci. 4.16, nox
je merosa Op3uHa npomene npukasana Ha Cir. 4.17 1 o3HadeHa je Kao y,.

Cnuka 4.14 — [Ipomena nonynpeunuka R; oko u yHyTap jumpvar ooIaTy.
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Cimuka 4.15 — TIpoMeHa BenmduHe R; OKO M yHYTap jumpvar o6naTH.
VY TpeHyTKy KaJa je 3aJJ0BOJbEH YCIIOB:
Bi = a;, (4.14)
CHCTEM M3J1a3U U3 00JIaCTH jumpvar U ynasu y cieaehy con obaact. Y TOM TPEHYTKY je:
0; = 2m +y;. (4.15)
[TonmympeyHNK HaMOTaBama (0OIMOTaBAma) YKETa TaJa H3HOCH:

R, =Ry +3-d/2. (4.16)

Cnuka 4.16 — IIpoMena yria y; OKO ¥ YHyTap jumpvar o0natu.
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Opx TOor MOMEHTa, CUCTEM YJIa3u y TIEPUO/T KaJIa j€ UCITYHhEH yCIIOB:
2n+y; <0, <4m+y; — ;. (4.17)

[onynpeynuk HamoTaBama R;, nyxuna lw; = AB u yrao y; cy KOHCTaHTHHU U 3aJpKaBajy
BPEIHOCTH JA00HMjeHe Kaja ce yrao 6; u3jeqHadno ca yriom 21 + y;, BUaAd jennaduny (4.15).
Ha Cn. 4.18 je mpukaszan jegaH o] TMOJOXKaja CHCTeMa y o0nacTu con, neduHUcaHE
jenHaunHOM (4.17), Tj. KOHKpETHO 3a 8; = 3m.

Cnuxka 4.17 — IlpomeHna BeTU4MHE Y, OKO U YHYTAp jumpvar o0NaTu.

Crnuka 4.18 — Ionoxaj cuctema 3a 6; = 3m.
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Moske ce youuTu Ja ce OBaj MpOLEeC HaMOTaBHka Yy)KeTa Ha YEeKpPK OJIBUja HUKINYHO
cMemUBameM Gaza con U jumpvar.

4.2 IIMKJIMYHOCT HAMOTaBaka (0AMOTABAHA) YKETA HA YEKPK

VY mperxonHoM ey oBe ['naBe je mpukazaH NMPUHIMII JHHAMUKE HaMOTaBama yKeTa Ha
YEeKpK OIKCaH /0 y JeTajbe 3a Mopact yria 6; y omncery:

0<6i <47T+)/l'—al'. (418)

Ha ocHOBy 0OBe aHasm3e je yCTaHOBJBEHO Jla CE MPOIEC HAMOTaBamba Y)KeTa Ha YSKPK OJIBHja
[UKJIMYHO Ca HAM3MEHUYHUM CMEHaMa repuoja con u jumpvar. KOHCTAaHTHUM HAMOTaBambeM
y)KeTa, OJHOCHO KOHTHHYAJIHMM pacToM yria 6; noOuja ce HeluHeapaH IMopacT
NOJIyTpeyHrKa R; U HeMHEapHO ONajame yria y; u ayxune lw; = AB .

Ha ocHoBy omnucane ananu3e, (GOpMHUpaH je MPOrpaM KOjUM Cy TCHEPHCAHU CUMYJIAIlMOHH
pe3yJiTaTi 3a JIMHEApHU MopacT yria 6; y omncery:

0<6; <17m. (4.19)

Ha Cn. 4.19 je mpukaszana mpomena yrna 6; y BpeMeHY, I'lleé C€ U BUIU Ja c€ OH Mema
JTUHEapHO, Tj. leropa Op3uHa mpomMeHe je koHctantHa. Ha Cin. 4.20 je mpuka3aHa npomeHa
noJrynpedarka R; 3a oricer yria 0; nedunucan jegaauuHoMm (4.19). Ca oBe ciuke ce BUIU
UMKIMYHA pacT ToiynpeyHuka R;. Moxke ce NOorpemHo 3akjbydyduTH Ja CY CKOKOBHU
MOJIYIIPEYHUKA TPEHYTHH, ITO je camo mpuBUAHO. [Tomynpeynnk R; pacTe KOHTHHYAJIHO U
MIOCTETIEHO Y NepHOUMa jumpvar, 10K je KOHCTaHTaH y nepuoguma con. Bumu Ci. 4.14 koja
WIYCTPYj€ camMO IPBU NEPUOJL jumpvar U BeroBy OKOJINHY.

Cnuka 4.19 — IIpomena yria 6; y BpemeHy.
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Cinuka 4.20 — [Ipomena nonynpeynuka R; y BpeMeHy.

VYrao y; omaga TOKOM IIEJIOT Tpolieca HaMOTaBamka M CIMYHO Ka0 IPOMEHA MOJIYIPEYHUK R,
yrao y; He omnajia TpeHyTHO, Beh camo y nepuoauma jumpvar u To 0e3 Harjaux ckokosa. Buau
Cx. 4.21 3a neo nepuoj HaMOTaBama, J0K je Ha Ci. 4.16 npuka3aHa mpoMeHa yria y; camo
TOKOM (1 OKO) IIPBOT IEPUOJIA jumpvar.

Cnuka 4.21 — IIpomena yrna y; y BpEMEHY.

Hyxuna lw; = AB ce Takohe HENpeKuaHO CMamyje TOKOM IepHoAa HaMOTaBama, alk 3a
pa3NuKy OJl TOJYyNpEeYHHKa R; W yria y;, mEeHe NMPOMEHE Cy JWHAMHYHH]E IITO C€ jaKo
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oJlpakaBa Ha AMHAMUYKH OJ[3UB CHCTeMa. Y TPEHYTKY yJjacKa y HOoApyYje jumpvar, TyKWHa
lw; ce TpeHyTHO cMmamyje u y cieneheM TPEHYTKY KOHTHHYaJHO pacTe 0 3aBpIIETKa
obmnactu jumpvar. [lpomena nyxuHe lw; TOKOM YATaBOT IpoOIleca HAMOTaBamwa je MpruKa3aHa
Ha Ci. 4.22, TOK je IpOMEHa OBE JIy>)KUHE TOKOM (M OKO) MPBOT TIEpUOJIA jumpvar MprKa3aHa
Ha Cu. 4.10.

Cnuxka 4.22 — IIpomena nyxune [lw; y BpeMeHy.

Ciuke koje mnpukasyjy semmumue lw, R, u y, (Cn. 4.11, 415 u 4.17, pecHeKTHBHO)
WIYCTPAaTUBHO TIOKa3yjy KOJMKO je JIWHAMHKa TPOMEHE OBUX BelW4YnHa MelycoOHO
pasnuunta. Harno cmameme qyxuHe lw; TpH ynacky y o0nacT jumpvar 3HATHO yTHYE Ha
BeMunHy lw, Koja TOCTHKE BPEAHOCT Of uak -47 m/s. Bemmumme R, u Y, Hemajy Tako
JpacTHYHEe CKOKOBE TOKOM HaMOTaBamka y)KETa Ha YEKPK.

Cn. 4.19-422 ce onHoce Ha WJAEIM30BAaH Cllyyaj HaMOTaBamka Y)KeTa Ha YEKpK.
AHaNM3UPaHO j€ caMO HaMOTaBama JeTHOT Y)KeTa Ha jeJlaH YeKpKa IO UICATHUM yCIIOBUMA
Kajga je Op3uHAa HaMoTaBama, §; = const. PesynTaTi mpukazaHu y oBoM jeny Iiase cy
U3BpIIeHU ynoTpedoM nporpamckor nakera JUMPWIND-OW [99].

4.3 Yrnuaj ne¢uHUCAaHOT KOHLENTA CKOKOBUTOI HAMOTABamka (0AMOTABaMka) YKeTa HA
pax RSCPR cucrema

VY oBowMm xgeny ['maBe 4 he OuTu mpuka3aH TeCT KOHIIENITa HAMOTaBama Y)KaJi Ha CTaHAapIHE
o0nrke yekpka koju cy cactaBHu Aeo RSCPR cuctema. 3a pasinky oJ1 yCBOjeHOT KOHIIETITa Y
MPETXOAHUM H3JIarambuma, oBzie je ananuzupat peagan RSCPR cucrem koju je moromeH ca
TPU MOTOpHU30BaHa 4yeKkpka. CBaKu YeKpK HamoTaBa (oaMoTaBa) jenHo yxke. RSCPR cucrem
je nerasbHO aHanu3upaH U MojenoBaH y ['maBu 3. Cuctem koju he 6utu kopumiheH y oBoM
neiy paga uma rabapure: d X s X v = 0.50 X 0.44 X 0.50 m.
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RSCPR cucrem koju je mpukazan y InmaBu 3 je kopuctro dekpke [92] umjum cy
MOJIYIPEYHHUII HaMOTaBama R; W ocTaie TUHAMHYKE BEIWYWHE [W; W Y; KOHCTaHTHHU. 3a
pa3nuKy Ol TOT CHCTeMa, Y OBOM jeny nucepranuje he outu anammsupan RSCPR cucrem
KOju KopHcTH 4Yekpk npukaszan Ha Cin.4.1. HoBu RSCPR cucrem je npukasan Ha Ci. 4.23.

Cnuka 4.23 — HoBu RSCPR cucreMm y TpoaMeH3UOHATHOM TIPOCTOPY.

[IpBo ce pedunHILIe KebeHA TpajeKTopuja KpeTama Hocaua kamepe RSCPR cucrema y
npoctopy Kapresmjanckux koopaunata (x, y, z). [ledunucana sxejbeHa TpajeKTopuja je
MPOCTOpHA, JIMHUjCKA W TJiaTka. bp3wHa Kperama KamMepe MMa Tpare3ouiHH OOJIMK ca
MIepHOJIOM yOp3ama U ycropema o1 20% o1 yKyITHOT BpeMeHa Tpajama mokpera. Ha ocHOBY
JakoOujeBe marpuile koja je nepunucana Tokom mozaenoBama RSCPR cucrema y I'masu 3 y
jemnaunaama (3.10) u (3.11) medurmmry ce yrioBu 3akpeTama OCOBHHA CBa TPU YCKPKa
(64,0,, 63). Ha ocHOBY IIaTKe KeJbeHE TPajeKTOpHje KpeTama Kamepe Jo0ujeHe Cy TIIaTKe
TpajeKTopvje YIJoBa 3aKpeTama YeKpKa, Kao W HHXOBUX yraoHux Op3uHa. Cucremu
npukasanu y ['maBama 2 u 3 cy uManu TpajeKTopuje Kpetama yrioBa 04,6, u 03 Takse 1a
BaXKU MpETIOCTaBKa Ja kpehy ox Hyne. Y oBoM ey pajaa je To 300r Kaaudpaiiuje cuctemMa u
peasHoT KpeTama yriona 04, 8, u 6; npomemeno. Jledhunucano je:

a) MMOYC€THA HAMOTAHOCT Y’KaJll Ha CBa TPU YCKPKa,

0) pealHU CMep KpeTama CBAKOT MOTOpa Ipema CTBApHO] KOHCTPYKIIM]H, KOJU je caaa
Jpyrayuju y oOJTHOCY Ha HJIeaTM30BaHN CMEp KpeTama U3 MPETXOAHUX MPUMEDPA.

VY cnenehem kopaky, Ha OCHOBY JUHAMHKE KpeTama CBaKOT YEKpKa, Je(UHUIIIE ce JUHAMHUKA
IIPOMEHE HEroBe HaMOTAHOCTH, OJHOCHO JMHAMMKA MPOMEHE: MOJYIPEYHHKAa HAMOTaBama
R;, nyxwuna lw;, yrnoBa y; (i=1,2,3) m octanmux OWTHUX BEIMYHHA KOj€ YYECTBY]Y Y
peanu3aiuju CI0KEeHOT 3aJaTka HOIIeHka KaMepe y TPOAMMEH3MOHATIHOM mpoctopy. Cse je
nepuHUCaHo Ha pe)epeHTHOM HUBOY.

4.4 CuMyJIalMOHHU pPe3yJITATH

TeCTI/IpaH je CJ'IC,Z[ChI/I J'II/IHI/IjCKI/I IMOKPCET: HOCaY KaMepe Ipeiia3n U3  Taudke

Astart =[0.1 0.2 —O.I]T y Tauky Aend =[0.35 0.2 —O.I]T . bp3una kpetamwa kamepe uma

Tpame3ougHu oOauK ca MakucMmanHoMm BpenHomhy ox 0.083 m/s. YmorpeOGsbeH je MOTop

38



¢upme Faulhaber tun 3272G048CR kao moroH 3a cBa TpU MOTOpPH30BaHa 4yekpka. [la Ou
OMJI0 pean30BaHO KPETame W3 TAYKE Astart y TA4Ky Aend, HEONXOJHO je OCTBApUTH
KOOPJIMHHUPAHO U BeoMa MPEIU3HO KpeTame MoTopa, 6,0, u 0;. YraoHe mosuije cBa Tpu
MOTOpHU30BaHa uYekpka 64, 6, u O3 cy npukazane Ha Ci. 4.24.

Cnuka 4.24 — IIpomena yriosa 64, 6, u 63 y BpeMeHy.

W3 3amate mpocTopHE JIMHHU]CKE MyTame Of TauKe Astart IO TauKe Aend IeQHUHUCAHE CYy
XKeJbeHe TpajekTopuje yriosa 6,6, u 65 (Bugu Ci. 4.24) u BUXOBE yraoHe Op3uHE Koje Cy
npukazane Ha Ci. 4.25. 3a oBa KpeTama MOTOPH30BAaHUX YEKpKa OJpele Ce MpOMEHE
JTUHAMUAYKHUX BEJIUYHMHA: MMOJTYNIPEeYHNKAa HaMOTaBama (oaMoTaBama) Ry, R, u R, pacTojama
lwy, lw, u lw; u yrnoBa yq, Y, U Y3 U BbUXOBHUX MPBHUX H3BOJA.

Cuka 4.25 — TIpomena Benmunna 0y, O, u 63 y BpeMeny.
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TecTupamem cucTema 3a MOKPET OJf TauKe Astart O Tayke Aend je noOujeH cienehu cer
pesyararta. [IpBu pe3yaTaT Koju je NMpUKa3aH jecy MpOMEHE IMOJYIPEYHUKA CBa TPU YEKPKa,
0JHOCHO BenuuuHe Ry, R, u R, Buau Ci. 4.26.

Cnuka 4.26 — [Ipomena nonynpeynuka Ry, R, u R3 y BpeMeHy.

Ca oBe ciMKe ce BUIM Jla C€ IPBO yXe OMOTaBa ca IPBOT YEKpKa U 300T TOra ce BpeJHOCT
NOJyIIpeyHHKa R; cMamyje Kako ce MOKpeT OJ(Bhja. 3a Pa3juKy O] IPBOI Y)KeTa, IPYro u
Tpehe yxe ce HaMOTaBajy Ha oAroBapajyhu 4eKpKk W caMUM THUM MONynpedyHunu R, u Rj
pacTy TOKOM M3BpIlIeHa Mokpera. CBa TpU 4YEKpKa HAW3MEHHUYHO MEHajy CBOj IOJI0XKaj
m3melyy obnmactu con u jumpvar. TIpBY M3BOIM OBHX BETHYHHA, OAHOCHO BennmunHe Ry, R, u
R, cy npukasanu Ha Ci1. 4.27. Ca oBe CiIMKe ce BHJIH J1a OBE BEIMYMHE HMajy CKOKOBE TOKOM
o0nacTu jumpvar, anmu TH CKOKOBM HHMCY BEIMKHM M CaMHM THM HE yTUYy 3HA4ajHH]e Ha
JMHAMUYKH OJI3UB CUCTEMA.

Cuxa 4.27 — IIpomena Benuunna Ry, R, u R3 y BpeMeny.
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[Topen momynpeyHrka, TOKOM HaMOTaBama (0JMOTaBamka) y)Kaau Ha Yekpke 1, 2 u 3 gonasu
u 10 npoMene ayxuna lwy, lw, u lw; u yriosa y4,y, 4 Y3. 32 TpajeKTOpHUjy KpeTama Kamepe
W3 TauKe Astart 1O TauKe dend , Tyxxue lwy,lw, u lws uMmajy JTuHAMUKY TIPOMEHE Koja je
npukasasa Ha Ci. 4.28.

Crnuxka 4.28 — IIpomena nyxuHna lwy, lw, u lw; y Bpemeny.

[TomTo ce y oBOM mpuMepy 1ojaBibyjy €peKkTn 1 HaMOoTaBama U OAMOTaBama yxera, Tpeda
YOUHTH JIa C€ TIPBO YK€ TOKOM IIeJIOT MOKpeTa 0JIMOTaBa M 300T Tora je IMHAMHKa IPOMEHE
BelMMUYMHE lw; Ipyraudja on ciydaja Koju je mpukaszaH y jaeny 4.2 oe ['maBe kajga ce yxe
HEeNpPEeKHuHO HAMOTAaBA.

Cumka 4.29 — IIpomena BemmunHa [w; 1 lw,, Iws y BpemeHy.
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Tokom HamoOTaBama yXKeTa, y IPBOM TPEHYTKY Nepuoia jumpvar ayxuHa lw; Harmo onajaHe
Y 3aTUM II0CTENIEHO PacTe A0 NEPUOAA Con, KaJa 3aApKaBa IOCIECABY BPEIHOCT.

Cnuka 4.30 — ITpomeHa yriioBa y4, Y, U Y3 Y BPEMEHY.

3a pa3nmKy O/ HaMOTaBama YKETa, KOJ OJMOTaBama YKeTa, TOKOM IepHoaa jumpvar
Ioyx)uHa [lw; TpBOOUTHO MOCTEIEHO OMNaja U 3aTUM Yy MOCIeAmEeM TPEHYTKY 00IacTu jumpvar
Harsio nosehaBa cBOjy BpeIHOCT KOjy 3aJp>kaBa y o0jactu con. J{uHaMuka npoMeHe JTy>KuHe
lw; TokoM oIMOTaBama yXeTa ce jacHO BHIU Ha mpumepy nyxune [w,; ca Cu. 4.28. Tokom
W3BpallaBamba OBOT 3a7aTKa, IPYrd W Tpehu moacucTeMu: MOTOp, PEAYKTOp M YEKPK ce
MOHAIIAjy CIIMYHO Kao CHCTEM HamoTaBama omnucan y 4.2 nemy oBe [1aBe, OZHOCHO 3a
oBakaB nokper RSCPR cucrema, apyro u tpehe yxxe ce HaMoTaBajy Ha OAroBapajyhu 4ekpk
na Jojla3u 10 nIpoMeHe nykuHa lw, u lws xao u y neny 4.2. Ha Cn. 4.29 cy npukasane
6p3uHe mpoMeHe ayxuHa lwy, Iw, u lws — Bemmanne Iwy u Iw,, IW; ¥ Ha OBOj CIHIH Ce
BUJM ITWHAMHKA IPOMEHE OBUX JY)KWHA M BUIU CE J1a Cy HUXOBH INPBU H3BOJU NPUIMIHO
CKOKOBHTH TIPHU yJaclluMa MojcucTemMa y obnact jumpvar. OBaj ¢deHoMeH yHocu nopemehaj
Ha JUHAMUKY O/I3MBa CUCTEMA U Y3POKYj€ HErOBY HECTaOMITHOCT.

Yrao y; mpeactaBiba jeIHY O BETUYMHA KOj€ KapakTEpuIly OBaj THII HaMOTaBamba
(omMoTaBama) yeTa Ha YeKpK. J(MHaMuKa mpomMeHe YIIIoBa Yq,Y, U Y3 3a NeUHHCAHU
npaBonmHUjckH TIokpeT Kamepe RSCPR cucrema je gara ma Cn. 4.30. Ynopehyjyhu ose
MpoMeHe ca MpeMHama monynpeynuka R, R, u R; (Cn. 4.26), Buau ce na WMajy HCTY
JTWHAMUKY POMEHE caMO CYNMPOTHOT cMepa — Kana R; pacrte, yrao y; onajaa u oOpHyTo. YTao
Y1 pacTe TOKOM H3BpIIEHA MOKPETa — Mema Moyioxaj usmely con u jumpvar obnactu. 3a
pasnuKy O yria i, YIJIOBH Y, U Y3 omaaajy Tokom Bpemena. Ha Cn. 4.31 cy mpukaszanu
MIPBU W3BOJIM OBUX BEIWYHWHA - Vi, Y2 U Y3, TJI€ CE BUAM Ja U OBE BEIMYMHE WMajy MaJie
CKOKOBE I1a € ’bHXOB YTHUIIA] HA JUHAMHUYKU OJ3WB CHCTEMa BeOMa MaJlu.

CaCn.4.27,4.29 u 4.31, Mory nia ce Bue npoMeHe BenuunHa R, lw, u y, (i=1,2,3) u Takohe
KOJIMKO je BCJIIMKAa AWHaAMWKa IIPOMCHE OBC€ TpHU BCIUYMHE TOKOM HU3BPHICHA ITOKPETA:
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Rimax = 0.04m/s, Wimay = 27M/S ¥ Vimax = 0.076rad/s. Yodasa ce 1a je Rymgy OKO
103 myTa Mame O BeNHUMHE [W,,,,,. Benmunue R, U ¥, UMajy TPeHYTHH JUCKOHTHHYUTET
pena Beauuune 1072 u TMMe He3HATaH yTULA] HA AMHAMHUKY OJ3MBa CHCTEMA. 3a PasjUKy o[
THX BEJIMYMHA, TPEHYTHH M BEIMKH CKOK BEIM4MHA W, KOju je pena Bemmumue 101, uma
CHa)KaH YTHLAj Ha CTAOMIIHOCT CHCTEMA.

Pesynratu npukazanu y oBoM jeny [J1aBe cy WM3BpIICHH YHOTPEOOM MPOTPaMCKOT IMaKeTa
JUMPWIND-RSCPR [99].

Cnuka 4.31 — IlpomeHa Benu4uHa Y4, Y, U Y3 Y BPEMEHY.

Amnanusa uzBpuieHa Ha RSCPR cuctemy Moxe a Oyae npuMemeHa Ha OMIIo KOojeM yxKaguma
(xabnoBuma) BoheHoM cuctemy. IlpukazaHu KOHIENT jeIHOPEAOr HaMOTaBamba
(omMoTaBama) yxKeTa Ha YeKpK MOKe OMTH J1e0 OHMIIO KOT yKaJuMa BoleHOTr cucTeMa M Kao
TakBO OM MO CBOjOj MPUPOAM H3a3aBAI0 HECTAOMIHOCT TOT CHUCTEMa IITO je BeoMa
MpoOIeMaTUYHO ca IJIeIUIITa KOHTPOJIAOUITHOCTH aHAIM3UPAHOT CHCTEMA.
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I1aBa 5

HoBu 1u3ajH 4eKpKa 3a jeJHOpPeao IVIATKO HAMOTaBambhe
(oaMoTaBame) yKeTa

VY I'maBu 4 je mpukazaH yTHIAj CTaHIApIHOT OOJHMKAa YEKpKa 3a jeIHOPEIO0 HAMOTaBambe
(omMoTaBame) yxkera Ha pag CPR cucrema. OBaj uekpk je mpukaszad Ha Ci. 4.1. Youmo ce
Jla TakaB OOJIMK YEKPKa YHOCH CKOKOBUTY M OCHMJIATOPHY MPOMEHY TUHAMHYKUX BEITHMYMHA
TOKOM HaMoOTaBama (0JIMOTaBama) yXKETa IITO BEOMa HEMOBOJbAHO YTHUE Ha paj CHCTEMA.
YrupaBo u3 Te aHanuse u 300r neduHUcaHUX MpobiemMa OTBOpHiA ce MoTpeda 3a HUXOBUM
pemaBambeM U To he OuTH mpukazaHo y oBoj ['nmaBu nucepramnuje. Kao pememe je HacTao
HOBH OOJIMK YEKPKa 32 jeTHOPEI0 BUIICCIOHO PAINjaTHO IIATKO HAMOTABAKE (OMOTABAE)
yxkera. [IpBo he 6utu nedunucan oOnMk yekpka W Ouhe AeTabHO aHANU3HMpaAH paj caMo
jenHor yekpka. buhe mpukazaHo u ekcriepuMeHTaTHO Topeherme HOBOr O0JIMKAa YeKpKa ca
YeKpKOM aHanu3upaHuM y ['maBu 4 oBor pajga. buhe neguHrcan HOBM MaTeMaTUYKH MOJIEI
RSCPR cucrema xoju KOpUCTH HOBU OOJIMK YeKpKa U Ouhe mpuka3aH HEroB yTHIA] HA paj
cnoxxenor RSCPR cucrema. HoBu 005k yekpka je npukazad Ha Cit. 5.1a).

Cmuka 5.1 — UYekpk 3a jeAHOPETHO BHINECIOJHO paAMjaIHO TJIATKO HaMOTaBamke
(omMoTaBame) yXKeTa, a) CHCTeM HaMOTaBama, 0) MBOIMIMHIPUYHU YEKPK, B) CHUPATHU
YEKPK.
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Jlu3ajH HOBOT O0JIMKA YEKpKa je MaTeHTUpaH 1 mpukasad je y [100].

Crnuka 5.2 — [ToyeTHH MOI0Ka] cUCTEMA 3a TJIaTKO HAMOTAaBabE.

Jla 6u ce ocTBapuiO TTAaTKO HAMOTaBame (OJAMOTaBamkE) y)KeTa, JTU3ajHHUpaHa Cy JIBa HOBa
periemka YeKpKa 3a JeTHOPEeI0 HaMOTaBambe (0IMOTABAKE):

1. TIpBo pememe je cacTaBJbeHO O] JBa MOJyBa/bKacTa Tela pa3IMYUTUX MPEeYHHKA U
npukazaHo je Ha Ci. 5.16). 30or kapakTepuCTHMKa OBOI YEKpKa, Ha3BaH je
JIBOLUMJIMHAPUYHN YeKpK. [IBOUMIMHAPWYHM 4YekpK he OWTH AeTajbHHjEe OINMCAH y
JaJbeM TEKCTY OBOT paja.

2. JIpyro KOHCTPYKTHBHO PEIICHE je CIIUPAIHU O0JIMK YeKpKa KOju je mpukazan Ha CiI.
5.1B).

Cnnynu C(I)CKTI/I I'1aTKOI' HaMOTaBamkba (OI[MOTaBaHna) YKETa CC MOCTUKY U 3a CIIMPAJIHU U 34
ABOIMUIIMHAPHUYIHU 00JIHK YCKpPKaA.

5.1 Marematnuka ¢opMyJanHja jeJHOPEAHOI BHIIECJOJHOT PAJMjaJHOI IJIATKOT
HAMOTaBamka (0AMOTABamha) yKeTa Ha jeaH YeKPK

VY nHacraBky oBe ['naBe he OuTH AeTasbHO aHANU3UpaHa M MpHKa3aHa JUHAMUKA jE€THOPEAOT
BUIIECIIOjHOT PaJMjaHOTI IVIATKOT HaMOTaBama (0MOTaBamba) yXKeTa Ha jeJJlaH YeKpK. YxKe je
TaKO MOHTHpPAHO Jla M3BUPE K3 YEKpKa Ha MecTy TJe J0Jla3u [0 cliajamba JiBa
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MONYIUIUHAPUYHA Tena. To Moxke jacHo na ce Buau Ha Cin. 5.2 rae je mpukasaH MOYeTHU
M0JI0’Ka] HAMOTaBama y)KETa Ha YEKPK YIPAaBHO HAa OCYy HaMoTaBama. [loveTHHW MO0oKaj je
iaHcku (kamubOpamnujom) neduHucaH ga Oyne Ha mpaBily HEraTUBHOT jaena X; oce. OBaj
o1abup TMOYETHOTr MOJOXKaja je BeoMa OWTaH jep yTHYe Ha Jajby JAMHAMUKY HaMOTaBamba
(omMoTaBama) y)KeTa Ha YeKpK.

Cnuka 5.3 — [ToueTHH TOIOKa] CHCTEMa 3a IJIATKO HAMOTaBamke — YeKpK yBehaH.

JleTasbHUjU M3TJIEN TIOYETHE TO3UIIMje CUCTEMA 3a HaMOTaBame (OMOTAaBaIE) j€ MPUKA3aH
Ha Cin. 5.3. 300r nakuer pasyMeBama JMHAMUKE TJIaTKOT HaMOTaBama (0JIMOTaBama) yxKeTa
Ha YeKpK, y HacTaBKy oBe |aBe he OWTH mpukazaHa TeoMeTpHja OBOT CIIOKEHOT IIpolieca.
Hedunucame reoMerpuje jeIHOPEIHOr BHIIECIOJHOT paJMjaTHOT TJIaTKOI HaMOTaBamba
(oaMoTaBama) y)xeTa je MOTpeOHO 3a Kperpame KMHEMaTHUYKOT U AUHAMHUYKOT MOjesia OBOT
nporeca. Takole, 300r yakier pazymMeBama y OBOM Jely Auceprauuje he 6utu npukasaH
caMo MIpollec HaMOTaBamwa yXKeTa Ha YeKpK W Hehe OMTHM MpHKa3zaH MpOIEeC OAMOTAaBambA

yKeTa.

Ha Cn. 5.2 je mpuka3aH MOYETHHU I0JIOKA] CUCTEMA 3a TJIaTKO HAMOTABama Y)KeTa Ha YEeKpK.
CucteMm ce cacToju OJ HOBOI OOJIMKAa YEKpKa KOjU j€ TOCTaB/bEH y OCY KOOPJMHATHOT
cUCTeMa X; — ;. 3a 0Baj YEKPK je MoBe3aHo (M3BUpE U3 YeKpKa) yxke nedspune d = 0.8 mm.
Ca gpyre cTpaHe OBO yXe je mpedayeHo MpeKo Mamer KOTypa MoJIylipeuHuka 1 = 9 mm rue
jé TocTaBjheHa M OcCa KOOPAWHATHOT CHCTeMa X;; — Y;1- Oca poTaimuje KoTypa je
MO3UIIMOHNpaHa y 06a3u oBOI KOOpJAMHATHOT cuctema, Tauku C. HoBu 005Kk 4yekpka u3 kora
u3BHpe yXe je (hopMupaH oX JBa TMONYIWJIMHAPHYHA Teia. MamH TMONYyIHINHIAD HWMa
nonynpedHuk 6aze on R;p = 13.6 mm ca uentpom y tauku 0;(0, 0). [Tomynpeunuk Beher
nonynuIHHApa R je TeoMeTpujcku geduHICaH (GyHKIM]jOM OGHMIKA OBOT YeKpKa Y OJHOCY
Ha TIOJYNPEYHUK Mamer MOoJyIrIuHapa R;,. Behu nmomymummamgap uma momynpedyHuk 0aze
Rip = Rjp +d/2 = 14.0 mm ca uentpom y tauxu 0;(—d /2, 0).
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CucreM 3a I1aTKO HAMOTaBamWkE y)KETa je KOHCTPYHCAH TaKo Jla MOXe Ja Oyze mpuKa3aH y
paBHu kao Ha Ci. 5.2. [TomTo ce cucTeM HaMOTaBama IMOCMaTpa PaBaHCKH YIIPABHO Ha OCY
HaMOTaBamwa (0 IMOTaBama), paau jeTHOCTAaBHU]€ TEPMHUHOJIOTH]E Y 1aJbeM TEKCTY OBOT pajaa
he monmyuIMHIpH Tena YeKpKa OMTH 03HAYCHH Ka0 MaJld U BEJIMKH MOITYKPYT.

VYcBaja ce aa je meHTap Mamer MOJyKpyra, Tj. Tadka O;, oca poTalyje 4eKpKa H y HOj je
MO3HUIIMOHMPAH KOOPAMHATHU CHCTEM X; — Y;. 3a pa3nuky on Tauke O;, mneHtrap Beher
NONMyNMINHApa, Tauka O;, CTATHO MeHa CBOjy MO3MIHMjy TOKOM MpOIECa HAMOTABAHA
(omMoTaBama) yxkera Ha uekpk. Tauka O; cramHO poTHpa oKo Tauke 0; Ha pacTojamy d/2.

Pacrojame a = 45 mm npencraBiba XOpU30HTAIHO pacTojame u3Mely oca poTamuje 4ekpka
U KOTypa, 10K b = 524 mm npencraBiba BEepTUKAIHO pacrojame u3Mel)y oBux oca. Kotyp
uma 1enrap y tauku C (—a, b) y oqHOCY Ha KOOPJAWHATHU CUCTEM X; — Y; U HA Taj HAUUH je
neduHKCcaHa MO3UIMja KOOPIMHATHOT TIOYETKAa CUCTEMA X1 — V1.

Ha Cn. 5.3 je npukazan yBehaH 4eKpK M jaCHO c€ BHIU MECTO TJIe YK€ M3BHUPE M3 YCKpPKa.
Tauka E npunaza CHoOJbHOj KOHTYpU OOJIHMKAa 4YEKpKa y TPECEKY Mamer IMOJIyKpyra u
3apaBI-CHOT JIeNla YeKpKa M y MOYETKY OBa Tayka INPHIaJa HEraTUBHOM jeiny X; oce. Oa
Tauka UMa (HUKCHY IO3UIM]y y OJHOCY Ha YEKPK TOKOM ILEJIOT Ipoleca HaMOTaBama
(omMOTaBama) yXKeTa Ha YeKpK. YcBaja ce a oTkIoH npase O,E y oHOCY Ha HEraTHBaH €0
X; oce NepUHHIIE HAMOTAHOCT (OIMOTAHOCT) y>keTa. Taj OTKIIOH je 03Ha4YeH yriom 6; Koju y
[IOYETHOM TPEHTYKY UMa ciesnehy BpeaHOCT:

6, = 0. (5.1)

3a pasznuky o Tauke £, neduHucana je Tauka I Koja CTaJHO MEHa MO3UIH]Y Y OJHOCY Ha
yekpk. OHa npeacTaB/ba MECTO /1€ YXKe T0AUpYje (UM y HEKUM IEepUoaUMa TaHTHpa) YEKPK
WM JIO0 CaJia HAMOTAHO yKe. Y TOYeTHOM TPEeHYTKY Tauke £ u T ce mpekJanajy mTo ce BUAN
Ha Cn. 5.2 u 5.3. Yekpk U KOTyp Cy MO3UIIMOHUPAHU Tako 1a je yrao y; > 0 3a Ouio xoju
MI0JI0Kaj TOKOM M3BpIIEHa 337aTKa. YTao ¥; MPEACTaBiba jeJHY O]l MPOMEHIBHBHIX BEITHYNHA
crcTeMa M Kao TakBa KapakTepHIle MpoIlec HaMOTaBama (0MOTaBama) y)KeTa Ha YeKpK. Y
MIOYETHOM TI0JIOXKa]y, Yyrao y; uMa HajBehy BpeTHOCT M U3HOCH ¥imax = 2.36° = 0.04116rad
— TO je AeUHUCAaHO KOHCTPYKTUBHUM pELICHEM MAaLIMHCKOr jaeia cucrtema. OBaj yrao ce
oJipehyje Tako IITO ce MOByuY€e TAHT'€HTHA JIMHM]a U3 Tauke I Ha KpYT MOJIyInpeyHuka » + d ca
ueHtpoM y Tauku C. Ha oBaj HauuH ce no6uja Tauka G. HakoH Tora ce noByue JIMHH]ja KOja je
napaienHa ayxu TG U Koja IpoNasd Kpo3 TauKy poTalyje Yekpka, Tauky O, U HaKOH TOTa ce
OJIpeIIN OTKJIOH T€ TIpaBe O MO3UTHBHOT JIeJia Y; 0CE — Taj OTKJIOH Mpe/ICTaBJba yrao V;.

Jla 6u Ouno Moryhe nopehewe AMHAMUKE MOHAIlIaka HOBOI OOJIMAK YEKpKa Y OJHOCY Ha
CTaHIApAHM YEKPK aHanmm3upaH y [maBm 4, mpermocraBiba ce€ Ja C€ YK€ HaMoTaBa
KOHCTAHTHOM OpP3MHOM Ha 4eKpK, OJHOCHO 0; = const. YCBOjeHO je Ja CHia y yKaauma
Jienyje Kpo3 IMEeHTpalHy OCy yKeTa - JuHHuja sm. Takohe, yCBOJEHO je Ja ce MOJYIPEUHUK
HaMOTaBama (0JMOTaBamka) padyHa Ha MECTy Tje cuia aenyje Ha yxe. Ca Cn. 5.2 u 5.3 ce
BUJIM J]a Y TIOYETHOM TI0JI0Ka]y IOIYIIPEYHUK UMa cienehy BpeaHocT:

R; = 0,A cos(y; — ;). (5.2)
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VY mouyeTHOM MO0JI0kKajy je Tauka 4 TO3UIMOHUPAaHa TaKo Jla ce Haja3u Ha MpaBoj Koja je OKO
tauke 7 poTupaHa 3a yrao ;. Tauka 4 ce Haa3y y mpeceKky Te mpase u npase sm. Jyx 0,4 je
y oanocy Ha ayx O,T oTKIOBeHa 3a yrao ;. OBaj yrao y mo4eTHoj Mo3HIMju UMa Hajsehy
BpenHocT. [lo3unmja Tauke Ag je Ha MpeceKy mpaBux sm U or. Tadka B je TocTaBJbeHA Ha
IpeceKy IpaBe s/m U MpaBe MOBYYCHE U3 IIEHTpa KOTypa, Tauke C, Koja je mapajeiiHa ca
npaBoM or. Pactojame AB je o3HaueHo ca Iw; ¥ OHO HPEJCTaB/ba AUHAMUYKY BEIHUHHY
TOKOM TJIaTKOT HaMOTaBama (0IMOTaBama) ykera Ha 4yekpk. OBa BETUYMHA WMa CBOjY
JUHAMHKY TPOMEHE U CAMHUM TUM yTHYE HA JUHAMHYKH OJ3UB CUCTEMA.

Ha Cn. 5.4 je npuka3aH mojoxaj cucrema 3a yrao 8; u3 obnacru:

3a oBaj MOJIOXKA] CUCTEMa HaMOTaBama, MOJMYIPEYHNK HaMOTaBama ce oapehyje Ha cienehu
Ha4YuH:

R; = 0,A cos(y; — @; — 6;). (5.4)

Cnuxka 5.4 — I[lonoxaj cuctema 3a 0 < 6; < y; - yBehaH 4ekpk.

Kao u y nperxonnom ciyuajy (Cn. 5.2 u 5.3), Tauka Ag ce Hayia3u y MpeceKky NMpaBux sm U
or, IOK je Tauka A y mpeceKy mpaBe sm | MpaBe Koja MpoJia3u Kpo3 Tauky 7' a mapalienHa je
ca mpaBoM or. Y OJIHOCY Ha BPEIHOCT YIJia y; y MOYETHOM CIIy4ajy, cajlia je HleroBa BPeIHOCT
cMameHa, JOK ayxkuHa [w; = AB pacte y OJHOCY Ha TOYETHY BPETHOCT. Yrao mimehy
npasux 0,A u O,T, yrao ;, onajga y oBOM II€pHOTy HAMOTABaMA.

Crnenehn ananu3upaH 1monoxkaj je nmpukazan Ha Ci. 5.5 u 1o je ciydaj kazna je:

91’ =Y;. (55)
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Y 0BOM TPeHyTKY ce Mpekianajy Tauke Ag u 4 u oHe 1exe Ha npasoj 0,T. O 0BOT TpeHyTKa
Tauka A je ctanHo Ha npaBoj 0,T TOKOM IIpolleca HaMOTaBama. Y UCTOM TPEHYTKY Yrao ;
JOCTIDKE BPEOHOCT () M Jajbe HEe yTWYe Ha IpOoIleC HaMOTaBama (0MOTaBama) y)KeTa Ha
gekpk. Ca Ci1. 5.5 ce Buau fa npasa 0,T y TOM TPEHYTKY JI&KHU HA OCH x, (Taxohe npasa 0,E
JIEKH Ha OBOj OCH) — 0Ca X,, € 0Ca KOja j€ 0/ MO3UTUBHOT JIENa X; OCE OTKJIOHEHA 33 Yrao ;.
Koopaunathu cuctem X, — Y, je yBek oapehen yriom y;. ¥V 0oBOM TpeHYTKY, YK€ TaHIHpa
yekpk y Tauku 7. Takole, To je mocneamy TpeHyTKa Kaja ce Tauka £ u Tauka 7 npekianajy u
Ol TOT TPEHYTKa Ta Ha Jajbe Tauka E 3aapkaBa CBOjy (PMKCHY MO3HIH]Y HA YEKPKY, JTOK
Tauyka 7 MpaTtu TMHAMHUKY HaMOTaBama y)KeTa Ha 4eKpK. [loynpeuHuKk y oBoM ciy4ajy uMa
BPEIIHOCT:

R, =04 =04z =Ry +d/2. (5.6)

Takohe, y oBoM TpeHyTKy, ayxuHa lw; = AB uma HajBehy BpemHOCT TOKOM Tporeca
HaMOTaBama (0JMOTaBakba) yKETa Ha YEKPK.

Vaxke ce gajbe HaMOTaBa u Yy TOM IEpUoOya yrao Hi HMa Bp€aAHOCT U3 cneﬂehe obnactu:

Yi < HL' <m-+ Yi- (57)

Cnuka 5.5 — ITonoxaj cuctema 3a 6; = y; - yBehaH 4ekpk.

Ob6nact nedunucana jeaHaunHoM (5.7) je HazBaHa con obnact (eHr. constant). Tokom oBe
obnacTu, monynpeyHuk R;, ayxkuna Ilw; = AB u yrao y; MMajy KOHCTaHTHE BPEIHOCTH.
I[Ipumep monoskaja U3 oBe 06macTy je npukaszad Ha Ci1. 5.6 — Ha oBoM TpuMepy ce npasa O,E
Ipekjana ca MO3WTHBHUM JIEIOM X; Oce, ofHOcHO 6; = m. Takohe ce Buae pa3muuuTe
no3unwuje Tadaka £ u T.
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Cnuka 5.6 — ITonoxaj cuctema 3a 6; = m.
buran TpeHyTak jecTe KaJa je HCIyHeH cienehu ycios:
Bi =1+ Yi, (58)

jep y TOM TpEHYTKY CHUCTeM HallylTa o0JacT con M TOYHMIE€ HOBHM 3aKOH IPOMEHE
peNeBaHTHUX BEIMYMHA HaMOTaBama: MOJyNpeyHuka R;, yria y; u ayxune lw; = AB. OBaj
TpeHyTakK je npukasad Ha Ci. 5.7.

Buau ce 1a ¥y oBoM TpeHyTky npasa O,E nexu Ha ocH Xy, CaMO IITO je y OJHOCY Ha
no3unujy ca Cn. 5.2 m 5.3 oBa mpaBa 3apoTupaHa oko Tauke O; 3a yrao m. HakoH Tor
TPEHYTKa YK€ MOYH-Ee MOJAaKo Jla C€ HAMOTaBa Ha JIe0 YeKpKa ca BehHM MOJIyNpEeUYHUKOM,
oJHOCHO Ha Behu monykpyr yekpka. O Tor TpeHyTka yrao 6; ynasu y cieaehy obnacr:

Tty < 91' < 2m+ Yi, (59)

1 oBa obmact ce 30Be smvar (eHr. smooth variable) obGnact u jegHa oj Mo3uIlMja U3 OBE
obnactu je mpukaszana Ha Ci. 5.8.

Ha Cn. 5.9 je npukasan yrao 8; yayrap u oko obsactu smvar. Ca 0Be CIMKE Ce BUIH Ja yrao
0; nuHeapHO pacTe TOKOM HaMOTaBama Y)KeTa, OJHOCHO Ja je Op3uHa oOpTama uYeKpka
koHcTaHTHA. [ledmHucana obmact smvar mpeAcTaBba MEPUOJ HaMOTaBama (0MOTaBamba)
y)KeTa Ha YeKpK KaJia J0JIa3H 10 TPOMEHe MOMympeyHrKa HaMmoTaBama R;. [lpu ynacky y oBy
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00JIaCT TOKOM HaMOTaBamba, OBaj MOJYIPEYHHUK MMOYHELE Jla pacTe ca BpenHoctd R; = Ry +
d/2 na BpenHoct R; = R;y + 3 - d/2 xoja ce JOCTHKE 110 3aBPIICTKY 00JIaCTH Smvar.

Crnuka 5.7 — [lonoxaj cucrtema 3a 8; = m + y;.

Crnuka 5.8 — [lonoxaj cucremazam + y; < 0; < 2m + ;.
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Cnuka 5.9 — Vrao 0; oko u 'y obsactu smvar.

Paau nakier omuca nmpoMeHe MOJMyIpeYHuKa R;, TOTpEeOHO je pa3sMOTPHUTH JBE MOI00JaCTH
o0JacTu smvar:

1. TIpBa momoGnact je nedunucana ciexehum omcerom yrina 6;: m+y; <6; <m+
y; + /2. OBaj mepuo HamMoTaBama je npukazad Ha Ci. 5.10 u y oBoj momobmacTu
nepuoia smvar OIYNPEeYHHK R; ce u3padyHasa 1mo GopMmyIu:

R; =Ry =/ (R +d/2)% —(d/2"sin(§; —m))2 — d/2 - cos(8; — ) + d /2. (5.10)

Cmuka 5.10 — TTonoxaj cucremazam +y; <0; <m+y; + /2.
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Cnuxka 5.11 —Ilonoxaj cucremazam + y; + /2 < 60; < 2m + ;.

2. Jlpyra mogo6mact je nedunucana cneaehum ocrierom yrna 6;: m+y; + /2 < 6; <
2w + y;. OBaj nepuoj HaMmoTaBama je mnpukaszaH Ha Ciu. 5.11 u y oBoj mogobiactu
nepuoza smvar MONYNPEYHHK R; ce n3padyHaBa o GOpMYJIH:

R; = /(Ryp+d/2)2 —(d/2sin(; — m))2 + |d/2 - cos(6; —m)| + d/2. (5.11)

OBako nepuHNCaHa TPOMEHA IMOJYIIPEUHNKAa HaMOTaBamba (0IMOTaBamwka) je IiaaTka ITo ce
Hajoosse BuaM ca Cn. 5.12a) rue je mpukaszaH MONYNPEYHUK R; OKO M y oOiactu smvar.
Takohe, na Cn. 5.120) je mpuka3aHa Op3uMHa MPOMEHE OBE BEJIIMYMHE, OJTHOCHO HEH IMPBU
W3BOJ O3HAYEH Kao R; riie je Takolje BMI/BMBA TIIaTKa MPOMeHA MONyNpeunuka. Bumu ce na
KaKo ce Y€ HaMoTaBa Ha YeKpK, MOJYINPEYHUK IOCTENEeHO pacTe ka Beh neduHucaHoj
BeMYMHA O R; = Ryjp +3-d/2.

Cuuka 5.12 — a) Ionynpeunuk R; u 6) BenuurHa R; 0Ko U 'y 061acTH smvar.
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[Ipu ynacky y smvar ob6nact, Tauke 1 U A MOCTENEHO MEWajy CBOjy mo3unnjy. OHe Memajy
CBOjy TO3MIMjy TaKo ja ce BeiuduHa lw; = AB TOKOM HaMOTaBama MOCTENEHO CMambyje y
obmactu smvar. OBo ce jacHo Buau Ha Cu. 5.13a) rae je npukasana ayxuHa lw; yHyTap u
OKO 00JIacTH smvar.

Cuuka 5.13 — a) lyxuna Iw; u 6) Bennuuna [w; OKo U 'y 0671aCTH smvar.

Hyxuna lw; iMa CIIMYHy TUHAMHKY IIPOMEHE Kao TMOIYNPEYHHK R;, caMo ce cMambyje TOKOM
HaMoOTaBama yxera Ha uyekpk. Ha Cn. 5.130) je mpuka3aH NHpBU W3BOJ OBE BEIUYMHE,
OJTHOCHO [w;.

[Ipomenom mo3unuje Tadaka 7 U A, mona3d M JO CMamema yria y; y oOJiacTu smvar.
[Ipomena oBor yria yHyTap u okKo obyiactu smvar je npukazana Ha Ci. 5.14a), nox je Ha Ci.
5.146) mpukazana Op3uHa MPOMEHE OBE BEJIUYHHE - V;.

Crnuka 5.14 — a) Yrao y; u 0) Benmu4nHa y; OKO U y 00JIacTH smvar.
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Cnuka 5.15 — ITonoxaj cucrema 3a 0; = 3m.
VY TpeHyTKy Kaja yrao 0; nocturse cieaehy BpeqHOCT:
Bi =21+ Yi, (512)

CUCTEM W3JIa3u U3 00JacTu smvar W yJa3d y HOBY 00JacT con. Y TOM TpPEHYTKY
MOJIYIPEYHUK HamMoTaBamwa R; nma cienehy BpegHoCT:

R, =Ry +3-d/2. (5.13)

On Tor TpeHyTKa, CHCTEM 3a TJIATKO HAMOTaBame (OIMOTABamkbE) yXKeTa Ha YEKPK YJa3h y
nepuoJ kajaa yrao 6; pacre u y3uma cienehe BpegHoct:

2n+y; < 6; <3m+vy;. (5.14)

[onmynpeunuk HamoTaBawa R;, ayxuna Ilw; = ABu yrao y; Cy KOHCTaHTHH TOKOM HOBE
00JacTu con W 3aAprKaBajy BPEIHOCTH JOOHjeHE Kaua ce §; m3jemHaunsio ca yrioMm 21 + y;.
Ha Cn. 5.15 je mpukazaH jemaH mpuMep IOJIOKaja M3 HOBE o0nacTu con jaeduHHcaHe
jennaunHoM (5.14) — mpukaszaH je mosiokaj cucrema 3a 8; = 3m. Ha ocHoBY mporeca
ne(UHUCAHOT Yy OBOM JIely JUcepTaluje, MOXKe Jla C€ 3aKJbydd Jla C€ IJIATKO HaMOTaBambe
(oaMoTaBame) yKeTa Ha YeKpK 0/IBHja IIUKJINYHUM CMEHUBamkeM (asza con u smvar.
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5.2 IMKJIMYHOCT IJIATKOT HAMOTaBamwha (0IMOTABaKa) Y:KeTAa HA jeJaH YeKPK

Y mnperxomHOM Jeny OBE JUCEpTaldje Cy TNpPUKa3aHW NPUHIMIKA JIHHAMUKE TJaTKOT
HaMOTaBama y)KeTa Ha JBOIMJIWHIAPUYHUA YEKPK KOju je mpuka3aH Ha Ci. 5.16). Onucan je
Ipolec HaMOTaBamba 3a MopacT yria g; y orcery:

Ha ocHOBY mOMeHyTe aHaJIM3€ je 3aK/bY4eHO Ja Ce MPOIeC IIIaTKOI HaMOTaBama Y)KeTa Ha
YEeKPK OJ[BHja HUKIMYHUM MEHameM o0nact con u smvar. CTalHUM pacTtoM yria 6,
OJHOCHO KOHTHHYQJHUM HAMOTaBalkEM YKeTa, NMPUMEHY]y c€ MPUHLUIN HaMOTaBamba
neUHUCAHH y TIOJ-HACTOBY 5.1 M Ha Taj HAYMH ce T00Mja TIaaK MOPACT MONYIPEeYHUKa R;
¥ TIaTKO ONajiame yria y; u ayxune lw; = AB .

Kpeupan je nporpam KojuM ce TeHEpHIy CUMYJIAIMOHH €KCEPUMEHTH 3a JIMHEeapaH MopacT
yria 6; y omcery:

0<6, <17m. (5.16)

[Ipomena yrna 6; y obmactu xoja je nedpunucana jeagnadnaoM (5.16) je mpukazana Ha Co.
5.16 m Ha OBOj CIMIM C€ BHIM Ja CE OBaj yrao Mema JIMHEApHO, Tj. HErOB MPBH H3BOJ
(bp3uHa okperama 4Yekpka) je koHcranTHa. Ha Ci. 5.17 je mnpukaszaHa mnpomMeHa
MONyNIpeyHHKa HaMOTaBama R; 3a OBaj omcer poTHpama 4YeKpka. ToKoM mepuojaa
HaMOTaBamka HAa3HAYCHOT jenHaunHOM (5.16) nomasu 1o HUKIMYHE W pactyhe mpomeHe
MoJIynpeyHrka R;. YO4JbHMBO je Ja MOJYNPEeYyHWK R; pacTe KOHTHHYaJHO U TOCTEICHO Y
nepuonMa smvar, 10K je KOHCTaHTaH y nepuoauma con, Buau Ci. 5.12 Ha K0j0j je mpuKa3aH
caMmo MpBU MEPHOJ smvar U BHeroBa OKOJINHA.

Cnuka 5.16 — Yrao 6;.
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Cnuka 5.17 — Ionynpeunuk R;.

TokoM HamoTaBama YyXKeTa HAa YEKPK yrao J; omaaa. [IpomeHa oBor yria je 1O
HEJIMHEAPHOCTH CIIMYHA TIPOMEHH TOJIYIPEYHHKA HAMOTaBamha U TO j€ jaCHO BUbMBO Ha CII.
5.18. Ha Cn. 5.14a) je mpuka3aHa mMpoMeHa yria ¥; caMO TOKOM (M OKO) MPBOT TMEpHOAA
smvar TJIe jJaCHUje MOXe JIa C€ BUIH OTa/Iakbe OBE BEIIMUIMHE.

Cnuka 5.18 — Yrao y;.
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Jyxuna lw; = AB ce Takohe cTamHO cMmamyje TOKOM IEpHOja HAMOTaBamba U HheHa
JMHAMUKa IIPOMEHE je TOTOBO MICHTHYHA IPOMEHH yIiia ¥; U To ce jacHo Buau Ha Ci. 5.19,
JIOK je MPOMEHA OBE JYKHHE TOKOM (M OKO) caMo IMPBOT Tepuoaa smvar npukazana Ha C.
5.13a).

Crnuxka 5.19 — [lyxxuna lw;.

Ciuke OpsuHa mpomene R;, Iw; u y; (Cin 5.126), 5.136) u 5.146), pecIeKTHBHO)
WIYCTPAaTUBHO MOKa3yjy KaKBa je IMHaMUKa IPOMEHEe OBUX Beln4yuHa. Bunu ce na ce cBe oBe
BEJIMYMHE TJIATKO MEHaJy U CaMUM THUM j€ HBHUXOB YTHIQ] Ha AMHAMUKY YUTAaBOI CHUCTEMa
MTOBOJbHUJH Y CMUCIY YIPaBJbUBOCTU CHCTEMA.

Crnuke npukasaHe y OBOM JIelly pajia ce OJHOCE Ha MeallM30BaH Cllyyaj HAaMOTaBama yXKeTa
Ha JIBOUMWJIMHIPUYHUA YeKpK. Takohe, Ha OBUM CIMKaMma jeé aHaJU3MpPaHO CaMO HAMOTAaBaHkE
JETHOT y)KeTa Ha jelaH YeKpK MOJ HIealHUM YCJIOBMMA Kaja je Op3uHa poTHpama 4YeKpKa
KOHCTaHTHa, éi = const.

5.3 ExciepuMeHTaJIHU pe3yJTaTh

VY I'maBu 4 oBe qucepTalidje je NpuKa3zaHa aHaJIn3a U CHHTe3a CTaHAapIHOT 00JIMKa YeKpKa 3a
jeaHopeno HaMmoTaBame (oaMoTaBame) ca Ci. 4.1, 1ok je y oBoj ['maBu y nmonnacinosuma 5.1
U 5.2 mpuKa3aHa aHajM3a U TECTUPAH je paJ HOBOI OOJMKa YEKpKa 3a jJeJHOPENO TIJIaTKo
HaMoOTaBame (oaMoTaBame) yxera ca Cn. 5.16). ¥V oBoMm neny pama he Omtm mpukaszaHa
eKcriepuMeHTamHo mnopeheme wm3Mel)y cramapaHOr O0NMKa UYeKpKa 3a  jJeTHOPEeIo
HaMOTaBame (OMOTaBamke) W HOBOT OOJMKAa YEKpPKa 3a JEIHOPENO TJIaTKO HaMOTaBambe
(omMoTaBame).
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Cnuka 5.20 — ExcriepuMeHTaaHa NOCTaBKaA.
W3BpiieHa je koMmapaTuBHa aHaIHM3a KpeTama YeKpKa ca cienehum napameTpuma:

1. crammapaHu OoONMWK YEKpKa 3a jeJHOpPE0 HaMoTaBame (oaMoTaBame) yxera ca Ci.
4.1 ca nonynpeuynukoMm R;y = 0.0136 m u

2. HOBH OOJIMK YEKpKa 3a IJIaTKo HaMoTaBame (oAMoTaBame) yxkera ca Cia. 5.10) ca
nonynpeunnnuma: Ry, = 0.0136 mu R;p = 0.014 m.

CBe ocrane KapaKTepUCTHKE OBOI €KCIEpHUMEHTa Cy MCTe 3a 00a aHalM3MpaHa MpHUMepa.
Crnenehe xomMnoHeHTe cy ynoTpebsbeHe Koje cy u o3HaueHe Ha Ci. 5.20: Dunkermotoren GR
42x40, 12V, 20W ca eaxogepom RE 30 + TI 200 u penykropom PLG 32 1:15 (mo3unuja 2),
Arduino UNO REV3 (mo3. 3), Arduino Motor Shield REV3 (mo3. 4) u nanton pauyHap (1o3.
5). Maca tepera koju ce mnoawxke uzHocu 0.064 kg (mo3. 6), MOK je yKymHa AyXHHa
HaMmoTaHOT yxkeTa (mo3. 7) 0.615 m. Uekpk je o3HaueH mozurmjom 1. [yxune a u b cy:
a=0.147 m, b=0.045 m. Tauka Bemama je o3HaueHa ca C, JJOK je LIEHTap POTUpama YeKpKa,
Tj. TIOYETHA TayKa KOOPAMHATHOI TOYeTKa X — Yy o3HadeHa ca O. U y oBom ciyudajy je
YCBOj€H MOKPET HaMOTaBama y)KeTa. YKYITHO BpeMe Tpajama Mmokpera je 8.2 s, 0K je YKYITHO
potupame oce yekpka oa 0 1o 27.3 rad.
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Cnuka 5.21 — Yraona a) Op3uHa u 0) nmo3uiidja 00a 4ekpka.
Ha Cu. 5.21a) je mpukazana yraona Op3uHa oce:

1) crammapmHOTr OONHMKA YEKpKa 3a jeTHOPEI0 HaMOTaBame (0aMoTaBame) aaror Ha Co.
4.1 — yraona Op3uHa je O3Ha4€Ha Ka0 O;(stanq) U 000j€HA je 1aBoM 60joM 1
2) HoOBOr 00JMKa YepKpka JaepuHUCAHOT 3a TJaTKO HamoTaBame nator Ha Cn. 5.10) —

yraona Op3uHa je O3HaYeHa IPBEHOM 00jOM U MapKupaHa Kao 0 (smooth)-

Ca Cn. 5.2la) moxe ma ce BHIM paszauka wu3Mmel)y IWHAMHKE KpeTama OBE JBE
EKCIIEPUMEHTATHE ITOCTaBKe. Y CBOJCHO je Jia je JKeJhbeHa yraoHa Op3WHa o0JIMKa Tpamesa ca
MaKCHMAaJTHOM BpeaHOMNY O éi(max) = 4[rad/s]. Moxe na ce mpuMeTH Ja yraona Op3uHa
o0a YeKpKa MMa TEHJICHIIH]Y Olajialkba TOKOM HAMOTaBama yxeTa Ha uekpk. OBaj eHOMEH je
MpHUCYTaH 300T IUKJINYHOT pacTa MOJyMpeYyHHKa HAMOTaBakha TOKOM W3BpIlaBama MOKpeTa.
N3 Tor pasnora, 3a HEMPOMEHJHMBY Macy onTepehema, MOMEHT KOjU Jelyje Ha OCOBUHE
oOpTama CTaJIHO pacTe u 300T Tora ce Jo0HjeHa yraoHa Op3uHa cMamyje TOKOM BpeMeHa.

3a pa3nuky o ¢eHoMeHa 00jallmbeHOr y MPeTXOAHOM maparpady Koju je HCTH 3a 00a
yekpka, ca Cn. 5.21a) ce Bunu u paznuka u3aMel)y pama oBa JBa dekpka. AKO ce TPBO
pasMoTpH BEMMIUHA 0;(smooth), BUAH CE JIa j€ OBA BETMYMHA OKAPAKTEPHCAHA EPHOANIHUM

IIpoME€HaMa con U smvar o0Jactw. TaKObe, BUJHU CC€ a OBa BCJIIMYMHA HMMa HCJIIMHCAPHY
IIpOMCHY, aJIi 0e3 HarIMX CKOKOBA HIIH naaoBa. 3a pa3jiuKy o[ OB€ BCIUYHUHE, BUIU CC Na

NPOMEHIBHBA B;(5tqnq) MMA UMKIMYHE U TPEHYTHE MAJ0BE KOJM Cy M3a3aBaHH CTaHIApIAHUM
obnmukoM uekpka ca Cin. 4.1. YmopaBo je 30or oBor mpobiema u AedhUHUCAH HOBH OOJHUK
yekpka ca Ci. 5.1.

Cn. 5.216) npukasyje yraone nosuiuje oca 00a 4eKpka, Tj. BENUIUHE 0;(stanq) (M1aBa 60ja)
¥ 0;(smootn) (LpBeHa 00ja). Ca OBe CIIMKE MOXKE J1a C€ BUIU MOTBP/Ia MPETXOHUX TBPILU 12
je HOBH OONHMK YeKpka MHOTO OOJbM ca CTAaHOBHINTBA OJ3MBa cucTemMa. OA31MB HOBOT YEKpKa
Jje Henuneapan u rnagak. Tpajekropuja yria 60;(smeotn) AOCTHKE Behy BPEIHOCT HaA Kpajy

MOKpETa 3aT0 WITO HeH NPBU U3BOH i(smootn) HEMA HArJE NAJOBE U CKOKOBE TOKOM
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M3BpILIABatba 33/1aTKA. 3a Pa3jIMKy O/l OBE BEIMYUHE, YTa0 O;(stanq) MOCTHIKE HUKY BPEIHOCT

Ha Kpajy MOKpPETa LITO j€ U3a3BaHO NAJOBUMA Y IEHOM NPBOM U3BOAY 0;(stana)-

[IperxoaHa aHanm3a je U3BPLICHA 32 JEHOCTEIIEHU CUCTEM MOTOP — PEIYKTOP — YEKPK KOjH
uMa jeIHy TauKy Bemama. Mehytum, y peanHum ycioBuma kana cioxenu CPR cuctem nma
n TOACHUCTEMAa MOTOP — PENyKTOp — 4Yekpk (i=1,2,3, ...n), MOTpeOHO je KOOPIMHHPAHO
pOTUpamke CBUX MOTOpa TOT CUCTEMa paau npahemwa pedepeHTHe NmyTame Hocaya Kamepe. Y
peaHOM pexHuMy paja, Op3MHa KpeTama CBaKOI MOTOpa je BeoMa IPOMEHJbUBA 300T
HBUXOBOI KOOPJMHUPAHOT KpeTamwa. M3 Tora ce 3akipydyje na he y peaqHuM yciaoBHMa
kperama cioxkeHor CPR cucrema, npoMeHa Op3uHE CBAaKOI YeKpKa OUTH TUHAMUYHM]A Y
OJTHOCY Ha KOHCTaHTHY ITPOMEHY Op3MHE YeKpKa aHAIU3UPAHOT Y OBOj U MPETXOIHO] CEKLIUjU
pana.

VY cnenehem aeny osor pana he Outu nepunucad HoBu maremarnduku moaea RSCPR cucrema
y CKJIaZy ca MPEeTXOAHO Je(pUHHCAHUM KOHILENTOM HaMOTaBama (0MOTaBama) y)KeTa Ha
yekpk. HoBu marematnuku Mojen obyxBara ()eHOMEH TIaTKOT HaAMOTaBama (0MOTaBamba)
y)KeTa Ha HOBU OOJHMK YEKpKa, a OH MOK€ OMTH JBOIMIMHIUPYHOT OOJIMKA WM Y OOJIHKY
cnupaie — Buau Ci. 5.10) u 5.1B), peClieKTUBHO.

5.4 Marematuuku Moaeid RSCPR cucremMa ca moacucreMuMa 3a IIATKO HAMOTaBalbe
(oaMoTaBame) y:xxaau

VY nmperxoaHoM neny oBe I'naBe je AeuHUCAH KOHIENT TJIATKOT HAMOTaBama (0JMOTaBamba)
y)Ke€Ta Ha HOBO KOHCTPYKTHBHO pEIICHE YeKpKa 3a TJIaTko HamoTaBame, Buau Ci. 5.10).
Jlepunucan je u TeCTUpaH HOBH KOHIENT IJIATKOT HaMOTaBamba yXKeTa Ha JeJHOM CHCTEMY
MOTOp — YEKpPK W TMpHKa3aHU Cy CUMYJAIMOHU eKcliepuMeHTH. Takole, mpukazaHo je U
eKCIIepUMEHTaIHO Topehewme pana HOBoJepHUHUCAHOT OOJIMKAa 4yeKkpka ca Beh Mmo3HaTuM
CTaHJApAHUM OOJMKOM YeKpKa Koju je aHamusupad y I'maBu 4, Bumu Cn. 4.1. 306or
pa3syMeBame OBE TeMaTHKe, y MPETXOJHOM Jieny oBe ['71aBe je aHanu3upaHa KMHEMaTHKa U
JMHAMUKa MOHAIIaka jeIHOCTENEHOT CUCTEMA 32 HAMOTaBamwke (0IMOTAaBAE) yXKeTa Ha HOBU
o0k yekpka. Y [101] je nepunucana renepamHa ¢opMa MaTeMaTHUKOr Mojena
JEIHOCTETIEHOT CHUCTEMa 3a HaMOTaBame/0JIMOTaBamkEe y)KeTa Ha 4Yekpk. Mmak, cBe mammHe
KOj€ KOpHUCTE CHUCTEME 3a HaMOTaBame (OAMOTaBamke) OOMYHO MMAjy JBa WM BHILE OBHX
noacuctema. Mcra curyanuja je u ca RSCPR cucremom koju mocenyje Tpu cuctema 3a
HamoTaBame (oMoTaBame) yxera, Buau Cn. 5.22. [IpBoOMTHH MOJen OBOI cHcTeMa je
nedunucan y ['maBu 3 u y ToMm Jeny qucepTaiuje je ynoTpeOsbeH JIMHeapHU aKTyaTop, 0K
he y oBom neny noktopata 6utu ananusupad RSCPR cucrem (Bumu Cii. 5.22) xoju KOpUCTH
HOBHM 00JIMK yeKpka akryaropa ca Ci. 5.1. be3 063upa koja KOHCTPYKIIMja TOMEHYTUX YeKpKa
ca Cm. 5.1 ce omabepe, y cinenehem moa-HacioBy he Outu neduHMCAaHM KUHEMATHYKA U
TuHaMAYKH Mojienn HoBe KoHCTpykunrje RSCPR cuctema y renepanoj popmu.

5.4.1 Kunematuka RSCPR cucrema ca HOBUM 00/THKOM YeKpKa

VYcBaja ce Aa je mo3umMja Hocaya Kamepe aedunucana y JlekapToBOM KOOPJMHATHOM
cucTeMy M o3HadeHa je ca p = [x y z]T. OBe koopauMHaTe ce 30BY CIOJbALIBE KOOPIMHATE.
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VYrao HamoTaBama CBAaKOI YeKpka AeduHucan je koopauHatoMm 8; (i=1,2,3). [lozunuje yria
HaMOTaBama CBa TPH YEKpKa ce JePUHHUIIy Kao YHYTpallkhe KOoopauHare, Tj. ¢ =
6, 6, 65]".

Ha Cn. 5.22 je nedunucan pagau npoctop RSCPR cucrema, 6aza koopanHaTHOT cUCTEMa je
MOCTaBJbCHA y jeJlaH TOPHM Yrao pagHOr MPOCTOpAa W HAa3HAYCHU Cy radaputu ucror, d —
NIy)XWHa, § — IIHPUHA, v — BHCHHA. ['eomerpujcku, Ha ocHoBy Cin. 5.22 nedunucane cy
cnenehe jenmHaumHe 3a AyXXKUHE k, m, n M h y 3aBUCHOCTH O]l rabapuTa pagHOT MPOCTOpA H
JlekapTOBHX KOOpAMHATA HOCada KaMepe:

k =.x%+y?+ 22, (5.17)

h=.(d-x)2+y%+z2 (5.18)
m=,(d—x)2+(s—y)?+z2 (5.19)
n=.x2+(s—y)?+z=% (5.20)

Crnuxka 5.22 -RSCPR cuctem ca HOBUM OOJIMKOM YEKpKa aKTyaTopa.

VY I'maBu 3 Tpajexropuje kpertama yrioa 64,0, u 03 cy y3umaHe ca IPETIOCTaBKOM Ja
kpehy on Hyne. Y oBOM Jeny paja je 300r kanuOpaiiyje cucTeMa U pealHoOT KpeTama yrioBa
01,0, n 05 nepunucana:

a) MOYEeTHAa HAMOTAHOCT Y)Ka/li Ha CBa TP YEKpKa,

0) peaslaH cMep KpeTama CBAaKOI MOTOpa MpeMa CTBApHO] KOHCTPYKLHjU, KOjU je caja
ApYyradujy y OJHOCY Ha HJICATM30BaHU CMEp KpeTama MOTOpa.

VY I'maBu 3 je ycBOjeHO Jia Cy MOJYIMPEUHUIIM HAMOTaBama (0JMOTaBama) yXKaau 3a CBa TpU
YeKpKa KOHCTAaHTHHU | Ja ¢y nyxkuHe lw; (i=1,2,3) xoje ce Hamaze u3Mel)y 4ekpka u KoTypa
Takole KOHCTaHTHE.

3a paznmuky o ['maBe 3, y oBoj [ maBu ce kopucTy HOBH 00JIMK Yekpka aedunucan Ha Ci. 5.1,
Tako Jla Cy IMOJYINPEUYHUIIM HaMOTaBama (OJMOTaBama) YXaJad 3a CBa TPH YCKpKa
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NPOMEHJBUBH M Ja Cy AyxuHe [w; Koje ce Hamaze u3Mel)y dekpka M KOTypa Takohe
IIPOMEHJbUBE.

OBe KapaKTEepUCTUKE YBOJIE TPOMEHY Y KMHeMaTnike u nuHamuuke mojiene RSCPR cucrema
YKJbY4YHBambEeM HOBHUX (peHOMEHa mpolieca HaMOTaBama (0AMOTaBamba) yXKETa Ha HOBU OOJIMK
yekpka. To moapaszymeBa nedunucame HoBe reomerpuje RSCPR cucrema. [omynpeununm
CBa TpU 4YeKpKa R;, AyxuHe yxkaau u3Mely HajBUIIMX Tayaka Bellama Y)Kaaud M Tadaka
JO0HMpa ca YeKpIumMa [w; u cBe octasie JUHAMUYKE BEIMYMHE MEHbajy CBOjJY BPEIHOCT TOKOM
KpeTama Hocaua KaMepe y IpocTopy.

W3 Tor pasnora he y masmem aeny Tekcra OMTH yOadeH yTUIa) IPOMEHE OBHUX BEIHYMHA Y
MaTeMaTHYKH MOJIEJ cUcTeMa. Mojen ce YCIOoX’baBa, jep Tpolec HaMoTaBamba
(oaMoTaBama) y)xeTa Ha HOBU OOJIMK YEKpKa 3HAYajHO yTUYE HA YKYIHHU JUHAMHYKU OJ3UB
cucrema. Ha ocroBy Cn. 5.22 moxe na ce neuHHIIE AYy)KHHA CBAKOT YXKETa Y OKBUDPY
pagHOr mpocTopa Kamepe. Jly>)kuHa p; MpeacTaBiba YKYIHY AYKHHY MPBOT Y)KETa Y pagHOM
mpocTopy HOocada kamepe u naedunHmcana je jemHaumHoMm (5.21). HdyxuHe p, U p;3
MPEJCTaBIbajy YKYIHY AY)KHHY APYror M Tpeher yxkera y pajHOM IPOCTOpPY Kamepe, BHIU
jennaumnne (5.22) u (5.23), peneKTuBHO.

pr=k+n, (5.21)
p2 = h, (5.22)
p3 = m. (5.23)

3a maiie mpomene ayxuHa (5.21)-(5.23), nobuja ce:

Ap, = Ak + An, (5.24)
Ap, = Ah, (5.25)
Aps = Am. (5.26)

Ha 6u ce nobuna Beza u3mely mpupamraja Ap; (i=1,2,3) u mpupamiraja mpoMeHe yria
3aKpeTama OCOBHHE YeKpKa Af; U mpupalltaja BEJIMUYMHE KOja KapaKTepulle AyKUHy u3mehy
HajBUILIE TaUKe Belllama Y)KeTa U Tauke JIoJupa ca yeKpkoM Alw; Kao M mpupaiiraja npemMeHe
MOJTyIIpeYHHKa HaMOTaBamwa (oiMoTaBama) AR; ¢popmupana je cneaeha jeqHaunHa:

HeratuBan mnpeasHak ca jecHe cTpaHe jeaHauuHe (5.27) je paeduHHCAH peasTHOM
KOHCTPYKILIMJOM cucTema. To je YCIOBJBEHO CMEPOM KpeTama MOTOpa y OJHOCY Ha MO3HUIH]Y
HOcada KaMmepe.

Axo ce cana jemHaumHa (5.27) mpUMEHH Ha JMHAMHUKY KpeTama CBa TPU MOTOpPU30BaHA
yekpka u jennaunne (5.24)-(5.26) ce 3amene y (5.27), nobuja ce:

(Ael " Rl + 61 - ARl) = _(Ak + An) - AlWl, (5.28)
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Axo ce jennaunne (5.28)-(5.30) monene ca 6eCKOHAYHO MallUM IMpUpAIITajeM BpemeHa At,
OH/Ia TIPETXOJIHE jeTHAYMHE MOTY Jia ce Hanuuly y cieachem oOnuky:

91:_R_1_R_1_R_1' (531)
) = R W 6Ry
O == " & R (5.32)
) = — Wy OsRs
Oy = -~ (5.33)

13 OBHX jeJHAYMHA CE BUJIM Ja Op3MHA NPOMEHE yIJIa 3aKpeTarma OCOBMHE YeKpKa §; 3aBucH
on BenmumHa: k, h,m,n, R;,lw;,0; u R;. Ynopehyjyhu oBe jeamaumue ca oxroeapajyhmm
jemnaunHama (3.7)-(3.9), Buam ce Oa ce Ja ce y OBOM Cllydajy jeJAHAUYMHE 3HATHO
YCIIOXKEHaBajy.

AKo ce cazna y jexnaunse (5.31)-(5.33) yBpere Benmunse k, h, i, i nobuja ce:

6, = — ((Rik + Rf-n) xt (Ri]_k B (1:_):1)) v (Rlz-k + Rlz-n) ' Z) B l:_ll B %’ (5:34)

) oo (X Y 2 S _we G2,
= (3R STV 2 ) s OsRs
93 - ( R3-m x R3-m y+R3m Z) R3 R3 ) (5.36)

[Tocmarpajyhu HOBOHacTanmu cucTeM jelHAYMHA BUAU ce€ Ja ra je moryhe Hamucatu
MaTPUYHO Kao:

x n x y s— z z [l\}v1+91-R1‘|
91 le Rimn le Rin le Ri'n _X.' I Rq I
A d—x y Z . lW2+92'R2
92 - = Ryh Ryh Ryh ' [)’] - R, . (537)
93 — d;x —_ STy z Z lW3 +93'R3
R3'm R3'm R3'm Rs3

AKo ce ycBoju 11a je Bektop E crnenehu:

[l\}v1+91-R1]
[ R |
wy+65R,
Ry
Iws+63R3
R3

E= , (5.38)

MOJKE J1a ce HamuIie KuHeMatuuku mojell HoBor RSCPR cucrema:
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é=-Jsp—E, (5.39)
rae je /s JakoOujeBa maTpuna nedunrcana jeqnaunaama (3.10) u (3.11).

Axko ce ynopene jenHauune (5.37) u (5.39) ca jeqnaunnama (3.10) u (3.11), Bugu ce KOITUKO
je cucTeMm Koju oOyxBaTa KMHEMAaTHKy HaMOTaBama (OAMOTaBama) yXeTa Ha HOBU OOIHUK
YeKpKa CIOXEHUJU Yy OJHOCYy Ha cucteM mpukasaH y [maBu 3. Ilopen Tora mro cy
KMHEMAaTH4yKe jeAHAaYMHE CIIOXKEHuje, y mwuma ¢urypume u Behu Opoj NpOMEHIbUBUX
BEJIMYWHA, IIITO PaHHje HUje OMO Cyuaj.

5.4.2 lnnamuka RSCPR cucrema ca HOBUM 00JIMKOM YeKpKa

Jemnaumne (5.17) — (5.39) npencrasspajy kuHematuky RSCPR cucrema ca HOBEUM 00JIHMKOM
yekpka. KuHemaTwka mpejncraB/ba OCHOB Yy JWHAMHUYKO] aHanmu3u cuctema. Jla O6um ce
nedunucana nuaamuka RSCPR cucrema, motpeGHO je na ce oapesne pe3yJlTaHTHH MOMEHTH
KOjU JIeNyjy Ha OCOBHHE CBa TPH IOACHCTEMa 3a HamMOTaBame (oaMoTaBame) yxamau. Kao
mro je 'y ['maBu 3 kopumihen JlarpankoB IPUHITUI BUPTYEITHOT pajia, Tako he ce u oBje 3a
no0ujame OBE pelalyje KOPUCTUTH UCTa JeTHAYNHA:

FT-p = Mgy - ¢, (5.40)

rae je F = [Fx E, FZ]T— BEKTOp CHOJbAlIbUX CHUJIa KOje Jelyjy Ha HOocad Kamepe, JOK je
Mgy, = [Msy1 Mgy, Mgyy3]T — BekTOp pe3ynTaHTHHX MOMEHTA KOjH JieJlyjy Ha OCOBUHE TpU
MOJICKCTEMA 32 HAMOTaBamke (0JIMOTaBamke) yKaau. 3aMeHoM jeqHaunHe (5.39) y jenHaunny
(5.40) nobwuja ce cieneha jeqHaunHa:

. T .

Panu enmmuHaiuje BekTopa P, HampaBJbeHa j€ MaTeMaTH4Yka CMEHa Koja Hehe MpPOMEHHUTH
jennauuny (5.41). lepunucane cy cnenehe nujaroHaiHe MaTpuiie:

P; = diag(p) n (5.42)

E; = diag(E). (5.43)
Ha Taj nauun ce no6uja HoBa dopma jennaunne (5.41):

FT-Py = —Mgy, - (Js* Py + Eq). (5.44)

Jennaunne (5.41) u (5.44) cy unentuune. Cana je moryhe mogenutu jemHauunny (5.44) ca
JIMjarOHATHOM MaTpulioM Py U Tako ce 1o0uja:

FT = =Mgy' - (Js +Eq (P)™). (5.45)
AKo ce caja U3BpIIM TPAHCIIOHOBAKE JIEBE U JIeCHE cTpaHe jenHaunne (5.45), nobuja ce:

F=—(s+Eqg (P)™ " Mgy, (5.46)
LITO Ha Kpajy /1aj€ JeJHAaYMHY 3a pauyHame Pe3yJITaHTHUX MOMEHATa!
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Mgy = —=((Js + Eq - (P~ D)7 - F. (5.47)

Canma Moxe 1a ce Hanuiie puHATHE 00K nquHamMudkor mojaena RSCPR cucrema ca HOBUM
OOJINKOM YeKpKa, MITO yjeTHO MpEACTaB/ba U YKYITHH MAaTeMaTHYKH MOJEN OBOT CHUCTEMA.
MareMaTHuK# MOJIE] MOTOpA j€ MPeICTaBIbeH jeTHaunHOM (5.48). Y By je yBpIITEH U3pa3s 3a
MoMmeHT onrtepehema nat jennaunmHom (5.47). Bektop Mgy, oOyxBara AMHAMUKY TJIATKOT
HaAMOTaBama (OJMOTaBamka) YXKETa HA HOBU OOJNMK YEKpKa YeKpK. JIMHAMHYKH MOACI
CUCTEMa Y OBOM CIIy4ajy TJIacH:

u=G6, ¢+L, d+S, Mgy, (5.48)

rae cy: u = [u; up uz]” — ympaB/bauky CHrHamM (HAIIOHM) CBAa TPH MOTOPA, Gy(3x3) =
diag(G,, G,y Gy3) — MaTpunia Koja HOCH WHGOpMAIMjy O WHEPUHUjU CBa TPU MOTOPA,
Lyxz)y = diag(Lys Lyy Lyz) — Matpuna xoja HOCH HMH(OpMauujy O KOeHIMjEHTY
NPUTYIIEHA CBA TPU MOTOPA, Sy(3x3) = Aiag(Syr Syz Syz) — MaTpuma Koja HOCH
MH(OPMALH]y O TEOMETPH]CKHM KapaKTepHCTHKaMa CBA TPU MOTOPA, 0K Cy ¢ U ¢ BeKTOpH
MPBHX M JPYTUX W3BOJIa YraOHUX MO3MIIMja CBA TPH YEKPKA, PECIICKTHBHO.

Jennaunnama (5.39) u (5.48) u3 oe ['maBe mokropara je nedpuHHcaH MaTeMaTHYKU MOJEI
RSCPR cucrema ca HOBUM OOJMKOM YEKpKa, a OH j€ MOJCHCTEM 3a BHILUECIOJHO JeTHOPEIO
IJaTKO HaMOTaBamke (OAMOTaBamke) YyxkKaau. TecTHpame OBOI CHUCTEMa U HEroBOT
MaTemMaThukor mozena he outu ypaheno kpo3 cumynanuje y cieaehem moaHaciony.

5.5 Tecrupamwe RSCPR cucrema ca mnoacucreMuMa 3a TIJIATKO HaMOTaBambe
(oxMoTaBame) y:xKaau

Y oBom pneny I'maBe 5 he OuTu mnpukaszaH yTuLa] AMHAMUKE TIJaTKOI HAMOTaBamba
(oamoTaBama) yxanu Ha pag RSCPR cucrema ca HoBuM o6sinkoM dekpka. Kao mro ce Buan
ca Ci. 5.22, oBaj cuCTeM HMMa TpU MOJCHCTEMa 3a HaMOTaBame (OJMOTABAMkE) Y)KaJH.
[IpumemeH je TBOLUMIMHAPUYHHI 00JIMK YeKpKa Koju je npukazad Ha Ci. 5.10). MaremaTtuuku
mozen RSCPR cucrema ca HOBUM 0OOJIMKOM 4Ye€KpKa je MpHUKa3aH y MPETXOIHOM Jelly OBe
I'mase.

Cnuka 5.23 — Komno3utHa Op3uHa Hocaya KaMepe — peajHa u pedepeHTHa.
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RSCPR cucrem koju he Outu aHaimM3upan y OBOM Jieny Aucepranuje uma cieache radapure:
d X sxXv=0.50x0.44 X 0.50 m u HOCcau kamepe uma macy ox 0.319 kg. 3a Tectupame je
yCBOjeHa NpaBOJIMHMjCKA IyTamka Hocada kamepe u3 Tauke Astart = [0.10.1—0.3]7 y
tauky Aend = [0.4 0.31 — 0.1]7 y tpopumensuonannom npocropy. bp3una kperama kamepe
“Ma Tpare3ouHu 00K ca MakcumyMoMm of 0.083 m/s. Yrmorpebsbenu cy motopu Faulhaber
2642W012CR kao 1moros 3a cBa Tpu 4yekpka. OBaj MOTOp IMa HOMUHAJIHU HaroH ox 12 V. 3a
ynpaBbane oBuM RSCPR cucremom je ymorp6ssern PID xontpomnep [102] mo moBpartHOj
CIpEe3W YraoHUX TO3HUIKja CBa TPU MOTOpa. YmoTpedsbeH je uctu PID koHTposep 3a cBa Tpu
MOTOpa U Weropa nojavama cy: Kp = 75.5, K; = 10.5u K, = 0.9.

Cnuxka 5.24 — YripaBibauky CUTHAJIH.

Ha Cn. 5.23 je npuka3zana komno3uTHa Op3uHa Hocauya kamepe. [Ipuka3ana je pedepeHTHa U
peanHa Op3uHa y BpeMeHy. Ca OBe CIMKEe ce BUJM Tpamne3ouJalHu oOauK Op3uHe u Takohe
MOJKE J1a ce BUAM Jia ce pedepeHTHa U pealiHa Op3rHa Npekianajy uume je notsphero n1o6po
npaheme.

Crnuxka 5.25 — Yraone no3uiyje.
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Ha cnenehoj coumu, Cn. 5.24, mpukazaHu Cy yIpaBJbauyKd CHUTHAJIM 3a CBa TPH MOTOpA.
buTHO je 1a OBM cHUTHANM HE Tpena3e HOMUHAHE BPEIHOCTH, oqHOCHO +12 V u Buaum ce ca
Cn. 524 na cy OBM CUTHQJIM JAJEKO MCIOJ TPAHUYHUX BPEIHOCTH, LITO TOBOPHU Ja CYy
MOTOpH 100pO 01a0paHu U J1a MOCTOjU 3HAYajHA pe3epBa CTAOMITHOCTH.

Crnuka 5.26 — YraoHe Mo3uIyje - pa3inka.

Ha Cn. 5.25 cy npuka3zaHe yraoHe MO3WIIMj€ CBa TPH MOACHCTEMa MOTOP — YEKPK, OJTHOCHO
yrioBu 84, 0, u 05. [Ipukaszane cy 3ajenHo pedepeHTHE U pearHe BPeIHOCTH OBUX BEIMYMHA
Y BUJIU C€ JIa Cy TPajeKTOpHje TIaTKe IITO je BeomMa OWTO 3a mpaBuiiaH paj cucrema. Ha Co.
5.26 cy nokasane paznuke uzMely peepeHTHUX U pealHuX YraOHUX MO3HUIIM]ja U ca T€ CIUKe
ce BHJIU J]a peasiaH CUCTeM 00po mpatu peepeHTHY BPEAHOCT.

Cnuka 5.27 — Benuunne 6, 6, u 6.
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Crnuxka 5.28 — Ilo3unuje Hocaua Kamepe.

Ha Cn. 5.27 je mpuka3aHa Op3uHa poTHpama CBa TPH IMOJCHUCTEMA MOTOP — YEKPK, OJJHOCHO
BennuuHe 6, 6, u 6. Oner cy 3ajelHO MpHKa3aHe peepeHTHE U peaTHe BPEIHOCTH U ca
OBE CIIMKE je BUJBbHBO J0Opo mpaheme pedepeHTHE TpajKTOpH]E.

Ha Cn. 5.28 cy mnpukaszaHe pedepeHTHE M peaJHe IO3UIMje Hocaya Kamepe TOKOM
U3BpIIaBama 3amaTka 1o Cy BeNMYMHE KpeTama Kamepe y mnpoctopy KapresmjaHckux
KoopauHaTa, X, y u z. Ha Cn. 5.29 cy mare pasnuke usmely peepeHTHHX U peasHuX
BpPEHOCTH OBHMX BEJIMYMHA U Ca T€ CIUKE CE€ BUJIU JIa j€ OCTBApEHO J00po npaheme.

Crnuxka 5.29 — Ilo3unuje Hocaya KaMmepe - pasiivKe.
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Ha Cn. 5.30 cy npukaszadu npBu U3BOAM IMO3MIIMja HOCaya KaMepe U Ty je Takohe YOuJbHBO
n006po npaheme.

Crnuka 5.30 — IIpBu U3BOIM TIO3HIIMja HOCAYa KaMepe.

Cn. 5.31 mpuxkasyje nmoOujeHe pe3ylTaHTHE MOMEHTE KOjH Jellyjy Ha CBa TpH MOJACHUCTEMA
MOTOp — 4ekpk. Ca oBe ClIMKe ce BUIU Jla T0OMjeHn MOMEHTH UMajy Jo0ap u3rien y3 omary
OCIIMJIATOPHOCT Y TIOYETHHM TpEHyIMMa H3BpIIaBama mokpera. OBaj mpobiiem je moryhe
pemintH  yBohewmeM Jpyrauvje yhnpaBJbauke CTPYKType WIM JIpyradyvjuM o0aa0upom
KoMOuHaiuje nojayama PID xoHTponepa.

Cnuka 5.31 — Pe3ynryjyhu MoMeHTH.
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Ha cnenehoj cnummu, Cn. 5.32, cy mnpukazaHe TPOMEHE TMOJYNPEUYHHKAa HaMOTaBarmba
(omMoTaBama) cBa TPU YeKpKa, Tj. BenmuumHe R;, R, u R3; nok cy Ha Cn. 5.33 npukazaHe
Op3uHE MPOMEHE MOJTYyIIPeYHUKa YeKpKa - Ry, R, 1 R3.

Cnuka 5.32 — [onynpeununu Ry, R, u R3.

VY nouetHoM BpemeHcKoM nepuoay o 0 — 0.8 s, mpBU YeKpk ce Haia3u y o0lacTu con, TAe
TIONyNpedHHK R; MMa KOHCTaHTHY BpeaHocT o Ry= 0.018 m, 1ok je y Tom nepuoxy R; = 0.
Hakon oBor TpeHyTka, y BpeMeHCKOM mepuoay ox 0.8 — 2 s, MpBU YEKpK ce Hajgasu y
061acTH smvar ¥ Taaa IIyIpeuHnK R, pacTe u 'y Tom mepuony je R;> 0.

Cnuxka 5.33 — IlpBu u3Boau nonymnpeunuka Ry, R, u R3.

71



Haxon Tora, on TpeHytka 2 — 3.2s, IPBO YK€ C€ OJMOTaBa Ca YEKpPKa U y TOM MEPUOTY
IoNynpeuHuK R, omnana Ha npBoGuTHy BpeaHoct ox 0.018 m, 1ok je y Tom nepuony R,< 0.

Crnuka 5.34 — lyxune lwy, lw, u lws.

3atum, y mepuony onx 3.2 — 4.2 s, mpBU 4YeKpKk ce Bpaha y HCTy oOJacT con W Taja
NOJYyNIpeyHUK R, nMMa KoHcTaHTHY BpeaHocT — 0.018 m u meros npeu u3BoA je Hyna. Y
nepuony on 4.2 — 5.2 s, IpBU YEKpK yia3u y oONacT smvar TOAE ce YyXe OAMOTaBa U
noTynpevyHuk R; ce cmamyje ca Bpeanoctu 0.018 m na 0.0172 m u Taga weros nNpBU U3BOJT
y3UMa BPEIHOCTU Mame o1 Hyne. Hakon Tora, om TpeHyTtka 5.2 s ma 110 5.8 s, MPBU YEKPK
yJa3u y 00JacT con, KOjy KapakTepuile KOHCTaHTHa BpeJHOCT noaynpeyHuka oa 0.0172 m.
To je nepuon kana cuctem Beh Koun Tako a y TpeHyTKy 5.8 s ynas3u y o0Gnact smvar, TAe ce
R, He3HATHO CMamyje 10 Kpaja MOKPeTa U y TOM IIepHOJy ce BHAY Aa R, MMa Mamy BpeJHOCT
anu Mamy of Hyne. CirnyHa aHamM3a MOKe OMTH HAlpaBJhbeHA M 32 MMPOMEHY IMOJTYIIPEYHUKA
apyror u Tpeher nojcuremMa 3a HaMOTaBambe (0O IMOTABAE) YXKETA.

[Topen mpomMeHe MONyNpeYHHKA, J0JIa3H U JI0 MpOMeHe AyxuHa [wq,lw, u lw; u yriosa
Y1,V2 1 Y3. Ha Ci. 5.34 je npukazana npomeHna Benuvna [wy, Iw, u lws, ok cy Ha Ci. 5.35
IPUKA3aHU MPBH H3BOAM OBHX BemmunHa (Iwy, Iw, 1 Iw3) U ca OBe CIHKe MOXKeE 13 Ce BN
rJIaTka mpoMeHa oBux BenwumHa. Ymopehyjyhu Cn. 5.34 u 5.32, moxe nma ce youn Beh
MOMEHyTa KOHCTaTalja Aa Cy TOKOM Tepuoia con BenwmuuHe R; m lw; xoHcTaHTHe. 3a
pasnuKy OJ Mepuoja con, Kajaa je i — TH YeKpK y o0JacTu smvar y Mepuoay HaMOTaBama,
tTana R; pacre nok lw; omama. AHAJIOTHO TOME, KaJa je [ — TH YeKpPK y o0jactu smvar y
Mepuoly OJMOTaBama, Taga R; omama nok lw; pacte. OBa KOHcTaTaluja ce MOTBPhHYjy
nopehemem Ci. 5.33 u 5.35.
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Cnuxka 5.35 — IlpBu u3Boau myxxuHa (lwy, lw, u lws.

Ha nocnenmoj cnuuum y oBom ey ['mase 5, Cii. 5.36, npukasaHa je mpoMeHa yriosa Yy, U
Y3 ¥ BHJIU C€ JIa OBE BEJIMYMHE MMajy UCTY JUHAMHKY IPOMEHE Kao ayxuHe [wy, Iw, u [ws,
OJTHOCHO KaJia ce y)Xe HamoTaBa [w; omaja u y; omanga u oopHyro. Kana je i — Tu 4ekpk y
obractu con, Tj. Kana je R; = const, Taga je yrao y; Takolhe KOHCTaHTaH, Kao U y>KuHa [w;.

Ca cBUX clMKa MPUKAa3aHUX Y OBOM JIeTy AMCEPTALHje je jaCHO BUIJBUBO JIa peasiaH CUCTEM
100po mpatu pedepeHTHY TpajeKTOpHjy M Ja Cy CBE BEIMUYMHE IJIaTKe, LITO OJaKIlaBa
ynpasibame cioxkeHuM RSCPR cucremom.

Cnuka 5.36 — YTIIOBH Yq,Y, U V3.
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Pesynrtar npukaszad y oBoj ['1aBu nMa BeIuKy Ba)XHOCT, jep ypehaju 3a riaTko HaMOTaBamke
(omMoOTaBame) yKaau Ha YEKPK MOTY Ja Oyay MOA-CHCTEeMH OWMJIO KOJUX CHUCTEMa KOjH
KOPUCTE YKaj 3a HaBohjeme y mpocTopy. YIMOTpeOOM IIIaTKOT CHUCTeMa 3a HAMOTaBame
(omMoTaBame) ce m30eraBajy CKOKOBUTE M OCIHJIATOPHE MPOMEHE AWHAMUYKHUX BEIHMYMHA
TaKBUX CHUCTEMA IIITO MPECTaBIba MPEAYCIIOB 32 100PY YIPaBJbUBOCT CUCTEMA.
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I'naBa 6

AHasu3a opujeHranuje Hocaya repera CPR cucrema

VY mperxonuum ['aBama oBe nucepranmje Cy mpukasaHe pasnuuute koHpurypamuje CPR
cucrema. Hekn on TuX cucrema Cy JeTajbHO aHAIM3MpaHH a Takole cy youeHH oapeheHu
(eHOMEeHHN KOju yTHYy Ha HbMXOBO IMOHAIIAke TOKOM H3BpIIABaI-E 33qaTaka. Pasnmuuutu
cucremu cy npukazanu Ha Ci. 2.1 — 2.7, 4.23 u 5.22. [Ipukazanu cucteMu cy aehuHUCAHU
Tako Jla ce caMmoO YIpaBjba IMO3ULHKJOM HOcCaua TepeTa y TPOAUMEH3MOHATHOM IPOCTOPY.
WNnak, y MHOrMM cuTyalyjamMa HHje JIOBOJHHO YIpaB/baTH CcaMO MO3UIUJOM HOcada y
npocropy W 30or Tora he y oBoj I'maBu OuTu aHanmu3mpaHa mnoTpeda 3a KOHTPOJIOM
opujentanuje Hocaua tepera CPR cucrema. buhe ananusupan ¢eHoMeH 3akpeTama Hocada
TepeTa TOKOM HeTrOBOT KpeTama Kpo3 paaHu mpoctop. buhe mpukasana m moreHImjamHa
peniema aeuHucaHor npodiaema. OBa UCTpaXKUBamba Cy JSIIMMAYHO TTprKa3aHa y [103].

6.1 Kunematuka kperama Hocaua Tepera CPR cucrema

Csu CPR cucremu npukasanu y IpeTXoHuM [ 1aBama cy Au3ajHUpaHU Tako J1a HOCE TEPET y
pagHoM mpoctopy oOnuka mapanenenunena. ['eHepannu o6muk oBux CPR cucrem je
npukasal Ha Ci. 6.1.

Cnuka 6.1 — CPR cucrem y TpoaguMEH3MOHAIHOM IIPOCTOPY.

Iopme Tauke Bemiama Tepera ¢y o3HaueHe ca O, F, G, H, mok Tauke o3Ha4yeHe ca
O',F',G',H' nedunumy momHoxje pamHor mpoctopa. Hocau Ttepera je Takohe oOamka
napasesieniiie/ia a \heroBa ropmha TeMeHa ¢y o3HaueHu ca Ag, By, Cgr, Dg. Ykan, koja Boje
HOocau Tepeta Kpo3 paanu npocrop CPR cucrema cy Be3ana 3a merose tauke Ag, Bg, Cgr, Dg
JIOK Cy TauyKe Belllamba UCTUX y)KaJd, HajBHINE Tauke yriioBa pagHor npocropa CPR cucrema:
O,F, G, H.
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[Tornen omo3ro Ha pagHU MPOCTOP Mapanenenunena je mpukaszad Ha Cn. 6.2. OBa ciuka
MpuKa3yje UicaIn30BaHU CIydaj WM OBaj ciaydaj he mpBu Owtm aHanu3upaH. Ha ciumm je
MpHUKa3aHa Weai30BaHa Mo3uija Hocada tepera. JleuHucane cy JBe Tauke Koje OMUCyjy
HOCay Tepera M TO Cy Tauka: 1) / Koja MmpelcTaBiba TauKy HOUICHA TEPeTa, OJAHOCHO TAYKy
IZIe ce CeKy yKaj Koja Hoce TepeT u 2) T Koja mpezcTaBjba LIEHTap Mace Hocada Tepera. Ha
Cxa. 6.2 cy mpukazaHe pa3IU4MTe MO3UIMje M3Mel)y OBHX Tauaka y paIMYUTHM JeJIOBHMA
pasHOT mpocTopa. Y MocalalllbiM HCTPAKHMBAakBUMA je OMII0 YCBOJEHO Ja Ce OBE JIBE TauKe
npekianajy y pagaom npocropy CPR cucrema, miro je Herauna npernocrtaBka. To he Outu
JI0Ka3aHO Y OBOM JIeJTy JHCepTaluje.

Cnuka 6.2 — ITornen onosro Ha CPR cuctem — naeanu3oBanu ciiyuaj.

Pasnuuure mosuiyje u3mel)y HeHTpa Mace W Tayke Belllamba HOcaya TepeTa Cy BHIJbUBE Ha
nosunujama I, II, III, IV u V na Cin. 6.2. Takohe Ha Cn. 6.3 je mpukasan npecek J-J 3a
UJIcaIM30BaHU CITy4aj U Ty cy BUIJbKBE 1 nounuje ' u I".

Cnuxka 6.3 — IIpecek J-J ca Ci. 6.2.
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[Tosummja 1 je okapakTepucaHa YME-EHUIIOM Jia TPEICTaBJha MPECEK TJABHHUX JHUjaroHaia
pagHOr TPOCTOpa, OJHOCHO mpecek auHuja OG', FH', GO'm HF'. Tayka mpeceka OBHX
nuHUja je o3HaueHa ca M, Buam Cn. 6.1 Ttakohe. lleHTpanHa BepTHUKalHA OcCa pPaTHOT
MIPOCTOpa je O3HaueHa ca a U oHa uMa ciienehe koopauHare: x =d/2u y =s/2 3a OWIO KOjy

Z KOOp/AMHATY.

LlenTpanna BepTHKalHa Ooca HOcada TepeTa je o3HaueHa ca b. Cama ce pazmarpa mTa ce
Jie1iaBa Kajia ce Hocad CITymiTa o tauke M nyx nuHHje a. Tauka Bemama Hocada Tepera I ce
crymita Op>ke JyX Oce @ y OJHOCY Ha TaukKy IIEHTpa Mace Hocada Tepera 1. AKO je Hocad
HIKe, pacTojamke u3Mmehy oBe nBe Tauke je Behe. OBaj ciyuaj je mpukazan Ha Ci. 6.3 xao
no3unmja I'.

V ciydajy Kaza ce TepeT I¥bKe W3HajA Tauke M 1o JIMHMjU g, Kajaa je z>—v/2uz <0, tana
ce Tauka / mke Opske Hero Tauka I’ ayx nuHUje a. Pacrojame u3mel)y oBe 1Be Tauke pacTe.
3a z~0, oBO pactojame je MakcuManHo. [lomTo cy o0e Tauke Ha JMHUJU a Y OBUM
ciydyajeBuma, Hema nopemehajHor Momenta M, koju Ou 3aporupao Hocay Tepera (Buau Cii.

6.2 u 6.3). CBe BpeMe TOKOM KpeTama HOcaya TepeTa Mo JIMHUJU d, MOMEHT M, M3HOCH

Hyla, 1 y TOM CIyd4ajy CHCTEM HMa PaBHOTEKHO KpeTame. TOKOM KpeTama Hocada II0
JUHUJU a, pacTojama usMmely Tauaka / u 7 jecre: y npaBuy x oce S, = 0 u y mpasiy y oce
Sy = 0.

3a cBe octasie mo3uije Tepera y paanom npoctopy CPR cucrema mo3uimja tauke HeHTpa
Mace Tepera 1 W IMO3WIMja Tayke Bellama Tepera / HUCY Ha HMCTOj BepTHKanw. Heka ce
rocMarpa peJaTUBHHU IoMepaj Tauke / (Tauke HOlLlewha TepeTa) y OAHOCYy Ha Tauky T (LieHTap
mace Ttepera). Ha Cn. 6.2 je par moriexm oOJ03ro y OJHOCY Ha pagHU MPOCTOP
napanenenurnena. Ha oBoj cnunu cBe npukasane nozuinuje tepera I, 11, 111, IV, V cy Ha ucroj
BUCUHM, y OBOM cllyyajy z=-v/2. Ca OBe CIIMKE C€ MOXE YOUUTH UYHIEHHIA Ja HpU
KpeTamy Hocaua TepeTa O] TauKe:

- M npema paBHHU KOJy Kapaktepuuie y =0 (1o3. II) umu

- M npema paBHU KOjy Kapakrepuiie x =d (no3. III) nnu
- M npema paBHU KOjy Kapakrepuiie y =s (1mo3. IV) uin

- M npema paBHM KOjy KapakTepuuie x =0 (1mo3. V)

Jo7la3u 10 yaajbaBama Tauke / y oaHocy Ha Tauky 7. IlIto je Hocau Tepera Onmxu
rpaHUYHOM MOAPYYjy pagHor npocropa CPR cucrema Tauka Bemiama ce CBe BUIIE YAaJbaBa
O]l Tauke IIeHTpa Mace Tepera. I'paBuTtanmoHa cuia tepera G Aenyje y Tauku 7 U Ha

pactojamy [S7+S? on Tauke Bemama Tepeta I M CTBapa MoMeHT omntepehera
2 2
M, =G, [S?+5.

Ha Cn. 6.3 je mpukazan mpecek J-J rae ce BUAM mpaBall JI€JOBakba MOMEHTa Yy OBOj
BepTUKAIHOj paBHU. [lo3unMja Hocaua Tepera npukazana Ha Ci. 6.2 u 6.3 je uaeanuzoBaHa
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3aTo IITO HOCau Mopa Ja Oyne BepTHKalaH TOKOM KpeTama. MelyTum, oBe naeann3oBaHe
TO3MIM]€ HUCY O/IPKKBE, 300T yTHIaja MOMEHTa M , KOjHU JIellyj€ OKO Ta4yKe HOIICHA TepeTa

L

JacHo je ma cy mo3unuje Hocaya ca Ci. 6.2 u 6.3 Hecrabwine. [lonokaj Hocaua u HErora
OpHjEHTaIMja 3aXTEBajy PAaBHOTEKHO CTamke Ja OW HOCAad yIIao y PEaMCTUYHE IOJI0XKaje.
Peanuctuune mosunmje Hocaya Tepera cy npukazane Ha Cn. 6.4 u BuaM ce Ja Cy OBE
no3uiyje aApyraduje oj noioxkaja ca Ci. 6.2 u 6.3. Cn. 6.4 mpukasje peaTucTU4YaH MpUKa3
npeceka J-J.

Kanma ce Hocau Tepera mpUONMKK BEPTHUKATHHM TPAHWMYHUM IOBPIIMMA, BEPTHKAIHA OCa
Tepera b je CBe BUIIIE HAKPUBJEHA Y OJIHOCY Ha JIMHHU]Y a. CBaka paBHOTE)KHA Tayka HOcaya
TepeTa je KapaKTepucaHa YMILEHUIIOM Ja Y j€ TOj TauKH LIEHTap Mace Hocaya Tepera 7, Ha
UCTO] BEPTUKAIHO] JHMHJU Kao M Tauka Bemama Teperal,(Buau Cn. 6.4). [, mpencrasiba
TauKy Belllaka TEPeTa y PEalMCTUUYHUM YCIOBUMA, N0K 7T, MpecTaBba LIEHTap Mace Hocada

Y peaMCTUYHUM ycioBuMa. Jla Ou HOcau Jomao y paBHOTEXKHY TauKy, ciaenehn ycioB Mopa

. 2 2 . .
outu 3aJ0BOJBCH: Sx + Sy =0 , TJ. HOpeMehajHI/I MOMCHT MOpa J1a UMa BPpECAHOCT HYJIA.

Cnuka 6.4 — Ilpecek J-J y pealucTHUHOM CIlyuajy.

Moske OuTH 3akjbydyeHO Ha je mopeMehajHM MOMEHT YBEK MPHUCYTaH y pPa3IMuYUTUM
no3uijama y paaom mpocrtopy CPR cucrema mpe Hero mTo Hocau yhe y paBHOTEXKHO
cTtambe. MOMEHT jeIMHO HHje MPUCYTaH MPHJIMKOM KpeTama Hocaya 1Mo JUHUJH a. MOMEHT
M, pacte Kako pacrojame O]l LEHTPATHE OCe @ pacTe M Takohe pacTe Kako ce HOcay
npuOIKaBa rPaHUYHUM paBHUMA y paHOM IpocTopy Hocauda Tepera CPR cuctema. Kana je
tauyka T, n3Haj Tauke /,, Tajga Hocad yjlasu y cTame JabwiHe pasHotexe (nmosuuuje I, Il u
V na Cn. 6.4) n kaga je Tauka [, ucnop Tauke [,, Taja J07a3H IO CTamba CTaOMIIHE
paBHOTe)Xe HOcaya (mosurmja I'" ma Cn. 6.4). OBaj ¢genomeH je moryh 3aro mro cy
3anoBosbenu ycnosu: AO=A,0, BF =B, F, CG=C,G v DH =D;H .
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Crnuxka 6.5 — JIBoquMeH310OHalIHA TPE3eHTallija aHAIM3UPAHOT TIpodieMa.

Hla O6um ce nakme oOjacHuo neduHUCaHW (EHOMEH MaTeMaTW4kd, Ouhe TpencTaB/beH
JIBOJIMMEH3HOHATHH 00JIMK mpobiema mto je nato Ha Ci. 6.5. KoopaunaTHu cucteM X, — Z;
je nocraBsbeH y Tauku 04(0,0). YV uneannzoBaHoM ciyuajy, JyKHHa yxeta usmelhy tauke 04
U Tauke A je O3Ha4YeHa Kao m, JIOK j¢ y PeaTuCTHYHOM CIIy4ajy nykuHa u3dmehy O; u Ag
O3HauYeHa Kao mg. CinuyHO cy nedpuHUCaHe U TyKUHE 1 U Ng. Bunu Ci. 6.5.

Jly>)kuHe m ¥ My UMajy HCTy BPEIHOCT y OMIIO KOjOj MO3UIUjH HOocava Tepera. VIcTo Tako u
TY’)KUHE 1 U Ny UMaJy UCTE BPETHOCTH y OUJIO KOjO] TTO3UIIUJU. AKO CE€ TIPETIIOCTABH J1a MOT'Y
Jla ce 0JIpe/ie CBE BEIMYHE KOj€ C€ MEHajy TOKOM KpeTama Hocadya TepeTa y Uealn30BaHOM
clly4ajy, oHAa je Moryhe oapeanTu BEIUYUHE: X4g, Z4r, Xpr U Zpg. Ca Ci. 6.5 Moxe na ce
nUIIe:

fr = (xgr — %ar) 2 + (Zgr — 2ar) % (6.1)
mi = xip + Z25, (6.2)
ng = (xpr — d)* + zpp. (6.3)

[ToTpe6HO je neduHuUCaTH joul jeaH yClIOB Aa OU ce OJIpenusie CBE YETUPH BEIMYUHE X4g,
ZAR, Xpr U Zpp W TO J€ YCIIOB Ja Cy Tauke Tr M Ip Ha UCTO] BEPTUKAIIHO] JIMHUJU Y CTalby
EeKBIIIHOpHjyMa:

XTR = X|IR- (64)
Jla 6u ce nedunucana nosuuyja Tauke T, MOTPEOHO je KOPUCTUTU TEOMETPUJCKE peraluje
ca Cn. 6.5. Ha Taj HauuH ce 1o0uja jeqHauYNHA:

fx h
XTR = XAR + 2 + 2

2 2
1+(ZBR—ZAR) 1+(xBR_xAR)
XBR™XAR ZBR™ZAR

(6.5)
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W3 ycnosa mpeceka usmelyy nunuja 0,1z (cmep nunamje mg) u 0,1z (cMep nuHUje ng), nodOuja
ce cnencha jennaunHa:

XARZBRA
XIR - . (6.6)
XARZBR+ZAR(A—XBR)

Jlabe, 3ameHoM jenHaunHa (6.5) u (6.6) y jenHauuny (6.4), 100Hja ce KOHAYHA jeJHAYMHA!

Lx b XARZBRA
XAR + 2 + Z = ARTBR 5 (67)
B 2 _ 2 XARZBR+ZAR(A—XBR)
1+<ZBR ZAR) 1+(xBR xAR)
XBR™XAR ZBR™ZAR
ITetn ycnoB npencrasiba oapehuBame yrina ag:
zZ —Z
ap = atan (M) (6.8)
XBR™XAR

Ynorpebom jennauuna (6.1)-(6.3), (6.7) u (6.8) je moryhe oapeauTu cBe BeluYnHe MOTpeOHE
3a OMHC PEATMCTUYHOT KpeTama Hocada Tepera y aBe auMmenHsuje. OBe jeqHaunHE CYy
MpeBHIlIEe KOMIUIMKOBAHE U HbHXOBA PellieHha He MOTY OUTH A00OMjeHa aHATUTUYKH, 1a je 300T
TOTa pa3BHjeH MpOrpaM 3a HBUXOBO HYMEPUYKO pellaBame. YHorpeba OBOI Mporpama u
npuka3 pemewma he Ourm gar y cieachem geny ose [nmaBe nucepramnmje. Jlormka
yInoTpeOJbeHa Ha JBOJMMEH3UOHAIHOM CIIy4ajy MOXe OUTH MCKOpHIIheHa 3a 3a aHaIu3y U
CHUHTE3y TPOJMMEH3UOHAIHOT CITy4aja.

6.2 CumyJ1anMoOHM pe3y/aTaTi

Y oBoMm neny paga he OuWTH NMpUKa3aHU CUMYJAIMOHU PE3YNTAaTH HM3BEICHH 3a KpeTame
CUCTEeMa y JIBe TMMEH3H]e, paBaH x; — z;. JlepuHucaH je paaHu mpoctop Hocauda Tepera CPR
cucteMa Ha cienehn HaunH: d X (—v) = 3.2 X (—2)m, 10K cy IMMEH3Hje HOcaya TepeTa:
f X h = 0.09d X 0.09(—v)m. YcBojeHo je na je pedepeHTHaA TpajeKTOpHja MIcaTH30BaHE
tauke / neduHMCaHa Kao MPABOJIMHMjCKA TyTama u3 Tauke Plgg: = [0.1, —1]m xa Taukm
Pl,,q = [3.1, —1]m. 3a ugenusoBaHo KpeTame, yrao je @ = 0 rad. OBaj OKpeT je nmpuKa3aH
pBeHoM 6ojom Ha Ci. 6.6. 3a oBako aepuHUCAHY pePEPEHTHY TPajeKTOPH]y UIICTU30BAHE
tauke /, oxpeheHO je pealMCTHYHO KpeTame Hocada TepeTa y IBOJUMEH3MOHAITHOM
IpOCTOpPYy, OJHOCHO onapeheHa je Tpajektopuja Tauke [p U yriaa agr. OBU pe3ynTaTtu cy
npUKa3aHu mwiaBoM 60jom Ha Ci1. 6.6.

Ca oBHX pe3ynTaTa, MOXE C€ 3aKJbYUUTH Ja pealuCTMYHO KpeTame Hocada Tepera CPR
cCHCTeMa MMa BeJMKa OJCTyNama y nopehemy ca CBOjUM HACAIN30BaHUM KpeTameM. OBO
MOJKE J1a C€ BUJIM Kao BEJIMKO OJCTYMame y MpaBlly Xq,Z; U @ KoopAuHaTa. Takolhe, Moxke aa
ce 3aKJby4M Jla ce TOKOM IpOpayyHa PEaTMCTHYHOr KpeTama Hocaua TepeTa He y3uma y
0031p HEeroBa Maca TOKOM I'€HEpHCama peaTUCTUYHE TPajeKTOpHje, OJHOCHO M3BpILIEHA je
caMmo reoMeTpujcka aHanuza ¢peHoMeHa. ¥ cienehem aeny aucepranuje he Outu npukaszasa u
eKCIIepUMEHTaIHA aHaJIi3a poliieMa aHaIu3upaHor y oBoj [ maBu pokTopara.
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Cnuka 6.6 — CuMyJTalliOHY PE3YJNITATH 32 UICTU30BaHU U PEATMCTUYHHU CITy4aj, a) X
KOOpauHaTa, 0) z KOOpIMHATA U B) yTrao «.

6.3 ExcnepuMeHTaJHU IPHKAa3 ¢peHOMEHA OpHjeHTaluje

Y oBoM jeny nucepranuje he OUTH JaTh eKCIIEPUMEHTAITHU JOKa3u ()eHOMEHA aHATH3UPAHOT
y oBoj I'maBu mucepramuje. Ha Cin. 6.7 je nara ¢ororpaduja mo3uinumje Tepera Kajaa ce Tauka
HOIIICHa TepPeTa Hajla3u Ha HEHTPAIHO] OCH PaJHOT MpocTopa a. Tadyka meHTpa Mace Hocada
Tepera je Takohe Ha ocu a. Buau ce 1a y TOj MO3HIHjH TePET CTOjH BEPTUKAIHO, Tj. 1a HEMa
3aKperama concTBeHe oce tepera b. To je mo3unmja Tepera npukazana Ha Ci. 6.3 u 6.4 kao
no3unyja L.

Ha Cn. 6.8 je mata mo3umuja Hocada Tepera Kaja je OH BeoMa OJM3y BepTUKAIHE TPAaHHYHE
paBHH 32 KOjy BaXH x=d. Moxe Ja ce MPUMETH Ja je TepPeT 3aKPEeHYT Yy MO3UTUBHOM
MaTeMaTH4YKOM CMEpPY Yy OJHOCY Ha BepTHKaJIHY ocy a. OBa MO3MIMja HOocaya Tepera je Ha
Cn. 6.3 u 6.4 mapkupana kao nosuiyja II1.

Crnuka 6.7 — [lo3unmja HOcaya TepeTa o3HaueHa kao I.
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Cnuxka 6.8 — [To3unmja HOcada Tepera o3HadeHa kao I11.

Ha Cx. 6.9 je nara paBHOTeXHa MMO3UIMja TepeTa KOju je O1Iu3y BepTHKATHE TPAaHUYHE PaBHH
3a KOjy Baxu x=0. Moe J1a ce BUIM J1a je TepeT 3aKPeHYT Y HETaTUBHOM MaTEeMaTHYKOM
cMepy y oJHOCY Ha BepTukaimy. OBa mo3uigja Hocada tepera je Ha Ci. 6.3 u 6.4 mapkupaHa
Kao no3unuja V.

Cnuka 6.9 — [To3unuja Hocaua TepeTa 0O3HayeHa kao V.

Ha Cn. 6.7 — 6.9 cy mpukazaHu eKCIIEpHUMEHTAIHH PaBHOTEXHU IOJIOKAJH HOcaya TepeTa
KOju MOTBPlhyjy TeopeTcke mocTtaBke AedUHUCAHE Y MPETXOAHOM Jeny oBe [naBe. Ha oBaj
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Ha4yuH je mpukazaH ¢peHomeH opujeHTanuje Tepera CPR cucrema u jeman mpemior pemniema
ucror he outn mpukazan y ciaeachem meny oBe riase, riae he OMTH MpUKa3aH HOBH OOJIMK
cuctemMa u 6uhe nerHUCAH BHEroBa MaTEMAaTUYKH MOJIEIN.

6.4 Penynnantuu CPR cucrem

VY oBOM Jeny JOKTOpara je ONMHCaH jellaH MOTyhu mpeyior peliema OpHjeHTalHje Hocaya
tepera CPR cucrema. [Ipeasor je cuctem Koju HOCH TEpET MPeKo ocaM yxkaan. CBako yxe je
MOTOKCHO jEAHUM aKTyaTopoM (MoTop+pemykrop+uekpk). Kperame Hocaua Tepera je y 6
DOF Kapre3ujanckoM HpoCTOpy, IITO 3HAYM Ja je CHCTeM peayHnaHTHa. OBaj cuCTeM je
HazBad CPR-8 cucrem u oH je npukazan na Ci. 6.10.

Cnuka 6.10 — CPR-8 cucteM y TpoAUMEH3NOHAIHOM IIPOCTOPY.

[lo3unmja U opujeHTalnMja LEHTpa Mace Hocada TepeTa je O3HaueHa ca BEKTOpOM p =
[xyz@0Y]" y onHocy Ha Ga3uuHM KOOpIAMHATHH CHUCTeM jedunucan y Tauku O ca Cu.
6.10. ¢, 6 1Y cy yrioBu 3apoTUPAHOCTH HOcaya OKO Oca Z, Y U X, pecrieKTuBHO. OHH ce joIt
HasuBa)y u OjnepoBu yrioBu. Paguu mnpoctop tepera CPR-8 cucrema je oOmmka
napajiesnenuneaa TuMeH3nja d X s X v, a Hocad TepeTa Takohje MMa OONMK CKaTHpaHOT
napanenenurnena auMeHsuja [ X w X h, = ng - (d X s X v), rae je ng QakTop CKaaupama.
I'opmwa TeMena Hocaua cy aepunucana taukama A, B, C, D, 10k cy noma TeMeHa neduHucana
taukama A’,B’,C’,D’. 3a cBako TeMe je Be3aHO IO jeqHO yxe. [opma TeMeHa Hocada
A,B,C,D cy moBe3aHa ca TopmuUM TeMeHWMa panHor mpoctopa O,F,G,H (ropme Tadke
Bellama) 0 akTyatopa (duekpka) 1, 2, 3, 4, pecnekTUBHO. AHAJIOTHO, TOKHa TEMEHa Hocaya
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A',B',C',D" cy moBe3aHa ca TauykamMa TPaHUYHUX BEPTHKAIHUX HBHIA PAJHOT MPOCTOPA
O',F',G',H' (nomwe Tauke Bemiama) 10 akTyaTopa (dekpka) 5, 6, 7, 8, pecrnekTuBHO. Y
CBaKOM TEMEHY C€ HaJla3d 10 jeJaH KOTyp MPEeKo Kora je mpebaueHo ojrorapajyhe yxke.
Tauke O',F',G',H' cy ynamene ox tauaka O,F,G,H 3a BuCHHY HOcada Tepera h,,
pecriektuBHO. PacTtojama m3mel)y Temena Hocaya Tepera U oAroBapajyhe Tauke Bemama Ha
pagHOM mpoctopy cy nehunucana Ha cienehu maumn: k = AO,h = BF,m = CG,n =
DH,k'=A’0', K =B'F',m'=C'G'.n’ =D'H'.

OBe BenMYMHE CY MPOMEHJBMBE TOKOM peaym3aije podorckor 3amatka CPR-8 cucrema u
BeoMa Cy OWTHe 3a JedUHHUCAmhEe KHHEMATUYKOT U JTUHAMUYKOT MOJeNia CUCTEMa, OJJHOCHO
HErOBOI MAaTEMAaTUYKOT MOJIENA.

KoncrpykTusHO je 06e30eheno na cy ayxune oj tavaka semawma O, F,G,H,0',F',G',H' no
onropapajyhux uekpak akryatopa 1,2,3,4,5,6,7,8 pecnekTuBHO, KOHCTaHTHE. To
Mo/ipa3yMeBa Jia OBe Iy>KMHE He yia3e y KHHEeMaTU4yKe U IUHAMUYKe jeJHAYUHE.

Kako ce Bumu ca Cn. 6.10, cucrem je peayAHIaHTaH jep MOCEAyje OcaM aKTyaTopa KOju
KOOpJIUHUpPAaHO BojJe Hocau Ttepera y Kapresujanckom pamHom mpoctopy ca 6 DOF
neduHUCaH BEKTOPOM p KOjU CE jOII 30BE MPOCTOP CIOJbAlIbUX KOOPAUHATA. YCBaja ce 11a je
yrao 3aKpeTama OCOBHHE aKTyaTopa wu3a peaykropa naedunucan BekTopom: D =
[0, 6, 05 6, 05 O, 6, B3]" 1 oBe BeMuKHE Cy 0O3HAUEHE KA0 YHTYpAIIHke KOOpIUHATE.

Llentap mace Tepera je aebunucan y KapTesujaHCKOM KOOpAMHATHOM cHcTeMy ca T =
[xyz]T. Ako ce cBaka Tauka TeMeHa Hocaua Tepera aehuuume y Kapresujanckom
IPOCTOPY, MOKE Ja Ce MHUIIIE:

1 holT
[ayazal"=T+R-|~; =5 +3| . 6.9)
T L ow , hoT
[xp yp z5]" =T +R-|+5 =5+ (6.10)
[nyCZC]T=T+R'_+é+%+%- (6.11)
T L w Rl
Lo yp 2o =T +R-[-2 +2 +2] | (6.12)
l holT
[Xar Yar ZA']T=T+R-[—5 -3 —7] ; (6.13)
T I w Rl
[ty Y 2] =T+ R-[+5 =% = 2], (6.14)
- L w Rl
[Xc' yer 2] =T+R-[+; +;—7] ; (6.15)
- L ow Rl
[xDIyDIZDI] :T+R|:—E +;—?] . (616)
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Poranmona marpuma R ¢urypumre y jemHaunHama (6.9)-(6.16) u ona je neduHucaHa Ha
cienehy HauuH:

cp-c0 cp-sO-sp—sp-cp cp-sO-cp+sp-syP
R=|sp-cO0 sp-sO-sP+co-cp sp-sO-sP—ce-cy (6.17).
—s60 cl - sy cl-cy

YMecTo cos HEKor yria je mucaHa ckpaheHuna c, JOK je 3a sin HEeKOr Yrja yCBOjeHa
ckpahenunia s. Y ciuenehem kopaky he Outu neduHMCaHa TPOMEHJBHBA PACTOjamba
k,h,m,n, k', h',m', n’ na cnenehn Haunu:

k = /%42 + ya2 + 2,2, (6.18)
h=(d—xp)?+yg%+ 252, (6.19)
m=./(d—xc)%+ (s —yc)? + z¢2, (6.20)
n=.xp2+(s—yp)2+2zp2, (6.21)
k' = xg2 +yp?+ (ho + 241)?, (6.22)
h' = (d = xp)? + ypr? + (ho + 251)2, (6.23)
m' =/(d —xc)%+ (s —yc)? + (ho +2¢1)?, (6.24)
n' =xp2+ (s —yp)?+ (ho + zpr)2?. (6.25)

Jla Ou ce HampaBuiIa reoMeTpHjcKa Be3a u3Mel)y mpocTopa CHOJpallllbUX M YHYTPAIIHBUX
KOOp/AMHaTa, npBo he OutH neduHucaHa Be3a u3Mely Op3uHe KpeTamba OCOBHHE aKTyaTopa
n3a peaykropa u Benuuuna k, h, m,n, k', h’',m', n' na cnenehu naunn:

. i . A . ; . 5 . A A WA “r

@=%@=%%=%m=%%=% —Q&=%%=%m%)
VY 0B0j jenHaunHU (GUTYPHUILY MOJYIIPEYHUIN YeKpKa akTyaTopa R; (i = 1,..,8) Ha Koje ce
HaMOTaBa/oJMOTaBa yxe. YCBOjeHO je Aa je R; = const. AKo ce HampaBe NPBU WU3BOAM
jennaunHa (6.18)-(6.25) m ako ce oHe 3aMmeHe y jeaHauuHy (6.26), oHIa ce nobuja Besa
u3mehy  Op3uHa  TpoMeHe  yrjoBa  3aKpeTama  aKTyaTopa  M3a  peaykKropa
& = [6,,6,,05,0,,0s,086,0,,04]" u 6p3uHa NpoMeHe KpeTama HOCAya TEPETa y MPOCTOPY
Kapresujanckux koopauHata p = [X,, 2, @, 0,]7:

® = Jgxe * P- (6.27).

OBom jeanaumHoM je aedunucan kuHematnuku wmozgen CPR-8 cucrema ca Cn. 6.10.
Kunematnuku mozen je neduHucaH JakoOMjeBOM MATpPHUIIOM Jgye. Marpunia Jgye j€ MyHa
MaTpulla, jep aHAJIM3UPAHU CUCTEM MMa CHA)XXHO cIpe3ame u3Mel)y mpocTopa Crosballbux U
YHYTpaIllbUX KOOPAWHATA.
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Cana je morpeOHO neduHuCaTH Be3y u3Mel)y crospalmbix cujla 1 MOMEHaTa KOju Jenyjy Ha
Hocau tepera Fp = [F F, F;, M, M,, M,]T u MoMeHaTa Koju [elyjy Ha OCOBMHE aKTyaTopa
usa pexykropa M = [M; M, M3 M, Ms Mg M, Mg]". OBu momenTtH cy aeMHHCAHH Kao
M=F-R, rtne F o3HauaBa cmie 3are3ama y  ojAroBapajyhem  yxery
F=[FF,F,E,F Fp Fn Fu]T, nox je R marpuma R = diag(R;). Ha ocHoBy
JlarpaH)XKOBOT' MPHHLMIA BUPTYETHOT pajga (BUAM pe3yiTaTe NpUKa3aHe y MPETXOIHUM
I'maBama), nedunuie ce Be3a usmely TpakeHUX BETUYHHA:

M = stsT)T “Fp (6.28),

rre je (Jgxs' )T Myp-IlenpoceoBa mceyno-unBep3uja MaTpHLE Jgxg | 104]. Jennaunma (6.28)
npumnaaa JAWHAMUYKOM MOJIEy OBOT CHCTEMa, alu HHje JI0OBOJbHA 3a JedUHUCAEE
KOMIUIETHOT quHamudkor mozena CPR-8 cucrema. YKymHM JWHAMUYKH MOJEN CHUCTEMa
VKJbY4YYj€ MAaTeMAaTUIKHA MOJIE aKTyaTopa ca CBUM HETOBUM ITapaMeTPUMa;

u=G, d+L, - ®d+S,-M (6.29),

rae je: u = [uy U, Us Uy Us Ug Uy Ug]T — BEKTOpP HANOHA HA CBMM MoTopuma, G, =
diag(G,;) — MaTpulla MHEPIMATHUX KapakTepucthka motopa (i=1,...,8), L, = diag(L,;) —
MaTpuIla KapaKTEPUCTHKA MPHIyIIeHha MoTopa, S, = diag(Sy,;) — Marpuila TeOMETPHjCKHX
KapakTepUCTHKA MOTOpA.

Kondwuryparja CPR cructema koja je anammsupana y oBom ey ['aBe 6 npeacraBiba camo jeaHo
Moryhe pereme mpobiaema opujenTanuje Hocaya Tepera CPR cucrema. Moryhe je auzajuuparu
pa3nuuuTe KOHQUTrypalMje CUCTeMa ca pa3MYuTUM OpojeM akTyaropa, IITo he OuTH
aHanM3upaHo u neduHrcaHo Kpo3 Oynyha UcTpaxuBama ayTopa OBe JUCEPTAIlH]e.
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ITnaBa 7

AHajm3a paaHor npocropa u u3oop akryaropa CPR cucrema

VY oBOM jeny qucepralidje je TeHeprcana HoBa MpoIleaypa 3a aHanu3y pajaHor npocropa CPR
cucrema. Ongabpana je koHdurypaiuja koja je npukaszana y nperogasoj ['maBu, omnocao CPR-
8 cucrem. OBaj cucreM je nmpukazad Ha Ciu. 6.10. [lepunncana nponenypa je nazpana CPR-
WWA (CPR-Whole Workspace Analyisis). IIponenypa oOyxBata, mopes KMHEMaTHYKOT U
nuHamuuku mozaen CPR-8 cucreMa, u yKynmHM MaTeMaTH4YKH Mojen akTyaropa. Ha ocHoBy
nponenype CPR-WWA je nepunucana m HoBa MerojoJiornja 3a u3dop akryatopa CPR-8
cuctema 1oy HazuBoM CPR-ACM (CPR-Actuator Choice Methodology). Merononoruja
pacrojaxe KaTaJollKuM nojanuma oapeheHor Opoja aktyatopa Koju cy AeduHUCaHH y 6a3u
nonaraka. KopucHuk u nu3ajHep neuHUITY CBOje 3aXTeBe, a jeJaH Ol HhHUX je M PeJIaTHBHA
BEJIMYMHA W3BOJJbMBOI paaHor mnpocropa CPR-8 cucrema. Ha ocHOBy TuX 3axrteBa,
metonosioruja CPR-ACM Ttectupa akTyaTtope U3 0a3e mojaTaka ¥ W3/iBaja yrnorpeOJbHUBeE 3a
npeneuHUCaHy KOHKPETHY HameHy. Pesynrar mpukasan y oBoj [naBu je wmHCnupucan
pamoBMMa KOju Cy ce OaBHIM aHAJIM30M W CHHTE30M PAIHOT IMPOCTOpA HHIYCTPUJCKHUX
pobotckux koH¢purypanuja [105]-[108] kao u pagoBuma KOju ce OJHOCE Ha KaOIOBCKHU
Boheme poboTcke cucteme [39]-[43].

7.1 llpouenypa 3a anaau3y u cuaredy pagnor npocropa CPR cucrema - CPR-WWA

[IpBe anammse pagHor mpoctopa CPR cucrema ca kojuma ce yuTanmal MOXE CPECTH Y
JIUTEepaTypu cy ouiie ypalheHe npeko reoMeTpHje cucrema.

AKO ce TIpEeTHoCTaBH Ja je Hocau TepeTa CKOHIIEHTpHCaHa Oe3TUMEH3HOHa Macay jeaHo]
Ta4KH, Kao IITO j€ YCBOJEHO Y JIOCAIAIHIM H3JIaralbuMa, KOjy HOCH CBHX OCaM YXaJIH, OHJIa
je Teopujcku paanu npoctop CPR-8 cucrema obnrka napanenenuneaa numMensuja d X s X v,
mTo ce Buau Ha Ci. 7.1.

MelhyTtum, peanHu ycloBH Cy Jla HOcCad TepeTa yBEeK MMa reoMeTpHujcku oO0iuk. Taj oOnmk
CMamYyje FeOMETPHUjCKU paaHu mpoctop [36]. YV oBoM mpumepy, Hocad TepeTa uMa OOJIHK
napajenenurena JuMensuja [ X w X h,. Y Tom cirydajy, TUMEH3Hje Hocada TepeTa CMambyjy

2 2 2
. l w
TEOPHUjCKH PATHU MPOCTOP Ca CBHX CTPaHA 3a BEIUYHHY d, = J (E) + (;) + (7") , ITO
MpeJICTaBJba MOJIOBHHY TJIaBHE JHjaroHane Hocada Tepera. CMameHH TeOMETPH]CKH PaHU
npoctop CPR-8 cucrema je mpuxazan Ha Cn. 7.2 u oH uma aumensuje (d — 2d,) X (s —

2d,) x (v — 2d,,).

Panau npocropu npukazaau Ha Ci. 7.1 u 7.2 He y3uMajy y 003Up NUHAMHYKE MMapaMeTpe
CPR-8 cucrema. J/la 6u ce 1o6uo n3BoaspHBH paguu npoctop CPR-8 cucrema, HEomxoIHO je
YKJbYYUTH U HErOBe IMHAMHYKE TlapaMeTpe. JlmHaMudKy rmapaMeTpu o0yxBarajy rnapamerpe:
MOTOpa, PEAYKTOpa, YEKpKa, alld UCTO TaKO U TEOMETPU]Y PATHOT MPOCTOpa, TE€OMETPHU]Y
HOcaya TepeTa, >KeJbeHy Op3uMHy KpeTama Hocada TepeTa, Macy TepeTa M HHU3 JPYTrux
napamerapa. Tume je npeaoyeHa cjaoKeHOCT OBE MPOIeaype.
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Crnuxka 7.1 — Teopujcku pagau npoctop CPR-8 cucrem.

[Iponienypa mpencraBibeHa y oBoj I'aBu mucepTanuje oOyxBara jenHaunHy JlarpaHxoBor
MPUHIIMIIA BHUPTYEITHOT pajga Koja je gara jenqHadunHoMm (6.28) u Takohe KHHEMATHUKY
jenHaunHy (6.27). Ilopen oBuX jenHauMHa, y aHAJIU3y M CHHTE3Y HW3BOAJBUBOI DPAIHOT
IPOCTOpa yKJby4eHa je M jeqHaunmHa aktyaropa (6.29). To je jemHa ox HOBHHA y OBO]j
JTUCEPTAINju y OJHOCY Ha JI0 cajia MyOJIuKOBaHE PajloBe.

Hosa npouenypa je nazBana CPR-WWA u 6uhe npencraBbeHa y fgajbeM Jieny ose [1aBe
JUcepTalmje.

Komnonenre CPR cucrema nukTHpajy HU3 OrpaHuuema. Heke o]l BHUX Cy HaMeTHyTe
3axTeBMMa KOPUCHUKA: TabapuUTH PaJHOT MPOCTOpa, Op3MHA KpeTama TepeTa, UT/; T0OK HEeKe
neuHUIIE caM JHU3ajHEp: Maca Tepera, MOITYNPEeYHULM YeKpKa; JIOK ce OcCTaje KyIyjy Kao
TOTOBH MIPOU3BOJIN: MOTOPH, PEAYKTOPHU U CJI. JaCHO je J1a OBE CBE KOMIIOHEHTE MOpajy OUTH
KOMIIaTUOMJIHE M BpJO BEHITO JAW3ajHUpaHe Kako OM CHUCTEM KOOPAMHHPAHO U
(YHKIIMOHATTHO M3BpLIaBao AepUHUCAHE 3a/1aTaKe.

3a pynkunonucame CPR-8 cucrema je jako 6utHo na 6yae ogabpan oarosapajyhu aktyartop.
Jla Ou ce ucnuTano Ja Jid Taj akTyaTop 3a70BOJbaBa 3aXTEBE JIM3ajHEpa U KOPUCHUKA, OUpajy
ce HEroBM MNapaMeTpu U3 Karajora. BaxxHu mnapameTpu M3 KaTtajora koje je moryhe
IIPOBEPUTH CY 3a MET pa3INuuTUX akTyaTopa natu y Tabemu 7.1.

Jla Ou ce ymnoTpeOWiIM KaTaloOIIKK IapaMeTpHu, Mopajy ce nedpuHucatd cuexaehe
KapakTepucTuke aktyaropa. [IpenocHn ogHoc 3a MOMEHT je Ny; = Ny; - &;. Tpeba oOparutu
NaXKky Ja KaTaJlollKe BpPeAHOCTH oOuuHO Hucy aare y Sl jenununama, ma ux Tpeda
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yCariacuTy ca OCTAJIUM BEJMYMHAMA y jeHauYuHU aktryatopa (6.29). lame, popmupajy ce
cienehe semmaune: Cg; = Co;* Nyiy Cyi = Gy Napi, Bei = Bei " Nyi * Nugi, Jri = Jmi " Nyi !
Nyi. 3aTuM ce yBOJI€ BEIMUMHE KOj€ KapaKTepHINy jeqHadnHy (6.29):

+CpuS,; =0 (7.1)

_Jriftri __ Pciftri
Gvi - Lvi Cryi’
Mi

Cmi ’ Cmi

Cnuka 7.2 — I'eomerpujcku pagau npoctop CPR-8 cucrem.

VY Tabenu 7.1 je omabpaH onrosapajyhu 4ekpk, OJHOCHO HOJYNPEYHHUK YeKpka R;, xoju
MOJKe 3HaYajHO J1a yTUYe Ha BEJITMUYNHY U3BOJBUBOT PAIHOT MIPOCTOPA.

[Tormrro 6u 6mI0 HeMoryhe aHaMM3UpaTH CBAKy TaYKy T€OMETPHJCKOT PaJHOT IPOCTOPA, OH je
nojiesbeH Ha N X N X N tauyaka y Kapre3njaHCKOM pajiHOM MPOCTOpY y: X, ¥ U z mpasiy. To
3HauM ja je 3a npouenypy CPR-WWA onabpana nHTepBajicKa aHaJIM3a U3BOAJBUBOI PAJHOT
npocTopa. 3a cBaky Tauky ce Aeununry cieneha orpannyema:

1) JeduHucano je orpaHuYeHmE 3a MPOCTOPHY Op3uHY KpeTama kKamepe Ve < Voax-
AnroputaM mojpasymeBa Tpane3ouAHHU OOIMK NMPOCTOpPHE Op3MHE V. ca NMPEeLHu3HO
neUHUCAaHUM BPEMEHOM yOp3aBama t .. U yCropaBama t;,. Hocaya Tepera.

2) Jlepunucana je Maca Tepera m MpeMa JAU3ajHEPOBOj MPOILEHHU j1a he To 3a70BOJBUTH
CBe MOTpede KOPUCHHKA 33 N3BPIIABAKE KEJHEHOT 33aJaTKa.

Ha ocHoBy orpanuuema 1) pauynajy ce cienehe BenmuuuHe Koje he OUTH MemwaHe y
nepuHUCAaHNM WHTEpBAIUMA:

) ZVCmax

3) x= {_chax: N :+chax}a (7.2)
o ZVCmax

4) y= {_chax: N :+chax}5 (7.3)

&9



. 2chax
5) z= {_chax: tHVomax (7.4)
Tab6ena 7.1 — I[lapameTpu akTyaropa.
Axtyatop 1 | Axrtyatop | Akryarop | AkTyatop | AKTyaTop
2 3 4 5
W3na3Ha cHara 300 100 50 20 10
Pinot[W]
Harmon 48 48 24 24 18
Umot[V]
bp3una 4700 3970 4500 5060 4777
Winot[RPM]
MowmeHTt 0.6 0.319 0.131 0.212 0.03
Mipoe[Nm]
EM koHcranTa 0.0945 0.1145 0.0356 0.0352 0.029
14
Cei [@
Koncranra 0.095 0.114 0.0357 0.0352 0.0299
MOMEHTAa
N
Cmi Tm
Koed. Bucko3Hor 0 0 0 0 0
Tpema
N
)
OtnopHoct 0.369 1.1 0.567 3.99 3.01
potopa
Rri ['Q']
Nuepruja 3579 1210 181 453 9.26
aKkTyaropa
Juilgem?]
[IpenocHu otHOC 30 25 26 30 26
Ny;
Koed. 0.6 0.7 0.7 0.7 0.7
e(hUKaCHOCTH
aKkTyaropa
$i
[Tomympeunuk 0.08 0.08 0.08 0.08 0.08
YeKpKa
R;[m]

y3 orpanuueme 1a pesynryjyha npoctopna 6psuna v.(k) =/ (x(k))2 + (y(k))? + (2(k))?
3a CBaKy WCIUTaHy Ta4yKy pPaJHOT mpocTopa (OWIO Koja TPEHYTHO MpoBepaBaHa k — Ta

KOMOMHAIMja) MOpa Jia HCIYHaBa YCIIOB:
06 (k) < Vimax- (7.5).

Jedununry ce orpannuema 3a JIpyre uzBojae Kapresujanckux koopanHaTta:
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f = {Tlemax Honar) (7.6)

tgec = tacc

o _chax +chax

= (e Homar} (17)
dec tacc

Z- — {_chax ) +chax}‘ (78)
tdec tacc

[lITo ce TM4e opujeHTAIMje HOCaya TepeTa, ycBojeHo je aa cy OjinepoBu yriioBu Y,0 u @
KOHCTaHTHH. CaMUM TUM EBbUXOBH IIPBH U JIPYTH U3BOJIU CY jeTHAKU HYIIH.

Ha ocHOBY /10 caja yCBOjeHUX OTrpaHH4CHa, yoTpeOoM jenHauuHe (6.27), u3padyHaBa ce
Bektop ®. IIpeko OBOT BEKTOpa CiEIM HpBa IIPOBEPA PATHOT NPOCTOPA jep Cy Op3mHE
KpeTama MOTOpa KaTaJIOIIKH OrpaHuyYeHe. Y cIoB je crneaehu:
A w
. < mot
|9‘(k)| ~ 9.5493-Ny;’ (7.9)
Axo ce noriena jeqaaunHa (6.29), BUIM ce Ja je HEOITXOIHO HAllPaBUTH OTPAHUYCHE U HA BEKTOPY

MoMeHaTta onrepehera M, ynpapibama 1 U @. [lomro je y orpanundesny 2) neduHucaHa Maca
TepeTa, FTeHEPHIIE Ce BEKTOP CIIOJbAIIBIX CHIIa U MOMEHaTa Ha cienehn HauuH:

F(k) =[m-2(k) m- (k) m- (Z(k) — g)000]”, (7.10)

r7ie je g TpaBuTaloHo yopsame. 13 jennauune (7.10) ce Buau ga cy MOMEHTH OKO X, Y U Z
HyJa, jep je paHuje ycBojeHo Aa ¢y OjiepoBU yriIOBU KOHCTAHTHHU.

[TpumenoM jennaumnne (6.28) ce u3padyHaBa BEKTOp MOMeHara onrtepeherma Ha 0COBUHAMa MOTOPa
n3a peaykropa M. MoMeHT Koju Jeyje Ha CBaKM aKTyaTOp MOpa Jia MCIyHaBa YCIIOB IpeMa
KaTaJIOIIKUM ITapaMeTprMa 0a0paHor akTyaTopa:

IMl(k)I < Mot * N (7-11)

[TotpebHO je orpannunty Bektop @. OrpaHHueHE 3a OBY BEIHUYMHY j€ YCBOjEHO Ha OCHOBY
cnenehe jeqHauMHE:

|9| — {_Mmot'Nmi +Mmot'Nmi} (7.12)
! Jri ’ Jri ' '
Ha ocnoBy jemnauune (6.29), pauyHajy ce€ ynpaB/baukd CHUTHAIM 33 CBaKy KOMOWHAIM]y k U
YIIPaBJbauKU CHUTHATA MOpajy OMTH OrpaHMYEHH IpeMa KaTaIOIIKUM TapaMerpuMa onadpaHor
aKTyaropa:

Iul(k)l < Umot- (7-13)

Ha oBaj HauuH cy cBe AMHaMHMYKE BEJIMUMHE OrpaHUYEHE Y OHOCY Ha HEKH 0JabpaHH aKTyaTop
(motoptpenykroptuekpk). Ilpumenom mnocrynka pnedunucanor jemHaunnHama (7.1)-(7.13)
nedunucana je mporenypa CPR-WWA koja ce KOpHCTH 3a aHaIW3y W CHHTE3Y pPaJHOT
npocropa CPR-8 cucrema. theHom mpumeno ce nedunwIne M3BOABUBU PATHU MPOCTOP
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Hocava tepera CPR-8 cucrema. ¥ nmasmem Tekcty oBor nena ['maBe 7 he Outu mpukazaHu
pe3ynTaTi MprUMeHe OBe Mpolienype u ouhe nprkazaHa yrnopeaHa aHajiu3a ca CUMYJIAllHOHUM
pe3ynratuma.

7.1.1 Cryauja cayuyaja: Ilpumena npouenype CPR-WWA na CPR-8 cucremy

AHanm3a U CHHTEe3a paJHor mpocropa je cnpoeneHa Ha CPR-8 cucremy numensuja d X s X
v=32mxX22mX2m. Maca tepera je m = 2 kg, A0OK Cy OUMEH3Hje HOcada Tepera
I XwXh,=0.224m X 0.154 m X 0.140 m. MakcumasiHa BpeaHOCT pedepeHTHEe Op3uHE
KpeTama Hocada Tepera je Vomqae = 1.3 m/s, nmox cy BpemeHa yOp3aBama U yCHOpaBama
cneneha t,.. = tgec = 1.82 5. YCBOjeHH Cy MCTH aKTyaTOpH 3a CBHX OocaM yxaau. 1o je
Axtyartop 1 u3 Ta6ene 7.1. Takohe, ycBojeno je naje N = 6.

VY naseem ey Tekcta Ouhe aHaMM3MpPaH KOHKPETaH MpUMep aHaJIU3€ U CUHTE3€ U3BOJbUBOT
pagHor mpoctopa U Ouhe mNpUKa3aHW CHUMYIALMOHU pPE3yATaTH KOjU Jajy MOTyhHOCT
ylopenHe aHaiuse U Baauaanuje nepunucane npoueaype CPR-WWA.

7.1.1.1 Ilpumep 1: Anajau3a U3BOAJLHBOT pajaHor npocropa3ay =0,0 =0ue@ =0

VY oBoMm pneny nucepranmje he Outu gara ynopeaHa aHalu3a U3BOIJBUBOT PAJHOT MPOCTOPA
nepuHUCaHEe TpOLEAYpPE M CHMYJAIMOHUX pe3yiarara. CUMYyJIalMOHH pE3yiaTaTh Cy
neUHUCAHU KAO JTIMHUJCKU MOKPETH KOjU MOTBPhyYjy A0OMjeHN M3BOAJBHBHU PaTHU IPOCTOP
npeko aeduHEcaHe mporeaype. YcBojeHo je aa cy Ojnepou yrimoBu P = 0,0 = 0u ¢ = 0.
W3BomseuBH pamuu mpoctop je mpukasan Ha Ci. 7.3. Ha Cn. 7.3a) je mpukazaH pe3yirat
nobujen nporeaypom CPR-WWA wu oBa cimka je reHepucana aupekto n3 MATLAB — a.
Cn. 7.30) mpukasyje pe3yiarar I0OHWjeH CHUMYJIAIIMOHUM pe3ylITaTUM W oBa (urypa je
redepucana pydHo y CorelDRAW — y. CuMmynanuoHu pe3yaTaTd Cy M3BEIACHH JIMHU]CKUM
TpajeKToprjama 1o Mpexu BuasbuBoj Ha Ci. 7.36). OBe TpajekTopuje cy U3BpIIaBaHe y: X U )
npaBily Ha N HHUBOA Yy TIPaBILy z OCe.

Cnuxka 7.3 — M3BoaspuBH pagHu npoctop Hocada Tepera CPR-8 cucrema renepucan: a)
nedunncanom nporeaypom CPR-WWA u 6) cumynanmoHuM eKCriepuMeHTHMA 3a YCIIOBE:
YP=060=0u¢=0.

92



[Topehewmem oBe nBe (urype, yodaBa ce HHXOBa MOAYAAPHOCT, a TUME U MOTBpAA Aa
reHepucana npouenypa CPR-WWA naje peasine pesynrate. Ca oBUX CIIMKa c€ BUAM Ja je 3a
ciyqaj Y = 0,0 =0 u @ =0 u ogabpanu Akryatop 1 u3 TabGene 7.1 M3BOIA/BMBU pagHU
npoctop 100% y ogHOCY Ha reoMeTpHjcKu paaHu npoctop ca Ci. 7.2.

7.1.1.2 Tlpumep 2: AHaiau3a HM3BOALMBOI paaHor mpocropa 3a P =0.5rad,0 =
0.5radu ¢ =0.5rad

Osgaj mpumep je ypaleH 1o MIASHTUYHNAM YCIIOBUMA U ca uctuM napamerpuma CPR-8 cuctema
Kao U TMPETXOJHHU MPHUMEP Ca jeIUHOM PA3IMKOM Yy OpHjeHTAIMjH HOcaya TepeTa Koja je y
oBoM cnydajy Y =0.5rad,0 =05rad nu ¢ = 0.5rad. Tokom aHanm3e H3BOAJBUBOT
PamHOT MPOCTOpPa OPHMjEHTAIMja je KOHCTAHTHA, Tako xa je ¥ = O = ¢ = 0. Pesyumrar
npumemene npouenype CPR-WWA je usBomspuBu pagHu npoctop Hocada Tepera CPR-8
cucrema npukazan Ha Ci. 7.4a). Ha Cn. 7.40) je mpuka3aH W3BOIJbUBU PATHH IPOCTOP
noOujeH Kao pe3ynTar cumynauuoHux pesyartara. Ca Cn. 7.4 je eBHAEGHTHO Ja je ca
0/1a0paHOM OpHjEHTAIIMjOM HOCa4ya TepeTa U3BOIJbUBU PAHU MIPOCTOP CMAkEH y OJHOCY Ha
nperxoauu npumep. Jedunucana npornemxypa CPR-WWA je ounrana ga je paagaud mpocTop
cMmameH Ha 84.72% y oHOCY Ha YKYITHU T€OMETPH]CKH paHH MpocTop Hocada Tepera CPR-
8 cucrema. CUMyIalIMOHU PE3yATaTH Cy MOTBPAWUIIM PE3yTaT J0OHjeH HOBOM IPOLEIYPOM
IITO C€ BUJIU U3 eBUACHTHE ciimuHoCcTH u3Mely Cin. 7.4a) u 7.40).

Cnuka 7.4 — U3BoaspuBH pannu nmpoctop Hocaua Tepera CPR-8 cucrema renepucan: a)
nepunucanoM nporeaypomM CPR-WWA u 0) cuMmynannoHuM eKCIieprMEHTHMA 32 YCIOBE:
Y =05rad, 8 =05radu e = 0.5rad.

Jla 6u ce:
D M0Ka3a0 HauMH reHepucama pesynrata ca Cin. 7.36) u Cin. 7.46) u
D) Ia O ce OBHU pe3ysiTaTh Mel)ycoOHO ymopeauu,

Ouhe mnpukasaHu CUMYJAIMOHU pE3YITaTH 3a CaMO JeIHY JIMHHUJCKY TpajeKTOpHjy U3
reOMETPHjCKOT paxHor mpocropa o tauke 0" mo tauke F''. OBaj MOKpET je 03HAYEH TLUIABOM
6ojom Ha Ci. 7.30) u Cin. 7.40).

93



VYnopenuu pesynrat ¢y aatu Ha Cn. 7.5. TpebGa Harnmacutu a cy CUMYJIAalMOHU PE3yJITaTh
U3BEJICHHU y UCTUM yClIOBMMa M 3a ucte napamerpe CPR-8 cucrtema, camo je pa3nuuuroct y
opHjeHTanuju Hocadya Tepeta. [lpumep a) ca Ci. 7.5 ce 0HOCH Ha TPajeKTOPH]jy MPHUKa3aHy
Ha Cn. 7.30), nok ce npumep 0) ca Cn. 7.5 onHocu Ha Tpajekropujy ca Ci. 7.46). CBaku of
OBHX IIpUMeEpa MpHKa3yje MPOMEHy yraoHe Op3uHe U3a pelyKTopa, MOMEHT ontepehema nza
PEeIyKTOpa U YIpaBJbayKy CUTHAJI MOTOpPA 3a CBUX OCaM aKTyaTopa.

Cnuka 7.5 — Ynopenau cuMmynaionu pe3yiratu 3a Ojnepose yriosa: a) Y = 0,06 =0wu
¢ =0ub6)y =05rad, 0 =05radu¢ = 0.5rad.

Y nmpumepy a) ce BHUIM Jla CBE OBE BEIMYMHE 3a/I0BOJbABA]Yy YCIOBe JeduHHCAHE
jennaunnama (7.9), (7.11) u (7.13). To 3Haum ga oBa TpajeKTOpHja MPHIANa W3BOJAJBHBOM
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pagaom npoctopy CPR-8 cuctema u To ce Buau Ha Cin. 7.30). 3a pasnuky o mpumMepa Mo a)
ca Cn. 7.5, y npumepy mox 0) ca UCTe CIIMKE ce BUIU Ja MOMeHTH ontepehema M, M3 u Mg
HE WUCHymaBajy ycinoB aepunucan jenHaumHoMm (7.11) m opmabpaHm axkTyatopu He
3aJI0BOJhABA]Y 3aXTEBE O] KOjUMa je TpajeKTopHuja M3BpIIeHA. Tako Ja oBa TpajeKTopHja
caMmo JISTMMHYHO TPHIIaa U3BOJbMBOM panHoM mpoctopy CPR-8 cucrema, mto ce Buau Ha
Cx. 7.40).

N3BoaspuBHM pagHu npoctop npukazan Ha Ci. 7.30) u 7.40) je moOujeH yrpaBo Ha OBaj HAYUH
— m3BpIIaBameM Beher Opoja JTUHH]CKHX TPajeKTOpHja Ha pa3iIMYUTHM HUBOUMA V: X, V, Z
KoOpaAMHATHOM cucteMy. Ha Taj HaumH ce mobuja na je 3a nmpumep ca Ci. 7.30) U3BOAJbUBHU
paJiHA TIPOCTOP MACHTUYAH TEOMETPHU]CKOM PaHOM MpocTopy nedunucanom Ha Ciu. 7.2. 3a
npumep ca Cn. 7.40) je mobujeHo Aa je M3BOJJBUBH PATHU MPOCTOP BUIJBUBO YMAambEH Yy
OJTHOCY Ha TeoMeTpHjcku pamguu mpoctop ca Cin. 7.2. Takole, remepasHo Moxe Ja ce
3akjpyud (3a Cn. 7.3 u 7.4) ma cy CHUMYJAIlMOHU pPE3YyITaTH MOTBPAWIN BaIUIHOCT
HoBoaedunucane mnpoueaype CPR-WWA 3a aHanm3y W CHUHTE3y H3BOAJBHBOT PAJTHOT
npocropa Hocaua Tepera CPR-8 cucrema. Tpeba HarnacuTH Ja je oBa mpoleaypa TeCTupaHa
Ha CPR-8 cucremy, anmm na ucra Moke OWTH NpUMEHEHA HA Pa3IMIUTAM KaOJIOBCKU
Boh)eHMM cucTeMuMa 1 y3 Majie Moau(puKaIje Ha IPYruM POOOTCKUM MEXaHU3MHUMA.

VY cnenchem nmeny oBe mucepranuje he Omtm neduHMCaHa HOBa METOJIOJIOTHja 3a H300p
aktyaropa CPR-8 cucrema Ha OCHOBY 3axTeBa KOPHCHHMKAa U PacCIoOJIOKHUBE Oa3e Mmojaraka
aKTyaTopa.

7.2 MeTonoJioruja 3a usoop akryaropa CPR-8 cucrema - CPR-ACM

[Tomro je y mperxomHoM ey oBe [ 1aBe passujena nporenypa CPR-WWA 3a ananmmzy u cuaTe3y
W3BOJUBMBOT paJHOT IMpocTopa Hocaua Tepera CPR-8 cuctema koja oOyxBaTa AMHAMHKY U
rapamMeTpe akTyaTopa, TO OTBapa Jajbe MOTYhHOCTHM 3a pa3BOj METOJOJIOTHje 3a u300p
akryatopa CPR-8 cucrema. Merononoruja koja he 6utu npukazana y oBom jeny ['nase 7
MOKe OUTH npuMemeHa Ha paznuuutuM CPR cucremuma, anu he oBne 6utu 1eMoHCTpUpaHa
Ha CPR-8 cucremy. OBa merononoruja Hocu Ha3zuB CPR-ACM (CPR-Actuator Choice
Methodology) u uzeja je ga ce Kpo3 by MOBEXKY MHKEHEPCKa 3Hama U3 OBE 00JacTu ca
TEOPHjCKUM 3HambHUMa Pa3BHjEHUM Yy IMpeTXoJHoM aeny ose [mae. IlomrTo je mpouemypa
CPR-WWA 3a aHaiu3y ¥ CHHTE3Y PaJHOr MPOCTOpa HacTala MpUMEHOM jefHaunHe (6.29) koja
o0yxBaTa IMHaAMHMKy Kperama komrmiaeTHor CPR-8 cucrema 3ajeqHo ca akryaropuma, cana
MOXE Jla C€ TEHEpHIIe METOJO0JIOTH]ja Koja OM CHCTEMAaTCKH HCIHUTHUBAJIA YMOTPEOJHUBOCT
HU3a aKTyaTopa YMjU Cy KaTaJOlIKU [apaMeTpu dyBaHU y 0a3u nogaraka. Merozponoruja ou
[0 MPOTPaMCKO] JIOTHIIM HampaBWia CeNeKIHjy u3Mel)ly pacrmosioKuBUX akTyaTtopa y
3aBHCHOCTH O]l HM3a TIOCTABJHCHUX 3aXTeBa KOPHUCHHKA W 3Hamka W MMarvHaIMje Tu3ajHepa
n3abpana oxroapajyhu akryatop. [Ipu oBom n360py ce mpeTnocTaBiba ynorpeda mpoienype
CPR-WWA pa3BujeHe y mperxogHoM jneny oBe [nase. Ilpu pasBojy oBe Meropoioruje ce
nokasyje Bucoka cioxeHoct CPR-8 cucrema, aktyatopa u Benukor Opoja OCTamMXx
napamerapa Koju cy Mel)ycOOHO CHaXHO CHperHyTtu. 300r Te CI0KEHOCTH je TOceOHO
3Ha4yajaH pa3Boj Mmeroponoruje CPR-ACM koja y3uma y o003uMp BeIMYMHE CBUX THUX
napamMeTapa Koju yTHIy Ha BEIMYHHY H3BOJJBHBOT PAHOT TIPOCTOPA.

Metononoruja CPR-ACM oOyxBara:
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1. xmaemarnuku moxen CPR-8 cucrema,

2. mu"amuukd mones CPR-8 cucrema u

3. npouenypy CPR-WWA 3a aHanuzy u cuHTE3y pagHor npoctopa Hocada Ttepera CPR-8
cucTema.

Cnuka 7.6 — Qujarpam Toka metogosoruje CPR-ACM.

Hujarpam toka metomosiornje CPR-ACM je mpukazan na Cn. 7.6. Ha moderky oBor
nujarpama ce aedunuiry napamerpu CPR-8 cuctema koju cy A00MjeHH y carjacHOCTH ca
3axTeBMMa KOPHCHUKa M jau3ajHepa. CBH mapaMeTpu CHUCTeMa Cy HCTOBETHM 3a aHAIU3Y
CBaKor akryaropa. Ha ocHOBy mapamerapa cucTeMa M 3axTeBa KOPUCHHKA HEONXOJHO je Aa
ce neuHHUIIE U KeJbeHa MPOIEHTYyaJHa BEIMYMHA M3BOAJBUBOT pagHOr mpoctopa X[%)] y
OJIHOCY Ha T€OMETPH]CKH paJHH TMpocTop Hocada Tepera CPR-8 cuctema.
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VY ©Oasu moparaka ce naepuHUIIE OpOj paclONIOKUBUX akTyaropa Ba xoju he Outu
aHanu3upaHu W ynopehuBaHu mpu ynoTtpeOu HoBonedumHHCaHe Metomosioruje. bpojau ce
WHUIMjanu3yje Kao Ha aujarpamy ca Ci. 7.6. Y cBakoM mpojacky Kpo3 MeTby yYUTaBajy ce
napameTpu i, — TOT akTyatopa U kopuctu ce nporeaypa CPR-WWA 3a ananusy u cuntesy
u3BOUbMBOr pagnor mpocropa x(iz)[%]. Y cBakoM mpoiacky Kpo3 IET/bY €€ IMaMTh
MPOIEHTYaJTHa W3BOAJBMBOCT PAJHOr TPOCTOpA IOBE3aHO ca TUIOM akTyaropa. OBaj
MOCTYIIAK Ce MOHABJbA 33 CBUX Ba akTyaTopa.

Y MoMeHTy Kana je i, = Ba, mocrymnak je 3aBpIieM U M3JIHCTaBajy Ce CBU aKTyaTOPH KOjU
3a70B0JbaBajy cieaehy ycinos: x(i,)[%] = x[%)]. TuMe cy H3TUCTAaHH CaMO aKTyaTOPH KOjU
3aJI0BOJbABAjy 3aXTEBE KOPUCHUKA U TIPEMIOPYKE AU3ajHEPA.

7.2.1 Cryauja cayuyaja: [ipumena merogosioruje CPR- ACM na CPR-8 cucremy

Ja 6u ce nerassHUje oOjacHmia Metonoioruja CPR-ACM, Ouhe nmpukasaH jegaH npumep
onabupa aktyaropa 3a CPR-8 kondurypaunjy. Ynorpebsbenu cy napamerpu CPR-8 cucrema
neduHUCaHU y TMPETXOAHUM JenoBuMa oBe [mame: moa-cekuuje 7.1.1 u 7.1.1.1, gok cy
KaTaJIOIIKK TTapaMeTpH MOTEHIMjaTHUX aKTyaropa aatu y Tabemu 7.1. Moxe na ce Buau ja
Opoj akryaropa Ba=5. Heka ce mHpeTmocTaBu Ja KOPHUCHUK 3aXTE€Ba H3BOJJBUBH PaTHU
pocTop cucrteMa y u3Hocy ox x[%]=90[%] y oqHOCY Ha T€OMETPH]CKH paJHU MPOCTOP AT
Ha Cn. 7.2. V3Bo1JbUBHY pagHu TPOCTOP 0OHjeH ymoTpebom aktyaropa 1 m3 Tabene 7.1 je
npukazadn Ha Cin. 7.3a) u Buau ce na oH usHocu x(1)[%]=100[%)]. W3BoapuBU pagHu
npoctopu 3a CPR-8 cuctem xoju kopuctu akryatope 2, 3,4 u 5 cy garu Ha Cn. 7.7a), 7.76),
7.78) u 7.7T), pECIIGKTUBHO.

OBe ciMKe BH3YEJIHO MOKa3yjy CMamemhe M30BJBMBOT PAJHOI MPOCTOPA, a FHHXOBA NMPOIEHTYaTHA
BpPEIHOCT je mpukazana y Tabnemu 7.2. Pamm jacHohe wm3narama, oBaj pe3ynTar je W TpadudKu
npuka3ad Ha Ci. 7.8. M3 mpuka3zaHux pesyjTaTa MOXeE Jia ¢ BUAM J1a jJeJMHO akTyaropu 1 u 2
UCITyHaBajy yCJOBE 3a7are O]l CTpaHe KOPHCHHUKA M TO je MapKHpaHo cMBOM OojoMm y TaGemu 7.2 u
npuKasaHo je takohe na Ci. 7.8.

Tab6ena 7.2 — Pesynratu nobujenu npumenom metononoruje CPR-ACM.

Axtyarop 1 | Axryatop 2 | Aktyarop 3 | Akrtyarop 4 | AkTya
(la=1) (ia=2) (ia=13) (la=4) TOp 5
(iq
= 5)
)% 63:1001 ) 870207 100 96.3 85.19 87.04 7.41
pajHH
IPOCTOP
x(iq)[%]
3a =
0,6 =0mu
=0
[Tpukazan Cn. 7.5a) Cn. 7.9a) Ci. 7.90) Cn. 7.8B) Co.
Ha 7.9r1)
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Crnuka 7.7 — Jlo0ujeHn W3BOIJBUBH PaJIHU TIPOCTOP 32 akTyarop: a) 2,0) 3,B)4 ur) 5.

Crnuka 7.8 — YopeHu puKa3 U3BOJBHBOT PaIHOT MPOCTOpa YIOTPEOOM pazIUuUTHX
aKTyaTopa.

Mertononoruja 3a uzbop akryaropa CPR-ACM je Gazupana Ha maremaruukoM monerny CPR-
8 cuctema. Jlobpa ¢opmynanuja MareMaTHYKor Mojiena U (peHOMEHa KOju KapaKTepHILy
CPR-8 cucrem je nmpeayciioB fa ce 1o0uje MTO peaTHHju U3BOIJBUBH pajHu npocTop. Ha Taj
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HauuH ce 00e30elyje 3nayajua nmomoh muzajuepy CPR-8 cucrema mpu omabupy aktyatopa.
HapagHo, y3 mane moaudukanuje moryhe je ymorpedutu meronoiorujy CPR-ACM 3a 6miio
KOju pOOOTCKM WM HEKH JAPYrH CIy)KeHH Mmexanu3am. OBO Jaje Ha BPEIHOCTH OBO]
METOJIOTHU U HheHa YIoTpeda Ha pa3IuuuTHM cucTeMuMa he OuTH Tectupana kpo3 Oymyha
UCTPAXKHUBAbA.
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I'naBa 8

IIpojekToBame ynpas/bauke cTpykrype 3a CPR cucrem
€r3aKTHOM JIMHEAapu3alujoM

VY oBoj ['maBu nucepranuje je neduHrCcaHa HOBa yIpaBJbadyka CTYPKYTpa 3a jeHy omgabpaHy
koHpurypamjy CPR cucrema. IlpojekroBana je ympaBjbauka CTPYKTypa €r3akTHOM
JUHEApH3alMjoM OJ yja3a JI0 CHOJbAlIbUX KOOpAWHATa. 3a AeduHHUCame yIpaBbauke
CTpYKType M meHy aHanu3y je omabpan RSCPR cucrem koju je mpukasan Ha Ci. 2.1.
JletasbaH moCTynak AeguHUCakha MAaTEMAaTHUKOT MOJiea OBOT cucTeMa je nat y ['maBu 3 oe
mucepramyje u'y [67]. Ja 6u ce ycnemHo neduHUcaa HOBA yIpaBjbadyka CTPYKTYpa, Y OBOj
I'maBu gucepranmje je NMPBOOMTHO AePUHUCAH HM3MEHEHH OOJMK MAaTeMAaTHYKOT MOJeia
crcTeMa, OJIHOCHO TPHUKa3aH je MaTeMaTHYKUd MOJIENI CUCTEMa y MPOCTOPY CTama. 3aTHM je
neuHUCAaHa HOBa YyIpaB/hbauka CTPYKTypa KoOja je HAKOH TOra aHaJM3MpaHa IPEKo
oJroBapajyhux cMMyJalMoOHUX MOCTaBKU. Pe3ynrartu npukazanu y oBoj ['aBu qucepranuje
Cy uHcnupucanu pesyiararuma us3 [109]-[112].

8.1 MaremaTnuxku moznea RSCPR cucrema y npocropy crama

Y I'maBu 3 oBe amcepTainyje je Mpuka3aH AetajbaH marematudku mozaen RSCPR cucrema.
OBaj cucrem je mnpema Cn. 2.1 npukasan 3a Haariaenamwe ¢ynodaincke yTakMUlle Y
TPOAMMEH3NOHAIHOM MPOCTOPY a MOXKe OUTH yrnoTpebsbeH u y apyre cpxe. Hocau kamepe
ce MPEKO yXKaJu, Koja ce HaMOTaBajy (0JMOTaBajy) Ha YEKPKE aKTyaTOPCKUX IOJCUCTEMA,
kpehe y mpocropy. Kperame Hocada kamepe y TPOIUMEH3HMOHAIHOM MPOCTOPY 3axXTeBa
KOOpAMHUpaHO KpeTame akryaropa RSCPR cucrema. OBaj cucreM MMa TpHU CTeleHa
co0ozie M MOTOWmEH je ca TPH aKTyaTopa, MTO 3HAYu Ja je HepeayHaaHTaH. CBakM YeKpK
HaMOTaBa (0JIMOTaBa) MO jeJIHO YXKe.

VY I'maBu 3 oBe gucepraiuje je JaT yKylmaH MaT€MaTHYKd MOJIeJ OBOT CHCTEMa Yy OOJHKY

(Buau jennauuue 3.21 u 3.22):

u=G,p+L,p+S,JN)7F, (8.1)

TAC Cy Hapamerpu. i = [”1 u, u3]T , Gy =diag G, , =16, 6, 651", L, =diagL,,
S, =diagS,, nepunucann y I'maBu 3 ose nuceprammje. J je Jakobujea marpuia Koja

IIpeciMKaBa Op3MHY KpeTama Hocaua kamepe p = [X ¥ 2]’ y Gp3uHy Kperama OCOBHHE
aktyatopa ¢ = [0; 60, 63]7 u GyHKIMOHANHO je 3aBMCHA OJ] CTIOJBANINX KOOPMHATA P:

¢ =Jp,J =]®). (8.2)

Takohe, y jennaunnu (8.1) ce momume u Benmmuuna F = [Fx  F, F]T xoja npexncrasba
CHIly TO KOMIIOHEHTama y: X, Yy, z mpaBiy Kapre3ujaHckor KOOpPAMHATHOT CHUCTEMa
nocraBibeHor y Tauku O, Buau Ci. 2.1. OBa cuna je gara jelHaunHOM:

F=m( +ac) + P,. (8.3)

[IpBu wnan cuie F omMcyje WMHEpUIjaIHy CHIIy HOcaya KaMmepe W YTHIla] TI'paBUTaIje

a,. = [O 0 - g]T Ha HOcay Kamepe, oK je P, mopemehajna cuna. Maca Hocaua Kamepe je
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o3HayeHa ca m. Tpeba Harmacutu na y JakoOujeBOj MaTpuid (GUTYpHUITy, TOPEI OCTaTUX
napameTrapa, ¥ TOJYNpedYHUIM cBa Tpu dekpka: R;(i = 1,2,3). [NomympeuHunm dYexkpka
Mpe/ICTaB/bajy OWTaH MapamMeTap W OHU 3HAYajHO YTUYYy Ha guHamMudku om3uB RSCPR
cucrema. Ha oBaj HauMH je camo ykparko nat onuc matemarmukor monaena RSCPR cucrema
u3 ['naBe 3 oBe nucepranuje.

Pann xoHCTpyHcama HOBE ympaBijbauke CTPYKType, HOTpeOHO je MareMarndku moxaen (8.1)
MPUKa3aTl y MPOCTOPY CTama, OJHOCHO MOTPEOHO j€ M3BPIIUTH HEroBY MOAU(DUKALH]y.
VYepmtaBamem u3paza ca cwiry (8.3) y umspaz (8.1), nobuja ce obOauk jenHaunmHe 8.4.
I'pynucanu cy cabupuu cuwie Ha oaroBapajyhm HaumH mnpema mnoTpeOM TmpuKasa
MaTeMaTH4KOT MOJEIA.

u=G,$ + Ly + mS,®)") 7 + S, (@)) 7 (macc + By). (8.4)
JlubepenupmeM jennadnse (8.2) go6uja ce:
¢ =Jj)p +]®)p, (8.5)
OJAKJIE ce P MOKE H3Pa3HUTH Ha ciIeaelinl HauuH:
p=]®)(é - JP)D). (8.6)

HpBI/I HU3BOJ JaKO6I/IjCBC MaTpune 1o BpEMEHY MOKE 1a C€ U3pa3u IIPCKO U3BOJA 110 HOSI/IHI/IjI/I
p U U3BOJa HOSI/IHI/IjC I10 BpEMCHY:

dj(p) _ 9J®) p 00
. ] Ji .
j) === -[0 p 0]. (8.7)
0 0 p
VepmraBame (8.7) y (8.6) nobuja ce:
. p 0 0
.. 1 o . .
b =J(p) 1(¢—a—;’- [0 p 0] -p>. (8.8)
0 0 p
Moxe npa ce Hamnume ynpomhenu oOnuk jenHaunHe (8.8) ako ce yBemy cienehe
IIPOMEHJbUBE:
9] ()
K(p) =7, (8.9)
p 0 0
M) = [0 P 0] P =[xy xzxy (1) yzxzyz (2)?]".  (3.10)
0 0 p
Taxo na jennaumHa (8.8) Moxe fa ce Hamuie y cieaeheM o0nuKy:
p=]®) (¢ - K@M®)), (8.11)

Ha ocnoBy jegnaumne (8.2), MOXe /1a C€ HamWIIEe WHBEpP3HA pelamuja 3a HU3padyHaBarmbe
Op3uHE KpeTama Hocava KaMmepe p:

p=J]p) . (8.12)
Axo ce u3paz (8.12) yBpetu y (8.11), nobwuja ce:
p=]®) (b - K@MI®) ). (8.13)
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VBpmraBamweM jenHaunHe (8.13) y maremarnuku moznen RSCPR cucrema (8.4) mobuja ce
cneneha jeqHauMHA:

u= (G, +mS,J®NY®) )+ L,
—mS,J®)") J@) K@MI®) D) + 5,0 (mac, + B,). (8.14)

AKko ce neduHuUIIe eKBUBAJICHTHA HHBEP3Hja ca ciaenehum u3pa3om:
Np)=U®D 7 ®) ™" =0@I®H™, (8.15)
1 aKO Ce UCTa 3aMCHHU Y jeqHadyunny (8.14) Moxe aa ce nuiie:
u= (G, + mS,N®))$ + L, —mS,NK®IM(J (@) ¢) + S,J(@)")"d, (8.16)

rae je cama d O3HaueH Kao BEKTOp mopemehaja neduHucaH 30MpOM TpaBUTAIMOHE U
nopemehajue cue:

d =mac +F,. (8.17)
VY ciieneheM kopaky ce ycBaja BEKTOp cTama Ha ciiefehy HaunH:
T
T P
x =[xy %, x3]" = [P¢¢] =|xyz 6, 0,03 6,06,03] . (8.18)

T

x! T

x5 T

X3
Jennaunne npocropa crarba RSCPR cucrema Mory ce, Ha ocHOBY jeaHauuHa (8.12) u (8.16),
HanucaTH y 00JIUKY:
X1 = f1(x1)x3
5('2 = x3 (819)
X3 = fa1(x1)x3 + f32(x1, X3) + gs(x)u + y3(x1)d,
I7ie Cy U3pa3y 3a O3HaueHe BeKTopcke QpyHkuuje caeaehu:

9:(x1) = (Gy + mS,N(x))

fi(x1) = J(x1) 7 (xq)

f31(x1) = —g3(x1)Ly (8.20)
f32(%x1,x3) = g3(x)mS,N (x)K (x )M (J (x1) ™ x3)

¥3(x1) = —g3(x)S, U (x)) ™

[ToTryHH MaTpUYHU 3alKC jeIHAYMHA CTambA je:

x=fx)+gu+yx)d, (8.21)
rze cy npunanajyhe komnonente jeanaunse (8.21) y cienehem o6nuky:
f1(x1)x3 0351 03x1
fx) = X3 ,g(x) =] Ozx1 |, y(x) =| O3x1 [ (8.22)
fa1(x1)x3 + f32(x1, x3) 93(x1) Ys(x1)

Matematuuku moqen RSCPR cuctema je Ha oBaj HauMH J0BeeH y oarosapajyhy dbopmy 3a
MPUMEHY M TeHEepUCamhe YIpaBJhbadyke CTPYKType IMTO he OMTH JaTo y JajbeM TEKCTY
JUcepTalyje.
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8.2 IIpojexToBame ynpaB/bauke CTPYKTYpe €r3akTHOM JIMHEAPU3aUMjoM O] yJja3a /10
CHO/bALIIBLUX KOOPAMHATA

VY oBom neny ['maBe 8 he OuTu maT moctymak Kpeupama ymnpabibadke cTpykrype 3a RSCPR
CHCTEM HM3BpIICHE €r3aKTHOM JIMHEapU3allijoM O]l yja3a JI0 CIOoJballllbuX KoopauHata. Paau
jacHohe u3narama, 0Baj mocrynak he Outu mojespeH y Tpu ¢ase.

8.2.1 IIpBa ¢a3a — feedback smneapusanuja

Ha ocHoBy m3pasa (8.13) u nedunucanux enemenara Bekrtopa crtama (8.18), moryhe je
Harnucatu cieachy jeqHaunHy:

J)p = ¢ = K(x)MJ (1) x3) = ¢ — K ()M (x5, x3). (8.23)
JlajbuM yBpmITaBameM ¢ iz (8.16), cMeHoM crama aeduHHCaHHX jexHaunHOM (8.18) M
3aHeMapHuBambeM BeKkTopa nopemehaja d nobuja ce jenHaunHa:

J(x)P = g3 () [—Lyxs + mS,N(x)K (x )M (xq, x3) + u] — K (x)M (x4, x3). (8.24)
MuoxemeM u3pasa (8.24) ca gpynkuujom gz (x;)~! ca neBe cTpaHe cienu jeHAUYHHA:
93(x) Y ()b = —Lyxz + mS,N(x)K (x)M(xy, x3) +
U= gy (x1) " K (x)M(xy, %5). (8.25)
Axko ce m3abepe crneaechu 3akoH yrpaBibama U3 jeqHadnae (8.25):
U = Lyxz — mS,N(x)K (x )M (xq, x3) + g3(x1) T K (x )M (x1, x3) + g3 (1) " (x)v
= Lyx3 + G,K(x)M(xy, x3) + (G, + mS,N(x1))] (x)v,  (8.26)
oHJIa ce jenHaunHa (8.25) cBou Ha:
p=v, (8.27)
TJ. BpIIU ce er3akTHa JuHeapuszanuja RSCPR cucrema on HOBoyBeaeHOT yIipaBbaukor yia3a

v 10 u3naza y=p. OIHOCHO BpIIM CE€ JIEKYIUIOBAal€ CHUCTEMa Ha TPU OJBOjeHa KaHaja, OJ
KOJUX CBaKHM IpejAcTaB/ba JABOCTPYKHM HHTErpaTop, Kao o0jekaT ymnpaBibama (V; — P =

X,Vy = Py =Y,V3 2 P3 = Z).

8.2.2 JIpyra ¢a3za — npojekToBame KOHTPOJIePA 32 KaHaJIe — IBOCTPYKe HHTerpaTrope

Nmajyhu y Buny jeanauuny (8.27), 3a cBaky M0jeAMHAYHY KOMIIOHEHTY BaXkKH:
p,=v;, j=123. (8.28)
VY npoctopy rpemike npahewma pedepeHTHE BPEIHOCTH 1e(PUHUCAHOM Kao:
. . T
er = [ey )" = [pj = Djres Dj — Pjres | » (8.29)
jeaHadYnHa MOJieJIa IPOCTOpa CTamka IIIACH:

é1=ez

62 =V, — Bjres (8.30)
YBolheweM uHTErpana rpemke npahema jeTHaYMHOM:

ey = fot e, (1)dr, (8.31)
7001ja ce MPOUIMPEHH BEKTOP TPELIKe:

err = [ey ey 5], (8.32)
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3a KOjH je POCTOp CTama OMUCaH Kao:
éo =€
él = ez . (833)
€2 =Vj — Djref

Axko ce nzabepe cienehu o61uK yrpaBibauke CTPYKTypeE:

v = _Kieo - erl - Kdez + p] refs (834)
oHnma ce obe3behyje na jennaumna (8.33) moOuje (MHEapHy) KaHOHMYHY (Gopmy U na ce
KeJbeHEe TMO3MIMje TII0JI0Ba TOI CHCTEMa 3aTBOPEHE CIpere MOTY OCTBAPUTH H300poM
koeunmnjenara K, K;, Ky:

f(s) =s® +Kys* + Kps + K, (8.35)
rie u30op Moxe aa Oyne:

f(s) = (s + 3wg)3, (8.36)

KOJU pean3yje MPOIYCHU OIICEr perylialrje NO3UIje Y H3HOCY Wy.

8.2.3 Tpeha ¢a3a - umnemenTanuja

[Tocmarpajyhu u3pa3 3a feedback-nmuHeapusanmoHu 3akoH yrpaBibama (8.26) youaBa ce
HEroBa KOMIUIEKCHOCT. MOXe J1a ce yCBOjU J1a yTuIaj Op3uHE CHOJballlbUX KOOpAMHATA P Ha
yOp3ame YHYTpAIbUX KOOpAMHATA ¢ y m3pasy (8.5) mpeacrapsba mopemehaj u Moxe 1a ce
M30CTaBU U3 KpeHpama 3aKOHa yIpaBibamka clieehoM anpokcumanujom:

K(x1)M(xq,x5) = 0. (8.37)
Ako ce ampokcumanuja (8.37) mpumenu Ha uspa3 (8.26), nobuja ce MojeqHOCTABIbEHA
BapujanTa feedback-muHeapu3anoHOr 3aKOHA YIIPaBJbamka:

u = Lyxz + (G, + mS,N(x1))] (x)v. (8.38)

VepmraBaweM aepuaunmja (8.30) u (8.31) KOMIOHEHTH MNPOIIMPEHOI BEKTOpa CTama Y
jennaunny (8.34), nobuja ce PID ¢Qopma 3akoHa ympaBibama 3a AEKYIJIOBaHE KaHaJe
KOMIIOHEHTH MO3UILIHj€:

V; = Kpj(Djrer=p;) + Kij o (D) rer=;)dT + Kaj(Bjrer = B;) + Bjrep.j = 1,23, (8.39)

3akoH ympassbamba (8.39) Moxe aa ce mpommpH anti-windup memoMm (jeHa 0/ CTaHAAPIHUX
3a PID perynauujy TuHeapHHUX cucTeMa) na ce 1oouja:

t
v = Kpj(Djrer—pj) + f [Kij(0) rer—p;) + ®aw (V) sac — vj)]dz
0

+Kaj(Bjrer = Bj) + Bjrerrj = 1,23, (8.40)
TIE CY Vjgqr KOMIIOHEHTE BEKTOPA UVsqr OTPAHMYEHOr yIpaBjbamba U, Kao IOCIENHIE
3acuhema Uz, YKYITHOT BEKTOpA yIpaBibamba U, a Wg,, NMPEICTaBJba MPOIYCHU OICET anti-
windup aenmoBama. Y JIMTEPATypH c€ OOMYHO O3HAYaBA Wg, = 1/T;, Tme T; mpencraBiba
BPEMEHCKY KOHCTaTHY npahema [113].

Wnejno, mnomro feedback-nuHeapusanmonn 3akoH ympaBibama, Owio (8.26) wim
anpokcuMaTuBHU (8.38), Bpin TpaHchopMalijy BEKTOpa vV 'y BEKTOp U, jeZjaH Moryhu HauuH
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PEKOHCTPYKITHjE BEKTOPA Vg, j€ TIOMONY MHBEp3HE penalyje, Ha OCHOBY MoJena 3acuhema.
AKO je UMIUIEMEHTHPaH OpUTHHAIHY 3aK0H (8.26), oHaa ce noduja:

-1
Usat = ](xl)_l(G,, + mSvN(xl)) [sat(u) — Lyx3 — G, K (x)M(x1, x3)], (8.40)
OJIHOCHO, 3a IIPUMEH-CHH allPOKCMMAaTUBHY 3aKOH yIpaBJbama (8.38) ce nobuja:
_ -1
Vsar = J(x1) 1(Gv + mSvN(X1)) [sat(u) — L,xs3]. (8.41)

JlebrHnCcameM 3aKOHA yIpaBJbamkba Yy OBOM jeny ['naBe 8 je moOujeH jeHOCTaBaH HAYUH
HBUXOBOT TOJICIIaBamka, jep MOCTOje caMo JiBa TOJCCHUBA IapaMeTpa ca jaCHUM 3HAYCHEM:
MIPOITYCHH OTICET PeryJialyje MO3UINje Wy ¥ MPOIMYCHHU orcer anti-windup AejcTBa wg,,, KOjU
ce MOTY PeNIaTHBHO JIAKO €KCIIEPUMEHTAITHO MOJICCHUTH.

VY oBom aeny ['naBe 8 je neduHucan HOBU 3aKOH yrpaBibama 32 RSCPR cucrem. 'enepucana
je ympaBibauka CTPYKTypa €r3akTHOM JIMHEapu3aldjoM Of Yyla3a [0 CIOJballllbuX
KoopauHaTa. Y cienehem nemy oBe ['nmaBe he OuTH mpuKasaHW CHMYJIAMOHH PE3yJTaTH
nomohy kojux he Outm Tectupan pag RSCPR cucrema ympaBbaHOT HOBHM 3aKOHOM
yIpaBJbarmba y pa3inyuTo Ae(HUHUCAHUM YCIOBUMA.

8.3 Cumys1annoHu pe3yaraTu

VY oBom aeny ['nmaBe 8 he Outu mpukazaHo tecTupame U ananmza oa3uBa RSCPR cucrema
KOJU je KOHTPOJIMCAH YIpPaB/bauKOM CTPYKTYpOM Koja je mperxogHo neduHucana. buhe
TEeCTUpaHa IM0jeIHOCTaB/beHa BapujanTa feedback-muHeapu3annoHOr 3aKOHA YIpaBibamba
nepunucana jennaunaoM (8.38). Kao mTo ce BuUAM M3 TE jelHAYMHE, OBa yIpaBJbadyka
cTpykTypa 3aBucu oj napamerapa RSCPR cucrema. YopaBo y oBom neny ['mase 8 he ouru
TECTUPaHa POOYCHOCT YIPaBJhauKe CTYPKTYpE 3a pEaJHe IapaMmeTpe CHCTeMa KOju Cy
MOTPeNTHO oJipeheHn y OJHOCY Ha HUXoBe pedepeHTHe BpeaHocTH. [IpBoOutHO he OuTH
aHaIM3MpaHa yrpaBibaya CTPYKTypa Koja KOpUCTH pedepeHTHEe mapameTpe, a 3aTuM he Outu
TECTUpPaHa HUCTA 33 peaHe MmapaMeTpe KOju Cy pa3InduTH o] peepeHTHUX. 3a aHAIU3Y pajaa
yIpaBJjbauke CTpykType, pedepentHu mnapametrpu RSCPR cucrema cy cnenehu: R; =
0.15m (i = 1,2,3), G,; = 0.1787, L,; = 3.4186, S,; = 0.364 u m = 1kg. Makcumanna
BpPEHOCT HamoHa Ha MoTopuMa U3HOCU Uy, ., = 24V. luMeH3uje pagHoTr MpocTopa Kamepe
RSCPR cucrema cy: d X s X v = 3.2m X 2.2m X 2.0m. YcBojene cy cneache yuecranoctu
3a neuHuCcCamke KOHTpollepa: wy = Srad/s u wg,, = 75rad/s. 3a Tectupame 06a ciayyaja
MIPUMEHE YIPaBJhauKe CTPYKTYpE j€ YCBOjeH HACHTHYAH peepeHTHH MOKPET Hocada KaMepe
y TPOJMMEH3MOHAIHOM MPOCTOPY U OH je mpuka3zaH Ha Cn. 8.1. Ha ciumm je mpukazana
MOYeTHA TIO3HIINja U CMEP KpeTama Hocada KaMepe.

8.3.1 Ananu3a ynpas/bauke cTpyKType 3a pedpepenTHe napamerpe RSCPR cucrema

VY oBoj noa-cexuuju he o6utn npukazan pag RSCPR cucrema xoju je ynpaBibaH 3aKOHOM
nepuHucaHuM jenHauynHoM (8.38) m kazma ce KopucTe pedepeHTHH MapamMeTpu cucTema
NPUIIMKOM Kpeupama yrhpaBjbauke CTpykType. [IpBu pesynrar koju he Outu nmpukasas jecte
Mo3MIMja HOcaya Kamepe y TpoAuMMeH3MoHanHoM mpocropy. Ha Cin. 8.2a) cy mpukasane
pedepeHTHE U pealiHe MO3ULMje Hocaya KaMepe TOKOM U3BPIICHA 3aJaTKJba Y: X, Y, Z IPaBIly
1ok je Ha Ci. 8.20) mpuka3zaHO OJCTyName pearHux ol pedepeHTHHX BpeaHocTH. Ca oBUX
CIMKa Cce BHMJIM Ja Hocau KaMepe NpaTH pedepeHTHY IyTamy ca 3aJ0BoJbaBajyhom
npeuusHoinhy. JenquHo Behe oacTyname ce BUAM Y IpYroM Jiely TpajeKTopuje Ie je Tpelika
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y x u z npaBuuMa oko 0.08m. OBo ojicryname HacTaje 300r HeMOoryhHOCTH akTyaTopa Ja
U3BYKY pedepeHTHY MyTamy y TOM jely Tpajekropuje. OBo ce Buau Ha pesynratuma ca Cir.
8.3 r1e cy mpuKa3aHU ynpaBJbadku curHaiu nobujenu Tokom paga RSCPR cucrema. Ha Co.
8.3a) cy mpuKazaHu YKYIHU YIpaBJbauKH CHTHAJIM CBa TpH aktyartopa u;(i = 1,2,3), nok cy
Ha Cn. 8.30) npukaszanu curnanu crospamimer PID ynpassama v;. Buau ce na ynpaBspauku
CUTHAJI U, yJa3W y 3acuheme y oJpeheHOM TpeHyTKy HW3BpllaBama TPajeKTOPUje H TO ]
yIopaBo TpEHYTaK Kaaa W jJojiasum A0 HajBehe rpemke u3mely pedepeHTHe M peanHe
TpajeKkTopuje Hocaua kamepe. [lakie, oBakaB U300p aKTyaTopa HE MOXKE Jla U3HECE TOKPET Y
TOM TIEPHOJTY, JIOK Jiaje 3a/10BOJbaBajyhe pe3ysrare TOKOM OCTaTKa TPajeKTOpHje.

Cnuka 8.1 — PedepenTHa TpajekTopHuja Hocaya Kamepe

Cnuka 8.2 — a) PedepentHe u peanne nosuuuje u 6) oCTyname NO3MIKje Hocauya Kamepe.
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Crnuka 8.3 — a) YKynu yrpaBjbauku CUTHAI U 0) HOBOHACTAIM YIIPaBJbauKH CUTHAJL.

Crnenehu pesynrar je mpukazan Ha Ci. 8.4. Ha oBoj cnuum cy mpukaszaHe pedepeHTHE U
peaiiHe BpEIHOCTH M3BOJIA MO3UIIMje Hocaya kamepe y npoctopy. Ha Ci. 8.4a) cy npukazanu
npBH U3BoaU JIoK cy Ha Ci. 8.40) mpuka3aHu Apyrd W3BoaM nosuuuja. M ca oBuX cimka ce
Takohe BuAM Ja mpobiem ca npahemeM pedepeHTe BeIMUMHE HAcTaje caMo Kajaa Jaohe 1o
3acHYeHa YIPaBJbaYKOT CUTHAJIA.

Cnuka 8.4 — PedepeHTHe U peaiHe BPEITHOCTH a) MPBOT U3BOJa M 0) APYror U3BO/1a O3UIIN]E
HOCava Kamepe.

Ha cnenehoj cnumm, Cn. 8.5, cy mpuka3zaHe yHyTpalllkbe KOOPAMHATE, OJHOCHO 3aKpeTame
ocoBuHa akTyaropa 0;. Ha Cn. 8.5a) cy nmpuka3ane pedepeHTHEe U pealiHe BPEAHOCTH, I0K CY
Ha Cn.8.50) mpuka3zaHa oJcTymama peanHux ol pedepentHux BpeaHoctu. Ca Cin. 8.5 ce
BUJU J1a je OCTBapeHO ujeanHo mpaheme oBUX BenumunHa. OBaj pe3yiTar je Mocieauiia
Kpeupame YIpaBJhbauke CTPYKTYype YHMjH je I[Hb YyIOpaBbamke 10 KapresmjaHckum
KOOpJMHAaTaMa Hocaya Kamepe.
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Cnuxa 8.5 — a) PedepentHa u peanina 3akperama akTyaTopa U 0) OJCTyIamka 3aKpeTama
aKTyaropa.

Cneneha cmuka Cn. 8.6 mpukasyje pedepeHTHE W peallHe HM3BOJE 3aKpeTama OCOBHHE
aktyaropa. Ha Cu. 8.6a) je mpukaszana yraoHa Op3uHa cBa TpU akTyaropa, 1ok je Ha Ci. 8.60)
naTo yopsame cBa TpH akTyatopa. Ca oBUX ClIHMKa ce Takohe BUAM Ja je OCTBApEHO UICATHO
npaheme y IpoCTopy YHYTPALIBHX KOOPIUHATA.

Crnuka 8.6 — PedepenTHa u peasina a) Op3uHa 3aKpeTama akTyaTopa U 0) yop3ama 3akpeTama
aKTyaropa.

8.3.2 Ananu3a ynpas/bauke CTpyKType 3a peanne napamerpe RSCPR cucrema

Kpo3 oBy non-cekiujy he 6utu npukasana ananusa paga RSCPR cucrema koju je takohe
KOHTPOJHMCAaH 3aKoHOM nedunHucanuM jeaHaunHoMm (8.38). 3a pasnuky on mpumepa u3
nperxoaHe noj-cexkuuje 8.3.1, y oBOM ciyyajy ce ycBaja Jla ynpaBjbauka jeJUHMIIA Hema
npaBy MHPOPMALIK]y O peepeHTHUM MapaMeTpuma cucrema. Jlakie, mapaMeTpu Koju yTuay
Ha Kpeupame ylnpaBbaukKe CTPYKType OACTYNajy O] pedepeHTHUX BPEIHOCTU. YCBOJEHO je
na oHM uMajy cienehe peanne BpeaHoct: R; = 0.1-R; = 0.015m (i = 1,2,3), G,; = 4.5 -
G, =0.804,L,; =55-L,; =18.8021 um = 2.5 m = 2.5kg. Kpo3 pe3ynrare npukasase
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y JlaJbeM Jelny OBe IMOJ-CeKIrje he ce BHUAETH pPOOYCHOCT YIpaBJbauKe CTPYKType
neduHrCcaHe jerHadnHOM (8.38).

Cnuxa 8.7 — a) PedepentHe u peanne no3uiyje u 0) oAcTyname MO3UIKje Hocaya KaMmepe 3a
JIpYTH CIy4aj.

[IpBu pesynrar koju he OWTH mpuKasaH jecTe TpajeKTopuja Hocada Kamepe Yy
TpoauMeH3noHanHoM npoctopy. Ha Cn. 8.7a) cy mnpukazane pedepeHTHa M peaiiHa
TpajeKTopuja Hocadya Kamepe y: X, y, z npaBiy 1ok je Ha Ci. 8.70) mpuka3aHO OJCTyHamwe
peannux of pedepentHux BpeaHoctH. Ca Ci. 8.7 ce BUIU rOTOBO MJIEHTHYHO MOHAIAHE
CHCTEMa y OBOM CJIy4ajy Kao M y MIPETXOJAHOM CIIy4ajy KaJia Cy YIpaBbaukKo] jeJHHUIA OHITH
MO3HATH CBH pedepeHTHH napameTpu. Bumm ce na cuctem mma 3aBUAHO npaheme TOKOM
[EJIOT M3BPIIEHa MOKPETa, OCHUM y JeNy KaJa yIpaB/badykd CUTHAIM JOCTHTHY 3acuheme,
mTo je mpukaszano Ha Ci. 8.8. Ca Ci. 8.8 moxke 11a ce BUaH Ja nopes 3acuhema y Koje yia3u
yIpaBJbaukyl CUTHAI U, J0Ja3H J0 Behux CKOKOBa M KOJ Apyrux cursana, ynopeau ca Ci.
8.3. lakiie, MaKo je ynpaBjbauka CTPYKTypa (popMupaHa o]l peaHUX napameTapa, OCTBApEHO
je mobpo npaheme KpeTama Hocaya KaMepe y TPOJIMMEH3MOHAITHOM TIPOCTOPY.

Crnuxka 8.8 — a) YKynu ynpaB/bayku CUTHAT U 0) HOBOHACTAIM YIPaBJhAUKH CUTHAI — IPYTH
CIIyuaj.
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Crnuxka 8.9 — PedepentHe u peasHe BpeHOCTH a) MPBOT U3BOAA U 0) IPYror U3Bo/1a MO3UIIM]e
HOCa4a Kamepe 3a IPYTH CIIy4aj.

Cnenehu pesynrar je mpukaszan Ha Ci. 8.9. Ha oBoj ciuuu cy npukasane pedepeHTHE U
peasine BpeAHOCTH U3BOJa MO3UIIMje HOcaua kamepe y npoctopy. Ha Cn. 8.9a) cy npukazanu
NpBH U3BOAM 0K cy Ha Cin. 8.90) mpukazanu Apyrd U3BOAM Mo3unuja. M ca oBuX ciuka ce
Takohe BuAM Ja mpoOsieM ca mpahemeM pedepeHTe BeIMYMHE HACTaje caMo Kajaa johe 1o
3acHYeba YIPaBJbaYKOT CUTHATIA.

Ha cnenehoj cnunum, Cn. 8.10, cy mpuka3zaHe yHyTpallbhe KOOPAUHATE, OJHOCHO 3aKpeTamhe
ocoBuHa akTyaropa 6;. Ha Cn. 8.10a) cy mpukaszane pedepeHTHE U pealiHe BPeIHOCTH, JOK
cy Ha Cn.8.100) mpukasaHa oJicTynama pearnux of pedepertaux Bpennoctu. Ca Ci. 8.10 ce
BU/IU /I jé OCTBApPEHO UeanHo npaheme OBUX BETUYHHA.

Crnuka 8.10 — a) PedepenTHa u peanHa 3akpeTama akTyatopa u 0) 0JICTylama 3aKpeTama
aKTyaTopa — IPYTH CIy4aj.
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Cnuka 8.11 — Pedpepentna u peanna a) Op3uHa 3aKpeTama akTyaropa u 0) yop3ama
3aKpeTama aKTyaTopa 3a JPYTH CIy4aj.

Cneneha cnmuka Cn. 8.11 mpukasyje pedepeHTHEe M peaqHe H3BOJAE 3aKpeTama OCOBHUHE
aktyaropa. Ha Cn. 8.11a) je mpuka3ana yraoHa Op3uHa CBa TpW akTyaTopa, JoK je Ha CiI.
8.110) mato yOp3ame cBa Tpu aktyatopa. Ca OBUX CIMKa ce Takoh)e BHIU Ja je OCTBAPCHO
uaeanHo npaheme y MpocTopy YHYTpAIIBHX KOOPAMHATA.

VY oBoj ['maBu mucepranyje je mprkazaHa HOBa ympaBibauka cTpykTypa 3a CPR cucrtem koja
je Tectupana Ha onadpanoj RSCPR koudurypanuju. Jlepunucana je ynpasipauka CTpyKTypa
€r3aKTHOM JIMHEapu3alijoM O]l yia3a A0 CHOJballlbuX KoopauHata. OBa ympaBibayka
CTpYKTypa je NeuHHCaHa TMapamMeTpuMa CHUCTeMa W C TOora je TeCTHpaHa y JBa CiIydaja.
[IpobutHO je TecTupaH paj cUCTeMa KOjU je yNpaBjbaH CTPYKTYpOM KOjOj Cy IO3HATH
peepeHTHH mapaMeTpu cucTeMa. 3aTuM je ypal)eHa aHanmm3a pajga cucTeMa Kajaa
ylpaBjbauka CTPYKTypa HMa MOTpelHy HHGoOpMalujy o MapamMeTpuMa CUCTeMa U TH
napaMeTpu cy apyrauvju o pedepeHTHux napamerapa. OBOM aHaIM30M C€ YCTaHOBMJIO Ja
yIpaBJjbauka CTPYKTypa 100po pajau M Kajaa Cy joj TO3HATH M Kaja Cy JOj HEMO3HaTH
pedepentHr napametpu cucrema. OBoO je 100ap M MHTEPECAHTaH PE3yNTaT KOju MOXKe OUTH
npuMewmeH y Oyayhum wuctpaxuBamuma Ha pasnuuutim CPR u npyrum poOGoTckum
CHCTEMHMa Ca PA3IMIUTUX acnekata. [lojemuHadyH yTHIIaj OICTyamka CBAKOT ITapaMeTpa Ha
pOOYCHOCT yTpaBibauke CTPyKType he OMTH aHaIM3UpaH O]l CTpaHEe ayTopa OBE JucepTaluje
y O0yayhuM uctpaxuBamuma.
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InaBa 9

Ajropuram 3a reHepucame Tpajexkropuja 3a CPR cucrem ca
KaMepoM

Y oBoMm geny aucepranyje je aeduHUCaHA TpoOIEAypa Koja ce KOPHCTH 3a TeHepUCAame
rmatke pedepeHtHe TpajekTopuje kamepe CPR cumcrema koja mma 3amaTak jaa mparu
MOKpETHHU o0jekar y peasiHoM BpemeHy. OBa mporeaypa Hocu HazuB CPR Trajectory Solver.
Hedunucana je Oaza mojaraka oOJ UETHPU NPUMHTHBHE TpajeKTOpHje Koje Cy Ha
pacnionarawy norunu mpouenype CPR Trajectory Solver Tokom reHepucama KOMILICKCHE
pedepentne Ttpajekropuje kamepe CPR cumcrema. OBaj anropuraMm je HMHCIUPHCAH
pesynratuma w3 [114] u [115]. Ayropu [114] cy jeman neo cBoOr paga MOCBETHIIN
reHepHcamy TpajekTopuje Hocaua Tepera CPR cuctema koju Tpeba na u3BpiiaBa pa3jinduTe
MOKPETe TOKOM W3BpIaBaka yMETHHUYKOr mepdopmanca. Kpeupanum cy KOMIUICKCHY
TPajeKTOpHUjy Koja MpeacTaBiba CIOj BUILE JeTHOCTAaBHUX Tpajekropuja. [latent uz [115] ce
0aBH 00jeKTHO OpPHjEHTHCAHUM KaOJIOBCKUM CHUCTEMOM ca kamepoM. OBaj cucTeM Ipoliecupa
MO3UIIMjy CIIOPTCKE JIONTE M ayTOMAaTCKHA MIpaTH JIONTY JOK ce oHa Kpehe TOKOM wurpe.
W3ymuTessu ¢y KOPUCTHIIM YMIIOBE 3a mpaheme Koju Cy MOCTaBJbeHH Ha KaMepy M Ha JIONTH
Y HA Ta] HAYMH CE YCTAHOBJbABA TO3MIIMja KaMepe U 00jeKTa. AyTopH NaTeHTa TapaHTyjy Aa
je JjomTta yBeK y BHIOKpYyry kamepe. Hucy nedumHucamm mnporenypy 3a TeHEpHCAbE
pedepeHTHe TpajekTopuje Kamepe TokoM mpahema JonTe, IITO jé OTBOPHIIO IMPOCTOp 3a
UCTpaKuBama Koja he Outu mnpukazana y oBoj [maBu. [IpBo he Outu nedunucana
HoBoHactaia nponenypa CPR Trajectory Solver, 3atum he OutH npukasaH jenaH npumep
Kpenpama KoMIUIeKcHe pedepeHTHe Tpajekropuje kamepe CPR cucrema u npahema ob6jexra
Koju ce kpehe y Buokpyry kamepe. To he OUTH NOTKPENJbEHO CUMYITALIMOHUM PE3YJITaTUMA.

9.1 Anropuram 3a renepucame Tpajekropuja - CPR Trajectory Solver

OBne he 6utu neduHUCcaH anropuram 3a Kpeupame Tpajekropuja kamepe CPR cucrema -
CPR Trajectory Solver. 300r TecTupama M aHaJIM3Upamka HOBOI alropuTMa, UcTU he OuTH
tectupad Ha RSCPR cucremy, unju je nerajbaH MaTeMaTHUKU MOAEN Npukas3aH y [nasu 3
oe nuceprtanuje. OBaj cuctem je mpukazan Ha Cn. 9.1a), rme je AaT TpOAMMEH3UOHATIaH
norye]; Ha m3a0paHu CHCTEM ca KamepoM. Anroputam he OMTH TecTHpaH Ha OBOM CHCTEMY,
Iy MCTU MOXe OUTH NMPUMEHEH U Ha OMJIO KOM O]l cucTeMa IMpHKa3aHux y [naBu 2 oBor
pana. 300r reHepaIHOCTH peliema Koje he OuTh mpukazaHo y oBoj ['maBu, oHO MoOke OUTH
npuMereHo Ha Ounmo koM CPR cumcremy m 30or Tora hemo ra y Oyayhem wuzmaramy
jennoctaBHo 3BaTH CPR cuctem. OBaj anroputam je AetasbHO npukaszan y [116].

CPR Trajectory Solver pemasa mpo0iem reHeprcama pedepentHe Tpajekropuje kamepe CPR
CHCTEMa KOja MMa 3a/IaTaK Jia MpaTH W HaJriena oojekar, Koju je yHyTap BUAOKpyra Kamepe,
Tj. WO OJMke Moryhe LIeHTpaIHoj TauKu 06a3e BUIOKpYyra Kamepe Koju je o0IMKa mupamue.
3a pemaBame OBOTI mpolOiemMa, ynorpeOsbeHH cy pesyatatu u3 [115] koju rapanrtyjy na cy
no3unMja M Op3MHa Kperama KaMmepe (OpHjeHTalMja) IO3HATH y CBaKOM TPEHYTKY
M3BpIIIaBamka 33JaTka. 3a Mepeme Mo3ullje Kamepe ce KopucTu uun 3a npahewe [115]. Yun
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3a mpaheme je Manu ypehaj koju je MO3UIIMOHMpPAH HA KaMepu U Iajbe MHOOpPMAIHU]y O
MO3UIIMjA KaMepe yIpaBjbaukoM cucteMmy. OBaj unmn mMoxe ykibyunBatd GPS, marnetHy,
nadpanpseny, RFID wu cnuyne TumnoBe TexHonoruja 3a mpaheme. A, mo3uiyja u
opHjeHTaiuja 00jeKkTa Cy o3HaTH caMo y ojpeleHnM TpeHynuma.

Cmuxka 9.1 — RSCPR cucrem ca kamepoM Koja paTH 1 Haariaena oojexaT Koju ce XaoTHYHO
kpehe y pagHOM mpocTopy cucTeMa: a) TPOJAMEMH3UOHAIHY TOrJIe/ Ha cucteM, 0) Jletam A:
JeTaJbHU TIOTJIE ] Ha KpeTame KaMmepe, B) Jlerass b: aetassan usrien no3uimja o0jekTa.
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Takohe, mnpemycmoB je nma je oOjekaT yBeK Yy BHAOKpyry kamepe. Ca oOBakBUM
npernoctaBkama, CPR Trajectory Solver o6e30ehyje riatky m KOHTHHYyalHY pedepeHTHY
TPajeKTOPH]y KpeTama KaMmepe y BPEMEHY M MPOCTOPY, JIOK KpeTame 00jeKTa MOKe OWTH
Xa0THUYHO.

300r nMIieMeHTanuje 3aaaTka npahema 06jekra, ycBojeHo je na CPR cuctem nma noBosbHO
EHEPreTCKUX pecypca M Jia MOXKe J1a IpaTh HajBehy Moryhy Op3uHYy 00j€KTa Vypay- 1aKohe,
TOKOM M3BpIIaBama 3anatka, CPR cuctem mma moryhHoct yOp3aBama WM yCIIOpaBamba
KpeTama KaMepe 3aBUCHO O]l MPOMEHE y Op3MHHM KpeTama O00jeKTa TOKOM H3BpIIaBama
3agarka. To moapa3zymeBa Jla Op3MHA KaMepe MOpa y CBaKOM TPEHYTKY Jia MPAaTH KPETame
o0jekTa npema ycinopuma paga CPR Trajectory Solver - a Tako ma Oyay 3a10BOJbEHU YCIOBH
Ja cwie y yxaauma OyAy yBEK OTpaHMYCHE Ha TaKaB HA4YMH Ja OyAy UCIYHCHH YCIIOBH
EHEepreTcKuX pecypca ojgadbpanux akryaropa. Bunu [117] u [118]. Ilpernocrasiba ce na ce
o0jekar kpehe camo Ha HAjHUKO] paBHU PaTHOT TpocTopa kKamepe. OBa paBaH je O3HAYCHA
kao po Ha Ci1. 9.1 1 9.5 v oHa je Ha HUBOY Z, = —2m.

[ToueTHa mo3unMja kKamepe je neuHUCaHa O]l CTpPaHE oleparepa Tako Ja je Kamepa H3Hal
TPeHyTHE To3uIije o0jekTa. ¥ TOM TPEeHYTKY, omeparep Oupa cMmep kpertama kamepe CPR
cucrema.

Hakon Tora, omeparep mokpehe mporpam Koju, 1o IehUHHIUJH, MOYUIE IPOLECOM
yop3aBama (YBP mporec) ox Hyne 1o modyetHe pedepeHtHe Op3uHe kperama kamepe CPR
cucrema. lloyetHa pedepentHa Op3uHa KpeTama KaMmepe je MPEeTHOCTaB/beHa IMPOCEYHa
Op3uHa KpeTama o0jexTa. TOKOM M3BpIIaBama 3aaaTka, peeperntHa Op3uHa KpeTama Kamepe
MOXKE€ Jla Ce MeHa 3aBUCHO OJ] IpOMEeHEe KpeTawma U Op3uHe oOjekta. HakoH mouerHOr
tpenytka, CPR Trajectory Solver y3uma koHTpoidy Hal Kperamem kamepe CPR cucrema.
CucteM 3a Haarneaame U npaheme 00jekTa je HAKOH TOora MOTIIYHO ayTOHOMAH.

Tokom mpoueca mpahewa o00jekTa, Ha OCHOBY TPEHYTHUX MO3UIMja U Op3MHA KpeTama
kamepe u objexta, CPR Trajectory Solver Gupa jenqHy oa npumuTHBa U3 0ase 1MojaTaka U Ha
Taj HAYMH Kamepa Mpatu U Haarieaa objekar. OBaj mpolec ce MOHaBjba CBE BpeMe JOK
oreparep He OJUIydd Ja MNpeKuHe 3ajaTaka HaJriefama M npahema objekta. Y ToM
TpPEeHyTKy, omneparep mokpehe mpouec ycrnopaBawa kamepe (YCII mpouec) U HakoH Tora
Kamepa ycIiopasa oJ] TpeHyTHe pedepeHTHE Op3HHE KpeTama Ka HYJIH.

CPR Trajectory Solver Moxe 1a KOpPHUCTH jeqHY OJ MpeaedUHUCAHUX HPUMUTHUBHHUX
TpajekTopuja (MPUMHUTHBA) Koje Cy cauyBaHe y 0a3u monaraka. Ha Cin. 9.2 cy mpukazane Tpu
MPUMUTHBE Koje MOry Aa Oyay ymnotpebsbeHe on ctpane CPR Trajectory Solver — a Tokom
3ajaTka mpahema 00jeKTa Ha OCHOBY Ca3Hama O TPEHYTHHM IO3UlMjaMa W Op3uHama
KpeTama o0jekTa 1 KaMmepe. YeTBpTa npuMuUTHBA je 0OMYHA MpaBa JUHUja U 03HAUYEHA je Kao
4.

OBe npuMUTHBE Cy JepUHUCAHE Y JIOKATHOM KOOpAUHATHOM cucteMy, aau CPR Trajectory
Solver Mmoxe 1a KOpUCTH TpaHC(HOPMAITMOHY MATPHILy M MPECIIMKA UX y OWJIO KOjy paBaHa y
r100aTHOM TPOJMMEH3UOHATHOM KOOPJIMHATHOM CUCTEMY paJHOT IPOCTOpa KaMmepe.
ITponiecu YBP u YCII mory na ce kopucrte ox ctpane CPR Trajectory Solver — a He camo o1t
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CTpaHe orepaTepa, HeTo M y TpeHyIrMa Kaja 00jeKaT HarJio IPOMEHH CBOjy Op3UHY KpeTama
u/unm Kaza je o0jekar mpeBuIlne O3y TpaHUIlaMa BHUIOKpYra Kamepe WIu TpaHUIlama
pamaor npoctopa CPR cucrema. YcBaja ce na ce nporecn YBP u YCII u3BpmiaBajy npeko
npumutuse [14.

[TpumuTHBe cy omabpaHe Tako Ja MOKPUBAJy CBE IMPETIIOCTaBJbEHE CIIy4ajeBe MO3UIIHjA U
OpHjeHTalKja Kamepe M 00jeKTa TOKOM H3BpIIaBama 3aaarka. Pamu jacHohe wusnarama,
npumutuse I11-I13 he 6utu onucane kpo3 crneache ne Tadene. Y Tabenu 9.1 je reHepanHo
OIMCaH TOK M3BpIIIaBamka OMIIO KOje O TpH HaBeneHe npumutuBe on ctpaHe CPR Trajectory
Solver - a. [IpuMuTHBa Ce reHEepaIHO CACTOjU O] eleMeHaTa natux y Tademu 9.1.

Cnuxka 9.2 — [Ipumuruse: a) npsa npumutusa (I11), 0) npyra npumutusa (I12) u B) Tpeha

npumutusa (I13).

Tabena 9.1. I'enepanuu onuc npumurtusa I1-113.

Tauka A, | [lo3unuja kaMmepe y MOMEHTY 3aBpILIE€TKa NOCIEAHE IPUMHUTHBE.

Kperawe | Kamepa Hacrasiba aa ce kpehe no npasoj nunuju u CPR Trajectory Solver

Ay, — A, | ycraHOBJbAaBa HOBY IO3ULU]Yy U OpUjeHTaH]y oOjekTa. Ha ocHOBY Tora m mogara o
TPEHYTHO] MO3ULMjHU KaMepe, OH JieUHHILE [IMJbHY TauKy Kamepe U oupa
PUMUTHBY.

Kperawe | Kperame no npaBoj JTUHU]H.

AL — Ay

Kperame | [ToBe3uBame mpaBia KpeTama KaMepe | MpaBIia KpeTama 00jeKTa.

A, — B,

Kperame | Kamepa ce naspe kpehe 1o mpaBoj TMHUjH 10 TOCTH3aka TIO3UIH]€ U3HAJ TTOCIICIHE

B, — B, | mo3Hate no3unuje o0jeKra.

Tauka B; | Ilocnenma Tauka 3a U3BpIICHE OBE NIPUMUTHBE U IpBa 3a cieaehy NpUMHUTHBY.

Kao miro ce Buau ca Cn. 9.2, npumutuse I11-I13 cy nedunucane onpehenum 6pojem npaBux
JMHH]jA U JTYKOBA.
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VY Tabenu 9.2 cy naru ycnosu kajga u kako CPR Trajectory Solver 6upa jenny o npuMuTHBa
II1, M2 wmm I3 u3 6a3e nomaraka. [IpumutuBe cy aedunucane Ha Ci. 9.2 y JOKaIHOM
KOOPJIMHAaTHOM CHCTEMY.

I'mobanHa cTpyKTypa cHcTeMa 3a Mperno3HaBame W mpaheme 00jeKTa KOjU Cce Halazu y
BUJIOKPYTY Kamepe je mpukazana Ha Ci. 9.3. [lerassna npesenrtanuja CPR Trajectory Solver
—a je JaTa Kpo3 AmjarpaM Toka npukazad Ha Ci. 9.4. YV Ouio KoM TPEHYTKY, CUCTEM Ce MUTa
na mu je oneparep aktuBupao CPR Trajectory Solver. Ako omeparep Huje aktuBupao CPR
Trajectory Solver, uutaB cucteM je y cramy MupoBama. Kamga omeparep aktuBupa CPR
Trajectory Solver mputuckom Ha ayrme CTAPT, CPR Trajectory Solver, 1j. mpomec 3a
npaheme 00jekTa U TeHepucame pedepeHTHe TpajekTopuje kamepe ce mokpehe. Ilporec
reHepucama peepeHTHe TpajeKToprje ce MOHABJhA M Kamepa je y MOryhHOCTH Ja mpaTu U
Hajarena objexar. Mehyrum, cTpykTypa cucTeMa jeé MHOro KomiuiekcHuja. Cucrem ce
cacroju ox cienehux 6mokoa: CPR Cucrem, PD Kontposaep u CPR Trajectory Solver.
Takohe, cucrem mocenayje 1 CHTYpHOCHO JyrmMe Koje Moke na Oyae ymoTpeOJbeHO Of
CTpaHe oreparepa y ciy4ajy HeKe XaBapHje WIH XUTHOT Cllydaja.

TaGena 9.2. Ycnosu uzbopa jenne on npumutusa IM1-I13.

[MpumutuBa | Cimka | Opwujerranuja kamepe u oojekta | [losunuja objekra 'y
OJTHOCY Ha Kamepy
1 2a) Cymporan cMmep Op3uHE KpeTama Huje OutHa
KaMmepe 1 00jeKTa y X1 U Yy
MpaBIIIMa JIOKATHOT
KOOPJMHATHOT CUCTEMA
112 206) Wnentuyan cmep Op3uHe Xop, > X24,
KpeTama Kamepe 1 00jeKTa y X,
MIPaBIly U CYNPOTaH CMEP OBHUX
Op3uHa y y, npaBily
113 2B) Wnentnuan cmep Op3uHe X3p, < X34,
KpeTama Kamepe 1 00jeKTa y X3
MPaBILy U CYMPOTaH CMEP OBHUX
Op3uHa y Y5 MpaBily
PedepentHa Tpajekropuja Kamepe Yy TPOJMMEH3MOHAIHOM IPOCTOPY je NAepHuHHMCaHA Y
peamHoM BpeMeHy. Ha OCHOBY OBUX NMPOMEHJBMBHUX M PEAJHUX CIOJbAIIBUX KOOpAMHATA

(x¢, Y, z.) ynorpebom PD koHTpoJsiepa ce pauyHajy ynpassbauku curHaiu 1 CPR cucrem
ca KaMepoM W3BpIlaBa CBOJy pe€ajHy TpajeKTOpHjy Tako IITO MpaTh JedUHUCAHY

pedepeHTHy TpajeKTOpH]y.
9.1.1 Onuc renepanune popme CPR Trajectory Solver - a

Jeman on moxa-cucrema 3a mpahemwe u Haariaeaame o0jexta je CPR Trajectory Solver. Bberosa
ynora he OuTH geTasbHO MpUKa3aHa Kpo3 ciezehe n3marame:

a) [loxkperame nmporpama

OBa mpoueaypa ce M3BpIIaBa OJ CTpaHE oOlepaTepa Ha OCHOBY HErOBE/H-CHE BU3YEITHE
ecTUMallje TPeHyTHe MO3ULMje U opujeHTanuje Op3une o0jexra. [Ipe craproBama mpoueca
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npahema W HaAriaedama 00jeKTa, omeparep IMOCTaB/ba KamMepy y TakBy IMO3HUIU]Y /a ce
o0jekaT Haa3y MTo ONFIKE IEHTPAITHO] TaUuKK 0a3e BUAOKpYra KaMepe.

0) Ilpouec yop3aBama

Omneparep mokpehe mporpam mnputuckom Ha ayrme CTAPT. Oom komangom, CPR
Trajectory Solver mokpehe YBP npouec u I14 npumutuBy. Kamepa nmounme na ce kpehe y
CMepy TPEHYTHE OpHjeHTalnuje Op3uHe KpeTama 00jeKTa Ha OCHOBY €CTHMAIIHMje orepaTepa.
Hakon tora CPR Trajectory Solver mpey3nMa KOHTpOJTY HaJl KpETalkbeM KaMepe U KpeTame
Taja Mocraje moTmyHo ayroHoMHoO. [Ipoiec yOp3aBama kamepe ce M3BpILIaBa 10 TPEHYTKa
JOCTH3amba IeHe MmoueTHe pedepentHe Op3uHe.

B) [Ipouenypa u ycjioBu u300pa NpUMHUTHBA

Kamepa ce cnenehux 0.2 s (I14 npumutBa) kpehe y uCTOM mpagsity Kao ¥ TOKOM yOp3aBama
Uy TOM BPEMEHCKOM MEPHOAY YCTAaHOBJbaBA TPEHYTHY MO3UIIM]Y M OPHjCHTAIN]y KpeTama
o0jekra — IIpahenn o6jexkat. Y Tom tperytky, CPR Trajectory Solver Takohe nma cazname
0 TPEHYTHO] IMO3WIIMjU U OPHjCHTAINjH KpeTama kamepe. Ha ocHoBy oBux momaraka, CPR
Trajectory Solver nedunuIre NUJbHY TaYKy KaMepe y BbeHOM pagHOM mpocTopy. Y cieachem
kopaky, CPR Trajectory Solver omrydyje na nu je moTpeOHO Ja ce€ MPOMEHH HHTEH3UTET
Op3uHe KpeTama kamepe. [IpoMeHa uHTeH3UTETa Op3WMHE KpeTama KaMmepe ce H3BpIlaBa
ynotpedbom YCII win YBP npoueca u 114 npumutuse. Hakon tora, CPR Trajectory Solver
6upa cnenehy npumuTuBy U3 cBoje 0aze nmojaraka. CPR Trajectory Solver Gupa paBaH y
K0joj Tpeba J1a ce M3BpIIM OBa MPUMUTHBA U TpaHCHOPMHUILE Ty IPUMHUTUBY y KOOPJIUHATE
rinobanmnor KapresujaHckor KOOpIUHATHOT cucTteMa. YrnorpedoM u3adbpane mpumutuse (111
—I14), CPR Trajectory Solver HaBou kKamMepy IIpeMa HbEeHO] IIUJBHO] TAUKH.

Cnuka 9.3 — briok nujarpam cucrema 3a mpaheme u HarIename 00jeKTa.

117



CHCTEM MHpYje

CTAPT HE
JA
u3Bpiuu 14 npumMuTBY U
YBP npouec
A
KPAJ a
7
—————HE

n3spun 14 npumuTBy 32
0.2s,v=const, onpehusame
MO3ULHM]E U OpHUjeHTALIH]e
OBjeKTa, Je(HHUCADE
LIUJbHE TauKe Kamepe.

Ovemaj, AA
Ve I

V3BT V3BT k
HE I14 npumuTBy M I14 npumuTBy 1
YBP npouec YCII npouec
[ —
KPAJ AA
HE
n3abepu npumurusy I11,
112, 113, 114 u nepuauIM
paBaH U3BpILIABaHA.
‘meum ﬂpHMHTHBy‘
%
_KPAJ Aot
u3Bpiun 14 npumuTBy N
HE Y CII nporec

Cnuka 9.4 — lnjarpam Toka CPR Trajectory Solver — a.
r) M3BpmaBame HOBe IPUMHUTHBE.

N3abpana mnpuMHUTHBAa c€ U3BpIIABA KpO3 HEKOJIMKO mepuojaa oxabupamwa. TokoMm
u3BpmaBamwa npumutuBe, CPR Trajectory Solver cranHo mnpoBepaBa MO3ULU]Y U
OpHMjeHTalljy KaMepe M MOpeau je ca IUBHOM TaukoM TpeHyTHe npumuTHBe. M3abpana
NPUMUTHBA CE€ U3BpIABAa CaMo JIOK Kamepa He cturie no uusbHe Tauke. CPR Trajectory
Solver ycranoBsbaBa /1a JiM je KaMepa JIoLuIa 0 IIMJbHE TauKe TaKo IITO IMPOBEPaBa Jia JH je
KaMepa M3BpLIMIA MPETXOJHO JedUHHCAHYy TNPUMHUTBY, Tj. TPEHYTHY pedepeHTHY
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TpajekTopujy. Y Tepuoay H3BpIIaBama OWJIO0 KOj€ MPUMHTHBE, MO3WIMja U OpHjeHTAIH]a
objexta cy HertozHatu Jorunu CPR Trajectory Solver — a.

[Iponienype B) u r) ce W3BpIIABajy HIUKIMYHO TOKOM Tmporieca mpahema W HaArleAama
00jeKTa y peaTHOM BPEMEHY.

n) 3aycraB/bame nporpama.

OBa pyruHa ce crapTyje Tako mro omeparep ctucHe nyrme KPAJ. Ha oaj maunn CPR
Trajectory Solver mokpehe YCII mpouec koju ce u3Bpmana no npumutuu I[14. Opa
TpajeKToprja ce W3BpIlaBa y TPESHYTHOM IpaBIly KpeTama Kamepe, MITO ce NeUHUIIES Ha
nouetky m3BpmiaBama YCII mporeca. Kamepa ycnopaBa ca cBoje TpeHyTHE pedepeHTHE
Op3uHe Ka HyJIM U Tiporiec npahema u HaAraeaama 00jeKTa ce 3aBpIaBa.

Kao mro moxe na ce Bunu ca Cin. 9.4, HaKOH W3BpIIaBamka CBake MPUMHUTHUBE WU OHparmba
YBP wmu YCII npoueca, CPR Trajectory Solver mpoBepaBa a ju je oneparep NPUTHCHYO
nyrme KPAJ u y ToM cnyuajy untaB mnporec npahema o0jekta u Kperpamwa pedepeHTHUX
TpajekTopuja kamepe ce 3aycraBiba. Kana omneparep crucHe nyrme KPAJ, CPR Trajectory
Solver uexka ne ce TpeHyTHa MNPUMUTHBA W3BPIIM M HAKOH Tora mokpehe mpoiec
3aycTaBJbamba KaMepe W MpoIeaype Haarienama 1 npahema oojexra. Y OUI0 KOM TPEHYTKY,
orepaTep MOXeE Jla TPEKHHE H3BpIIaBamke OWJI0 KOje NMPUMHUTHUBE TAKO IITO TMPUTHCHE
CurypuocHo ayrme, Buau Ci. 9.3.

9.1.2 Ilpumep reHepucama pedepeHTHe TpajekTopuje kKamepe ymnorpedbom CPR
Trajectory Solver - a

Jla ©u ce ce nakme u JetasbHUje obOjacHmo anroputam CPR Trajectory Solver, Ouhe
IpUKa3aH JieTaJbaH ONMC JeJHOT MpUMepa KpeTama 00jeKTa Ha OCHOBY uera je aeduHucaHa
pedepentan Tpajektopuja kamepe, Buau Ci. 9.1, 9.5 u 9.6. Takolhe, oBaj pe3yaTar Mmoxe Ja
ce mpaTu u kpo3 Tabemny 9.3.

OBaj 3a/1aTaK yKJbyuyje:
1) Iloxperame CPR cucrema ca kamepoM y Tauku I u'y tpenyrky £, =0 s

Ha ocHoBy omeparepoBe ecThmainuje O TMO3HWIMJH U OpPHUjEHTAlju 00jeKTa, oreparep
neduHMIIE TUHU]Y t; KOja je mapajieiHa MpoleHheHOM cMepy KpeTama o0jexra. OBa JIMHH]a
j€ ToCTaBJbeHA y paBHU P, KOja je MapayieliHa ca paBHU py. OmnepaTep MocTaBba KaMmepy y
TaKBYy MO3UIH]Y Aa o0jekar Oyzae mTo OJrKe LEeHTPaTHO] Tauku 0a3e BUIKOpyra Kamepe u
3atuM nokpehe npouenypy CPR Trajectory Solver nputuckom Ha nyrme CTAPT, Bugu Co.
9.4. Kamepa 3anounme CBOje KpeTamwe Mo JUHUJU t;, modyeBin oj tauke /.. Ox Tor TpeHyTKa,
CPR Trajectory Solver npey3uma KOHTPOJIY HaJl KpETameM KamMepe M HEHO KpeTame Tajaa
MoCTaje ayTOHOMHO. ['eHepasaH onmuc OBOT IMpoIleca je AaT CTaBKOM a) u3 moj-ceknuje 9.1.1
OBE JIMCEpTaIlje.

2) Yop3aBamwe oa tauke I, 10 Tauke 11, kperaweM 1o npasoj t,
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VY oBom nepuony, kamepa CPR cucrema yop3aBa ox HynTe Op3uHe Ka TOU4eTHO] pedepeHTHO]
Op3unu v, u kpehe ce o npasoj t; (I14 mpumutusa). CPR Trajectory Solver kopuctu YBP
npouec. OBaj uarepsai je Ha Ci. 9.1 u 9.5 o3HaueH HapaHyacToM 60joM. ONIITH OMTUC OBOT
mporieca je nat y noa-cernkuju 9.1.1 mox Taukom 06).

Cnuka 9.5 — TponumeH3noHalIHA TpajeKToprja JeUHUCAHA Y PEaTHOM BPEMEHY.

3) IIpeno3HaBame TpeHyTHe no3unmje odjexra y Tauku I, y Tpenyrky t, = 0.35s u

. I
npeno3HaBame Op3HHe KpeTamba o0jekTa v,

On Tauke II. ce xamepa kpehe Op3uHoM v, U TokoM mepuona ox 0.2 s (II4 mpumuTHBa)
JETEKTYje TPEHYTHY MO3UIM]y U OpHjeHTaln]y o0jekta — Ttauka I,, Buau Ci. 9.1, 9.5, 9.6 u
TaGeny 9.3. V ToM TpeHyTKy Kamepa ce Hana3u y Tauku /1.,. Ha ocHOBY TpeHyTHE mo3uiuje
u opujeHTtanuje objexta u kamepe, CPR Trajectory Solver nedunuine HOBY IMJbHY MO3ULIHU]Y
v Op3uny kamepe u TO je mosuumja y tauku [.(xy,, Vi, Zii,)- Taxkohe, CPR Trajectory
Solver oanmyuyje na Hema morpebe 3a MPOMEHOM HHTEH3UTETa Op3MHE KpeTama Kamepe.
[IpaBan kperama xamepe y tauku [ll., Tj. mpaBall npase t, Koja NMpUNaAa paBHU Pg, j€
napajesaH MpaBlly KpeTama 00jeKTa, Tj. mapajesaH je ca IpaBoM 0, KOja ce Hajla3u Ha PaBHU
Po.- Cmep kpetama Kamepe y Tauku [, je uaeHTu4aH cMepy KpeTama 00jeKTa y Tauku .
[IpaBanr kperama oOjekTa je aeduHUCAH y Tmopehemy ca TpaBleM X, ) oca TJIOOATHOT
KOOPJMHATHOI CHCTEMA: X HETaTHBHO M y mo3uTHUBHO. Ha ocHoBy oBux mnonaraka, CPR
Trajectory Solver 6upa jenny on mpuMHUTHBA U3 0asze mojaraka mo kojoj he kamepa na npehe
u3 tauke Il., y unsbny Tauky Ill.. I'eHepanHu omuc mocTynka u300pa NPUMHUTHBE je Jat
CTaBKOM B) y moja-cekuuju 9.1.1. Anropuram Oupa npumutuBy aepunucany Ha Ciu. 9.2a)
(IM1 mpumutuBa) u CPR Trajectory Solver je ommyuno na oHa TpebGa Ja ce H3BpLIU Y
XOPHU30HTAIIHO] PaBHU P, TPOJMMEH3MOHAIHOT pajJHOT MpocTopa kamepe. OBaj UHTEpBa je
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Ha Cn. 9.1 u 9.5 o3Hauen 6paoH 6ojom. ONIITH OMKC MpoIleca W3BpIIaBakba MPUMHUTHBE j€
JaT y CTaBKH T) moa-cekiyje 9.1.1.

4) IIpeno3HaBame TpPeHyTHe no3uumje odjexra y tauku Il, y Tpenyrky t, = 1.62 s n

. 1
npeno3HaBame Op3uHe KpeTama o0jekTa v, °

On rtauke III, no rtauke III.,, na nuamju t,, CPR Trajectory Solver mma 3amataka na

. . . 11,
nperno3Ha nosuuujy /1, u Op3uny (opujeHTauujy) v,

objexTa, Koju je ce kpehe y cmepy
mpaBe 0,. Takohe, nMa 3amarak ga uzadepe jeaHy MPUMUTUBY U3 CBoje 0aze momaraka. CPR
Trajectory Solver 3aksbydyje na je oOjexaT y UCTOj MO3UIMJU KAo IITO je OMO U y TPEHYTKY
t, = 0.35 s, camo mTo ce kpehe y cynporHoM cMmepy. 360r oBe crienujanae cutyanuje, CPR
Trajectory Solver je nu3ajHupan Tako ja Kamepa Moxe na npehe y cienehy 1muibHY Tauky
MPEKO BEpTUKAIHE paBHU Ha cieicha nBa HaumHa: a) CHylITakeM KaMepe Win 0) Au3ameM
Kamepe y weHoM paaHoM mpoctopy. CPR Trajectory Solver 6upa TpajekTopHjy coyiiTama,
3aTo WITO je z KoopauHara Tauke [11., penaTuBHO BHCOKO y OJHOCY Ha objekar. Ha ocHOBY
oBux nonartaka, CPR Trajectory Solver nedunuine HOBy 1upHY Tauky kamepe [ Vc(x,VC =
X111, Yiv, = Vit Ziv, # Zi,) Koja je Ha nuHuju ts||o, koja npumana pasuu p, . Takobe,
CPR Trajectory Solver omnydyje na Hema moTpede 1a ce Memha UHTCH3UTET Op3UHE KpeTama
kamepe. [la O6u kamepa mpenuia u3 Tauke [11., y tauky IV., CPR Trajectory Solver Gupa
oarosapajyhy npumutupy koja he 6utu usBpuieHa y paBHu p.. Jloruka CPR Trajectory
Solver — a 6upa II1 nmpumuTHBY Koja je nepurucana Ha Cin. 9.2a). Buau craBky B) U3 moju-
cekuuje 9.1.1. OBaj mHTEepBa)N Kperama kamepe (on Tauke [II, mo tauke IV.) je o3HaueH
pHoM 6ojom Ha Ci. 9.1 u 9.5. IlocTynak u3BpIIaBamba MPUMUTUBE j€ TCHEPATHO OIMUCAH y
non-cexuuju 9.1.1 mox craBkom r).

5) Ilpeno3naBame TpeHyTHe no3unuje odjexkra y tauku I11, y Tpenyrky t, = 2.39s n

. I
npeno3HaBame Op3HHe KpeTamba 00jekTa v, ° 1euHHCAHE IPABOM 03

TokoMm kperama kamepe oa tauke IV, ka tauku IV, mo aunuju t3, CPR Trajectory Solver
npenosHaje nosuuujy 111, u opujenTauujy 6p3uHe KpeTma ofjeKta V. * Koja IpUIaa TMHH]I
03. OH nedunumie cneaehy MupHY Tauky Kamepe V. Koja je Mo3WIMOHUpaHa y PaBHU Py Ha
munanju t,. Takohe, CPR Trajectory Solver omnydyje na HemMa mnoTpebe na ce Mema
MHTEH3UTeT Op3uHEe Kperawma Kamepe. Ha ocHOBY OBHMX mojaTaka, Kao LITO j€ OIMNKCAHO
CTaBKOM B) U3 noja-cekuuje 9.1.1, on 6upa npumurtuy I12 3a npenazak kamepe u3 tauke 7V,

y Tauky V,. Jloruka je oanmyduia Ja oBa NpUMHUTHBA Tpeba na Oyne U3BpIIEHA y PaBHU p,

Kao MITO je OMHCAHO y CTaBlH T) Tof-cekiuje 9.1.1. UnTepBan u3BpiiaBama TpajeKTOpHje o1
tauke [V, 1o Tauke V, je o6ojeH upBeHoM 60jom Ha Ci. 9.1 u 9.5.

6) IIpeno3sHaBame TpeHyTHe no3unuje odjexkra y tauku IV, y tpenyrky t, = 3.16 s u

. v
Npeno3HaBame Op3MHe KpeTama 00jekTa v, ° 1epMHUCaHe IPABOM 04

Haxkon 3aBpmierka nperxoane npumutuse, CPR Trajectory Solver Bogu kamepy no TUHUjH &y
npemMa Tauku V,. OBaj moctymak ce M3BpIIaBa yrnoTpedoM MOCTYIKa OMHUCAHOT CTaBKOM B)
u3 non-cekuyje 9.1.1. Tokom Tor nmepuona, Joruka npenosHaje HoBy nozuuujy IV, u cmep u
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Op3uHy KpeTama 00jeKTa ‘U;VO — muauja o,. CPR Trajectory Solver omnydyje na moseha
BHUJIOKPYT KaMepe U 300T Tora pearyje u Oupa TpajeKTopHjy moau3ama KaMmepe koja he outu
M3BPIICHA Y BEPTUKAIHO] paBHU P,. Ha ocHoBy oBux mHpopmarmja, CPR Trajectory Solver
nedunue cnenehy unibHy Tauky kamepe u 10 je VI (Xy1, = Xy, Yvi, = Yiv. Zvi, # Zv,,)s
KOja je MO3UIIMOHNPaHa Ha MPaBoj ts U HAa paBHU p,. JIHUja t5 je mapanenHa ca JTUHUJOM 0,
KOja ce HaJla3u y paBHU py. Takohe, CPR Trajectory Solver omnydyje na Hema norpede aa ce
MEHa HHTEH3UTET Op3rHE KpeTama kamepe. [1o3Hajyhu TpeHyTHY NO3UIINjy U OpHjeHTAIU]y
Kperama kamepe u objexra, CPR Trajectory Solver 6upa cienehy npumutuBy koja he 6utu
yrnoTpOJbeHa 3a mpenazak u3 tauke V., y tauky VI.. Jloruka je uzabpana mpumutuny 2.
[Tepuon kperama kamepe u3 tauke V., y Tauky VI, je Ha Cn. 9.1 u 9.5 o3Ha4eH CBETIIO
maBoM 60joM. Bunu craBky r) u3 moja-cekiuje 9.1.1.

7) Kperame kamepe o Tauke VI, 1o tauke VII. npexko JnHuje t5 y paBHu p,

Kamepa ce kpehe on Tauke VI, ka Tauku VI, u CPR Trajectory Solver, ynorpedom mporeca
B) u3 noj-cekuuje 9.1.1., yctaHoBsbaBa HOBY no3unujy V, u opujeHTanujy Op3uHe KpeTama

V" objexra. Meljyrum, omeparep omIydyje ga 3aycraBu mpolec npahema M HaarIenama

o0jekTa mpe Hero mrTo kamepa crurHe y nosuuujy VlI.,. To je TpenyTak kana omneparep naje
KOMaH/y 3a 3aycTaBjbame Kamepe Tako mTo mnputhcHe nyrme KPAJ. V Tom TpeHyTKy ce
CTapTyje Mmpoliec ycropaBama KaMepe KOjU je TeHEPaITHO OIUCAH Y CTaBIM JT) U3 TIOJ[-CeKIIHje
9.1.1. Kamepa 3aBpmasa cBoj nokper y tauku VI (Xyy;,, Yy, Zvii,) 1 npouec npahema un
HaJTIeaama 00jeKTa ce 3aBpiiaBa. [lepuoa kperama oojamrmeH y oBoM maparpady je Ha Cir.
9.1 1 9.5 060jeH JbyOrIacToM 00joM.

VY NpeTxoHOM HpUMepy je NMPUKa3aHO CEKBEHIIMjATHO MeHEepHCamke KOMIUIEKCHE pedepeHTHE
TpajeKkTopuje y peaaHoM BpeMmeHny. OBo je caMo jeaHa oJ Moryhux koMOMHalMja NpUMHATHBA
II1 - II4 xoje ce kopucte ox crpane CPR Trajectory Solver — a. CBe je yCIOBJBEHO
CEKBEHIIM]JaJTHUM TMPETIO3HABAhEM XaOTHYHOT KpeTama 00jeKTa y oipe)eHruM TPEeHYIIUM U ca
TPEHYTHOM IO3ULIMJOM U OPUJEHTALIjOM KpeTama KaMepe.

9.2 CuMyJIalMOHH Pe3yJITaTH

Pagu motBpae nepuHMCAHMX MaTeMaTHYKMX KOHIIENAaTa KOJU OIUCYjy alropuTam Ioj
HazuBoM CPR Trajectory Solver 3a dopmupame pedepentHe tpajektopuje kamepe CPR
CHCTEeMa KOja MMa 3aJlaTaka Jla IpaTtu o0jeKkaT, y OBOM Jiely aucepranyje he Outu nmpuxkaszaHu
CUMYJAIMOHU pe3ynaTaTH koju npukazyjy CPR cuctem ca kamepom koja u3BpIlaBa jeqaH
MIpUMEp CJIOKEHE TPajeKTOpHje W Koja MpaTu W Haarieaa odjekar y cBoM BHIOKpYry. Oa
cllo’keHa pedepeHTHa TpajekTopHja je mpukazana Ha Ci. 9.1 u 9.5.

Cumynanuonu pesyiratu cy npukaszanu Ha Cia. 9.6. Ha oBoj ciunum ce BuUAM Kako ce
pedepentHe u peanmne KapreswjaHcke KoopuaHATE Kamepe U 00jeKTa MEmajy TOKOM
U3BpIlIaBama 3aj1arka. Takole, Ha oBoj ciuuu U y Tabenu 9.3 ce Buau na CPR Trajectory
Solver npeno3Haje mo3uiuje odjekra x,, y, u Z, (upeHe tauke Ha Cin. 9.6) u opujeHTAIH]Y
Op3uHe KpeTama 00jeKTa v, caMo y CeKBEHIIMjaIHUM TpeHyluma t,. Moxe 1a ce BUIM Ja je
Tpajame MoKpera oko 4.3 s.
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CPR Trajectory Solver je aktuBupan on cTpane oneparepa nputuckom Ha nyrme CTAPT y
TpeHyTKy 0 § ¥ TO3WIMOHUpameM Kamepe y Tauky [.. On Tor MOMEHTa ma 10 MOMEHTa
t. = 0.15 s, kamepa CPR cucrema mocreneHo yop3aBa mpemMa CBOjOj CTapTHO] pepepeHTHO]
op3unn v2. OBaj 1eo Tpajexropuje je o3HayeH kao YBP-II4HA na Cin. 9.6. Ha Ci1. 9.1 u 9.5
OBaj 71e0 je 000jeH HapaHyacToM 00joM. CBU CHUMYJAIIMOHH PE3YyJTaTH Cy Takohe BUAJBUBU U
y Tabenu 9.3.

Cmuka 9.6 — Kapre3ujancke KoopIuHare.

On Tauke 77, CPR Trajectory Solver mpey3uma KoHTpoisly Haja npahemeM M HaArIeameM
o0jekra. Ca Ci. 9.6 ce Bune nepuoau y kojuma CPR Trajectory Solver npeno3naje TpeHyTHY
MO3MMIy ¥ OpHjeHTalujy Op3uHe 00jekTa U y kojuMa Aedunuiie cienehy no3uuujy Kkamepe
u 6upa mpumutuBy. To cy nepuonu: II4B6P, II411P, IT1411B, IT4CII u I14/bY. Taxkobe,
BUJUBUBHU Cy U nepuonan m3spmasawa npumurusa: I[I1BP, ITTHP, II2IB u II2CII. Hcnox
BUX Cy HazHaueHe 060je Kojuma cy oBe Tpajektopuje obojeHe Ha Ci. 9.1 u 9.5. JlerekroBane
nosuirje 00jeKTa Koju ce XaoTHYHO Kpehe cy mpuka3zaHe Ha MCTOj CIUIM Ha HUBOY HAJHUKE
paBHM pajgHOTr mpocTopa Z, = —2[m]. Toxom wu3Bpmasama npumutusa I41IP, TI4IIB,
II4CII u I14JbY, CPR Trajectory Solver omrydyje 1a Hema motpede 1a ce MeHha HHTEH3UTET
Op3uHE KpeTama KaMepe, Tako J1a Op3uHa Kamepe uMa OOJIMK Tpare30n1a IITO C€ U BUAN Ha
Ca. 9.7a). Cn. 9.76) mpukasyje pa3nuky usmely peanHux u pedepeHTHHX TpajeKTopuja
KpeTama Kamepe y JlekapToBOM KOOPAUHATHOM CUCTEMY.

Ca Cx. 9.6 ce Buau Aa u3BplIaBame ojapeheHe npuMuTuBe 3axteBa oapeheHo speme. Bpeme
M3BpIlIaBamka MPUMHUTHBE j€ YCIOB/LEHO Op3MHOM 00jeKTa. YCBaja ce Ja MaKCHUMailHa Op3uHa

123



o0jeKTa ucnymana clefilehu YCIOB Vomaxr < Vemax, TA€ Vemax TPEACTaBIbA HajBehy Op3uHy
KpeTama kKamepe. be3 003upa Ha XaOTHYHO KpeTame 00jeKTa, 3a ACPUHHUCABE Vypmgy CC
ycBaja HAjHENMOBOJbHHjHM CIIy4aj: o0jekar ce u3Mel)y mpeTxogHe W TpeHyTe Mpeno3HaTe
no3unuje kpehe mo npasoj muHUju. Ha 0Baj HaunH ce ocurypasa ycrenrHo npaheme KpeTama
o0jexTa oJ1 CTpaHe KaMepe.

Pesynrar npahema o6jexta cy Beh moMeHyTe riIaTKo MOBE3aHE MPUMHUTHUBE, IIITO MOXE U J1a
ce Bunu ca Ci. 9.1, 9.5 u 9.6. Ha oBaj HauuH ce dopmmpa ciokeHa riaTka pedepeHTHa
TpajekTopuja Kamepe y pearrHoM BpeMeHy. CrokeHa pedepeHTHa TpajeKTopuja Kamepe ce
(dhopmMupa CEKBEHIM]jaTHO, HA OCHOBY TO3HUIIMj€ W OpHjeHTaIje Op3MHE KpeTama KaMepe H
o0jekTa y onapeheHHM TpeHynuma. Jom jegHoMm Tpeba HarjiacuTH Ja Cy CBE O3HaKe 3a
nosunuje u op3une uaeHrnune Ha Ci. 9.1, 9.5 u 9.6 xao u y Tabenu 9.3, yunme ce oJakimaBa
npaheme 100HUjeHuX pe3yTaTa.

Crnuka 9.7 — a) Op3uHa KpeTama Kamepe U 0) 0JICTyname MO3UIIHje KaMepe.

VY oBoj I'nmaBu aucepranyje je tectupan CPR Trajectory Solver Ha jennom npumepy CPR
cucTeMa M y MJealM30BaHUM YcloBUMa Oe3 crnospammux nopemehaja. Takohe, pesynrar
MpHKazaH y oBoj [7aBu jecte Oa3uuHM pe3yiaTaT M OH OTBapa MoryhHocTu 3a Jajbe
yHamnpehewme CPR Trajectory Solver — a 3a MHOTO cioxkeHuje ycioBe npumene. [Iporeaypa
pa3BUjeHa y OBOM JeNy JAHMCEpTalhje MOXe OWUTH TNpUMEHEHAa Ha OWJIO KOM CHCTEMY ca
KaMepoM KOjH C€ KOPUCTH 3a Ha/IrJielamke U npaheme 00jeKTa y peaTHOM BPEMEHY.

Pesynrarn mpukazaHw y OBOM JeNy JMCEpTaIfje Cy H3BPIICHH YIOTPEOOM MPOrpaMcKor
makera CPRTS [116].
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Tab6ena 9.3 — Ynopeane no3uiyje u 6p3uHe kKamepe U 00jeKTa.

Bp | ¢, [s]| Hosummja | ¢ [s] [Mozummja TperyrHa TperyrHa HupHa Hussa [IpumuTHBa
Kamepe y Kamepe y MTO3MIIHja opHjeHTaIja Tayka opHjeHTaImja
t.[s] t,[s] o6jexra objexTa, cMep Kamepe KaMepe, cMep
npaBe 0; npase f;
('xcﬂycazc) ('xcﬂycazc) (x"’yo’zo) (XC’yC,ZC)
1. 0 1. (0.60, 0 1. (0.60, HETI03HATO HETI03HATO 11, (0.61, X TIO3UTHUBHO, ) 114
1.05 1.05 1.04 HCTAaTUBHO - IIpaBa
4
-0.30) -0.30) -0.30)
2. | 0.15 1, (0.61, 0.35 11, (0.65, 1, (0.74, X HeraTuBHO,y | [[I (0.74, X HETaTUBHO, Y 11
1 04 100 1 00 IIO3BUTHUBHO - 1.00 IIO3UTUBHO - l‘[paBa
rpaBa 0, t,
-0.30) -0.30) -2.00) -0.30)
3. | 142 I, (0.74, 1.62 ui,, (0.71, 11, (0.74, X TIO3UTHUBHO, IV, (0.74, X TIO3UTHUBHO, ) 111
1.00 1.04 1.00 Y HCTAaTUBHO - 1.00 HCTAaTUBHO - IIpaBa
npasa 0, 13
-0.30) -0.30) -2.00) -0.35)
4. | 2.19 1V, (0.74, 2.39 v, (0.78, I, (0.83, X TIO3UTUBHO, V. (0.83, X TIO3UTUBHO, ) 112
1.00 0.97 0.85 y HETaTHBHO - 0.85 HETaTHBHO - IIpaBa
’ ’ ’ IpaBa 05 ’ ty
-0.35) -0.35) -2.00) -0.35)
5.1 2.96 V. (0.83, 3.16 V., (0.88, 1V, (1.03, X TIO3UTHUBHO, VI, (1.03, X TIO3UTHBHO, ) 112
0.85 0.84 0.79 y HETAaTUBHO - 0'79 HETAaTUBHO - HpaBa
npaBa 0, ts
-0.35) -0.35) -2.00) -0.30)
6. | 3.87 VI, (1.03, 4.07 VI, (1.08, v, (1.22, X TIO3UTUBHO, VI, (1.10, X TIO3UTHUBHO, ) 114
0.79 0.77 0.82 Y TIO3UTHUBHO - 0.77 HETaTHBHO - IIpaBa
1paBa O te
-0.30) -0.30) -2.00) -0.30)
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I'masa 10

3akipyuak

Y 0BOj IucepTalrju je JaT CHCTEMATCKHU MPeTyiel TOCTYITHE JINTepaType U3 00IacT aHAIH3e
u cunreze CPR cucrema. Cercka nureparypa je MOCiHyXujia He caMo 3a YIO3HaBambe OBE
obnactu, Beh je nana u HOBe uzeje 3a pazBoj CPR cucrema.

Ha ocHoBy youenux ocobuna CPR cucrema u3 jgoctynmHe JuTeparype, ayTrop OBE
JUcepTalyje je 3akJbydro Jia je oBa 00JIacT MyNTUAMCIMIUIMHAPHA M YKJbydyje oOIaTH:
MEXaHHMKa, MAIIMHCKE KOHCTPYKIIHMjE, TIOTOHCKH CHUCTEMH pa3IMYMTUX TUIIOBA, MEpeHma U
CCH30PH, €JEKTPOHWKA, padyHapu, alrOpUTMHU YIpaBJbakba M IHHXOBA COPTBEpCKa
peanuzanyja, Mpeno3HaBame OOJNMKAa M 0o0paja CHTHala, Ka0 M CBH AacCIEKTH BeIITauyke
unTenureHyje. Jlepunucan je HU3 HOBUX KOH(QHUrypaldja Koje Cy IMpHUKa3zaHe Kpo3 APYry
I'maBy oBe amceprauuje. [Ipukazanu cy cucremMu KOju Cy J0 caia JAETajbHO aHAJIM3HPaHU
Kpo3 HayuHe nyOnukanuje. Y aucepTrauuju je pedeprcano 1 Hekonuko koHpurypanuja CPR
crcTeMa Koje KOpUCTe y)KaJ] ca 0coOMHamMa eacTUYHOCTH. ENacTHYHOCT je peaaHo mpucTyHa
y CPR peanuzanujaMa u cBakako MpeCTaBiba M3a30B U 3a Oyayhe HCTpaxuBame ayTopa OBe
nucepranyje. bes o03upa Ha OBy UYMILCHUILY, Y OBOj mucepranuju ce mocmarpajy CPR
CHCTEMH KOjU KOpUCTe Yyxan (kKablioBe) ca WIeaTu30BaHUM OCOOMHAMa KpPYTOCTH.
[Tonpa3ymeBa ce fa cy yxaj HIeaaTHO KpyTa U Ja 3apXKaBajy Ty OCOOMHY U Yy aKCHjaIHOM U
y paauanHOM mpaBly Oe3 o03upa Ha NPUCYCTBO CHIIa KOje Ha WHX Jenyjy. OBakBa
IPETIIOCTABKa j€ OBJIE CMHUIIJBCHO yBE/IEHA MaKO 3aHeMapyje oapeleHe nTuHaMU4Ke 0COOMHE
CPR cucrema. IlocraBibeH je mmib J1a Ce€ jaCHO NMPHKaXKe YTUIA] HEKUX HOBOOTKPUBEHHX
(eHOMEHa y CBOM ITYHOM OOJHMKY Ha AnHamMudku o13uB CPR cucrema.

Hakon nedunucama HoBux koH(purypauuja CPR cuctema, y tpehoj I'maBu je npukasan
MOCTYIaK Kpenpama MaremaTnukor mozena CPR cucrema. Jledpunucanu cy KWHEMAaTHUKH U
OUHAMUYKK Mozenu nABe pasznuuure KoHgurypamuje CPR cucrema: RSCPR u CPR-A
cucrema. OBa JBa cuUcTeMa Cy NPUBMJHO CIMYHA, AU NPUIMKOM KpeHpama HHXOBUX
MaTeMaTHYKUX Mojenia ce yBuhajy pas3iiuke y HWHUXOBUM KOH(QUIypalujaMa. YIpaBoO TO
MpeACTaBJba jeIaH o] mpodiiemMa MPUIMKOM Kpenpama HoBuX KoHpurypanuja CPR cuctema,
jep HUje NIOCTYyNaH yHUBEp3aJlaH ajlaT 3a Kpeupame Maremaruukor mojena ouno kor CPR
cucrema, Beh je moTpeOHO MPUCYTIIUTH MOIETIOBakY CBAKOT O] BbMX Ha BEOMa CUCTeMaTH4aH
HauuH. To mpeacTaBiba jeAHY O TeMa Ha KOjOo] HUCTpaXMBayd TPEHYTHO paje, a To je
KpeHpame anara Koju 6u onakiiao aehpunucame u peanuzanyjy HoBux CPR cucrema.

CPR cucremu nepunucanu y ['maBama 2 u 3 cy peain3oBaHU TaKo Ja KOPUCTE MOJICUCTEME
3a HaMOTaBamE/OJMOTABAKE Y)KaaU Ca HEMPOMEHJbUBHM IMOJYIPEYHUKOM HAMOTaBamba.
OBakBU MOACHUCTEMH CE€ YECTO KOPUCTE Kao cacTaBHM jenoBH pasnuuutux CPR cuctema. ¥
I'naBu 4 je mpukaszaH paj HoJcucTeMa KOju KOPUCTU CTaHJapAHHU OOJIMK YEKpKa 3a jeTHOPEI0
BHIIIECIIOJHO PajJivjaHO HAMOTAaBamk-E/0MOTABAKE Y)KETa M HETOB yTHIIA] HA paja ogadpaHe
koH(purypanuje CPR cucrema, RSCPR cucrem. /[lerasbHO je MoJenoBaH paj cTaHIapIHOT
o0nMKa 4yeKkpak W youeHU cy (DEHOMEHH KOju HacTajy meroBoM ynorpebom. Ilokazano je na
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J0J1a3M IO CKOKOBHTE IMPOMEHE TUHAMHYKUUX BEIIMYMHA KOje KapaKTepPHINy OBaKaB IPOIIEC
HaMOTaBamba/0IMOTaBamka yxera. CKOKOBHTAa NMPOMEHA JWHAMHYKHX BEJIHMYMHA CE BEOMa
HETOBOJBHO OJJpakaBa Ha crabuiaH pan dekpka. [lomro CPR cucrem oOn4yHO mma BuIe
MOJICUCTEMA 32 HAMOTABakhE/0IMOTABAKE YKAIM, OHJIA C€ JMHAMHYKA HeCTAaOMITHOCT u3Melhy
BUX CIPEXe M HEMOBOJFHO OJlpakaBa Ha KoHTposabuiaHocT omadpanor CPR cucrema. OBa
CKOKOBUTA TPOMEHa JMHAMUYKHUX KapaKTEPHCTUKA KOH(HTrypaiuje CTaHAapJHOT OO0JIHMKa
YeKpKa 3a JEAHOPEIO BWINECIOJHO paJWjalHO HaMOTAaBamke/OMOTABAKE YKETa je
Y3pOKOBaHAa KOHCTPYKIIMjOM OBOT YEKpKa M Y3pPOKYje OCIMIATOPHOCT CHUCTEMa KOjy HHje
Moryhe crabunrcatu OMI0 KOJUM MO3HATHUM 3aKOHOM YIPaBJbaba.

Ha ocHoBy pesynrara u3 ImaBe 4 u mpemnosHaBama ()eHOMEHa KOjU HACTajy HPUIMKOM
ynotpede CcTaHmapaHOr OOJMKa 4YeKpKa 3a JeAHOPEAO BHUIIECIOJHO  PaaujaTHO
HaMOTaBambE/0JIMOTaBakE YKeTa, y [J1aBu 5 je neTaJbHO NpEeACTaB/beH U MOJICIIOBAaH HOBU
OOJIMK YeKpKa 3a TJAaTKO jEIHOPEIO BUIIECIOjHO paJWjalHO HAMOTaBaHbE/0JIMOTABAE
yxkera. Pajg HOBOr o0OJHMKa YEKpKa je 3aTUM EKCIIEPUMEHTAIHO yropelheH ca pagom
CTaHJIapJHOT 00JIMKA YEKPKa 32 jeTHOPE/I0 BHUILIECIIOJHO PaHjaIHO HAMOTaBamke/0IMOTABAE
y)KeTa. YCTaHOBJBCHO je J]a HOBH OOJHMK YEKpKa MOBOJAHO YTHYE HA JIHMHAMUKY O/3MBa
MOJICKCTEMA 332 HAMOTaBamke/OMOTaBame yxkera. Kpo3 myOnmkamnuje je moka3aHo Jia OBaj
JOMPUHOC MMA IIUPOK 3HAYA] y Pa3IMYTUM 00JIacTUMa JbYJICKE AeTaTHOCTU. TecTupas je pan
onabpane koHo¢urypamuje cinoxeHor CPR cucrema, RSCPR cucrema, koja kopucru
MOJICUCTEM 3a HAMOTaBame/OJIMOTAaBakE¢ YKETa ca HOBHUM OOJIMKOM 4Yekpka. Kpo3
onropapajyhe pesynrare je yodueHO Ja ce CHCTEeM IMOHamia cTabuiaHO M Ja ra je moryhe
KOHTPOJIMCATH ca JOOPO MO3HATOM YIIpaBibayoM cTpykTypom, PID koHTposiepom, 6e3 003upa
Ha CH&XHO crpe3ame m3Mel)y akryaropckux mojacucrema. ['eHeprcameM HOBOT O0JIMKa
YeKpKa je perieH mpo0ieM KOHCTPYKTUBHE HeCTaOMITHOCTH HAcTajle ymoTpeOoM cTaHaapIHOT
00JMKa YeKpKa 3a JeTHOPEI0 BUIIIECIIOjHO PaiijaTHO HAMOTaBamke/0IMOTaBAKE YIKETa.

CPR cucremu ananusupanu y ['maBama 2-5 cy peann3oBaHU Tako Jia je Moryhe yrpaBibaTu
caMo TIO3WIIMjOM HOcada Tepera y JlekapToBOM KOOPAWHATHOM CHCTEMY PaJHOT MPOCTOPA.
Wnak, y MHOrMM cuTyalyjamMa HHJ€ JOBOJbHO YIIpaB/baTH CaMO MO3MIMJOM HOcaya y
npoctopy u 30or Tora je y ['maBu 6 ananmsupana motpeda 3a KOHTPOJOM OpHjEHTAIH]e
Hocaya Tepera CPR cuctema. [IpBoOMTHO je ncnuTaH (pEeHOMEH 3aKpeTama Hocada Tepera
TOKOM H-€TOBOT' KpeTama Kpo3 pajHu npoctop. Mieann3oBaHa mpeTnocraBka je jJa ce Tauka
LIEHTpa Mace Hocaya TepeTa MpeKIiama ca TAYKoM Holllewka TepeTa (Ipeceka y)Kaau KOoju Hoce
Teper). Ta mpeTmocTaBKka BakKM CaMO 3a IIEHTPAJHY TadkKy paJaHoOr mpoctopa (Koja
MpeACTaB/ba NPECEK TJAaBHUX JHMjaroHajga pagHOT TPOCcTopa OOJWKa TMapayeenure/a).
Tokom wm3BpmIaBama 3agaTka, OJHOCHO KpeTama Hocada TepeTa y MPOCTOpY J0JIa3d 0
pasnBajama OBUX ABejy Tavaka. JlompuHoc oBe ['naBe je ga je oBaj peHOMEH MpencTaBbeH
MaTeMaTUYKH © TpPUKa3aHu Cy pe3yJaTd Koju Ta motBphyjy. Takohe, mara je
eKCIIepUMEHTaIHa OTBpJa oBe ¢u3nuke nojase. Kao pesynrar oBe aHaiuze, 3aKJbydeHO je
na mopa na ce peanusyje CPR cucrem ca Bumie yxaaum Ja OM ce YCHEIIHO YIPaBJbajio
KpeTameM (TIO3UIMOHUPAke W OpHjeHTallfja) Hocadya TepeTa y mpoctopy. Kpos apyru neo
I'naBe 6 je nedpmnucana HoBa koHpurypanuja CPR cuctema ca ocaM yxaau U OH je Ha3BaH
CPR-8 cucrem. M3BeneH je MareMaTHYKu MOJEN OBOT CHCTEMa M MPHUKA3aHE Cy jeJHaYMHE
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KOj€ OIHUCY]y BEeTrOBY KHHEMaTUKy U quHaMuky. OBo pememe CPR cuctema je camo jeaHo on
moryhux. Moryhe je HanpaBUTH U CHCTEM Ca HITP. IIECT yXKaIu 1 aHaIu3a TaKBOT' CUCTEMa je
jenaH oj IaHoBa 3a Oyayhe HCTpaXuBame ayTopa OBe JUCEpTaIlyje.

Toxom muzajuupama CPR cuctema, OMTHO je neTajbHO aHANM3MPATH U MOJICIIOBATH CBE
ETOBE TOICUCTEME KaKO OM CHCTeM HCIyHhaBao M yCarjlaCHO CBE 3aXTEBE KOPHUCHHMKA U
KOHCTpyKTOpa. IlocTaBsbeHM 3aXTE€BM MOy Ja c€ OJHOCE Ha HHM3 Mapamerapa: Op3uHa
KpeTama HOocada TepeTa, Maca TepeTa, BEeIMYMHA paJHOr IPOCTOpa HOcaya TepeTa, THII
aKTyaropa (MOTOp, PEIyKTOp M YeKpK), Tull KoH(purypamnuje CPR cucrema u uu3 apyrux. Heke
O]l OBHX IapaMeTapa JUKTUpa KOPUCHUK a Heke Hamehe koHCTpykTop. Y I'J1laBu 7 OBE TOKTOpPCKE
aucepranyje je neduHucana HOBa MpoLEAypa 3a aHAIM3y PaJHOT MPOCTOpa HOcaya Tepera
CPR cucrema. J[lebunncana mnponenypa je HazaHa CPR-WWA (ear. CPR-Whole
Workspace Analyisis). OBa npoueaypa je Tectupada Ha CPR-8 cuctemy koju je npukazad y
I'naBu 6. OBa koH¢purypanuja CPR cucrema je camo ogaOpaHa 3a TecTHpame HOBOHAcTae
npouenype u Moryhe jy je aHanusupatu Ha Omiio kojoj koHourypamuju CPR cucrema.
[Iponienypa oOyxBaTa KHHEMaTHYKW M AMHAMHYKHA MOJIENl CHCTEMa YWjU CACTaBHU JI€0 YHHU
u Matemarmuku Mmozen aktyaropa CPR cucrema. Ha oBaj HaumH ce aHanmusupa YTHIQ]
onabpaHor akTyaTopa Ha M3BOJJbMBH paJHH MpocTtop Hocaya Tepera CPR cucrema. Ynpaso
W3 Te WJeje je HacTajla HOBa METOJOJIOTHja KOja AW3ajHEpPy W KOHCTPYKTOPY oMoryhasa
n3bop oxromapajyher akryaropa 3a ogabpanu CPR cuctem. Metoponoruja Hocu HHa3HB
CPR-ACM (enr. CPR-Actuator Choice Methodology). OBa merozmosioruja, nopex OCTaaux
notnporpama, ooyxsara 1 CPR-WWA nponenypy. Merononoruja pacmonaxe KaTalOIIKUM
nonanuMa oapeheHor Opoja akTyaTopa Koju Ccy AepUHHCAHM y HeHO] 0a3u mojaTakxa.
KopurcHUK ¥ KOHCTPYKTOp JePUHHINY CBE 3aXTEBE KOj€ 0ladpaHy CUCTEM Mopa J1a UCITYHH, a
jelaH oj 3axTeBa jecTe BeJIMYMHA HM3BOAJBUBOI paJHOr Mpocropa Hocada Tepera CPR
cucrema. Panu aHanuze u TecTupama HOBe Merojonoruje je takohe ymorpedssen CPR-8
cucTeM. AHaTM3WpaH je YTHUIA] TEeT Pa3UYUTHX aKTyaropa Ha BEIHMYHWHY H3BOJJEUBOT
panHor mpocropa Hocaua Tepera CPR-8 cucrema. Ha ocHOBY 3axTeBa KOHCTpyKTOpa U
KopucHuka, merononoruja CPR-ACM tectupa akTyaTope u3 0a3e mojaTaka M H3/Baja
ynoTpebJbrBe 3a npeaedruHucany KOHKpeTHy HameHy. Ha Taj HauuH ce 06e36elyje 3HauajHa
nomoh koHcTpykTopy CPR-8 cucrema mpu omabupy aktyatopa. Y3 mane Moaudukanuje
Mmoryhe je ynorpebutu merononorujy CPR-ACM 3a Ouino koju poOOTCKM MM HEKH JIpYTH
ciokeHn MmexaHuzaMm. OBO Jaje Ha BpPEAHOCTH OBO] METOJOJIOTHMJU M HeHa ymnoTpeda Ha
paznuuuTUM cucteMuMa he OuTu TecthpaHa Kpo3 Oynyha wucrtpaxuBama ayTopa OBE
JIOKTOPCKE JIMCepTalnje.

Kpeupame ynpasibaukux crpykrypa 3a CPR cucrem je Beoma 3axTteBaH mocao. Jla 6u ce
KpeHpajla Ioy3/aHa YIpaB/badka CTPYKTypa HEONXOJHO j€ CYIUTHHCKO IIO3HAaBame CBUX
(denomena koju kapakrepuiny cioxxkeHu CPR cuctem. V oBoj aucepraumju je nepuHucana
HOBa yIpaBJbauka CTPYKTypa €r3akTHOM JIMHEApu3alljoM O] yja3a /0 CIOJballbUX
koopauHaTa. KpeupaHa ymnpaBibauka CTPyKTypa je JeduHucaHa 3a jenHy ojalOpany
koHpurypamujy CPR cucrema, a To je RSCPR cucrem. HoBonacrana ynpassbauka CTpyKTypa
3aBUCH O] MapaMeTrapa cHcTeMa jep JIEIMMUYHO YKJbydyje HEroB MaTeMaTHYKH MOJIE.
BeponocTojHo neduHMCaH MaTeMaTHUKH MOJEN CHUCTeMa je BeoMa OMTaH INpH TeHepucamy
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OB€ yIpaBJbauyke CTPYyKType mpu ymnpaBibaky CPR cucremom y peamHum ycioBuUMA.
W3BpieHa je aHanu3a IMHAMUYKOT OJ3MBa CHCTEMa 3a J[Ba pazliMuMTa ciiydaja. TecTupaH je
pan RSCPR cucrema ynpaB/baHOT HOBOM YIIPaBJhAaUYKOM CTPYKTypa Kaja Cy MCTO] MO3HATH
pedepeHTHH mapamerpu cuctema. Takohe je W3BpIIeHAa aHaidM3a OJ3MBAa CHCTEMa Kaja
yIlpaBjbauka CTPYKTypa HE IO3Haje pedepeHTHE Mapamerpe cucreMa, Beh HEKH Of HHX
3HAa4YajHO OJCTYNajy OJ CBOjuX pedepeHTHHUX BpenHoctd. Ha oBaj HaumH je Tpebdano
YTBPAUTH POOYCHOCT HOBE YIpaBJbayke CTPYKType. [Ipexo mpuKa3aHux CHUMYJIAIMOHUX
pe3yniTaTa ce yCTaHOBJbaBa Jla HOBA YIpaBjbauka CTPYKTypa A00po (QYyHKLIHMOHHILIE W Kaja
paau ca peepeHTUM napaMeTpuMa U KaJla paJiy ca pealHuM mapameTpuma cuctema. Ha oBaj
Ha4YMH Cce MoKa3yje Ja IpuKa3zaHa HOBojAe(UHHCaHA yrpaBibayka CTPYKTypa paau 100po u
KaJla TOoCToje ojpeheHe HEeCUTypHOCTH y MHpOpauyHy MapaMerapa cuctema. AyTop OBe
JHcepTalyje )Keu J1a y CBoM OyayheM HCTpakuBamy TECTUPA HOBY YIPaBJbauKy CTPYKTYPY
ca pa3IMYMTHX CTAaHOBHUIITA M Ha paznuauTiM CPR u qpyrum poGoTckum cucremMuma.

VYnpaibame KperameM Hocaua Tepera CPR cucrema je jenna ox oGnactu Koja je CTajlHO
aKTyenHa Mel)y wucTpakuBaunMa M HHXKemepuMma. [loTpebHo je neduHMcaTH TakBe
TpajeKTopHje HOcaya TepeTa Jia CHCTeM pPaau MPABUIHO W Yy TPAHUIIAMa CBUX COIICTBEHUX
IMHAMUYKHX MoryhHOcTH 0e3 003upa Ha 3amgaraka u ynory CPR cucrema. ¥ I'maBu 9 oBe
JUCepTaIyje je IpruKa3aH HOBU ajrOpHUTaM 3a FeHepUcambe IIaTke peepeHTHE TpajeKTopHje
kamepe CPR cucrema koja MMa 3afaTak jJa MpaTd MOKPETHH 00jeKaT y pealHOM BpPEMEHY.
OBaj anroputam ce 30Be CPR Trajectory Solver. YcBojeHo je na je objekaTr yBek Yy
BUJOKPYTY Kamepe. JlepuHucana je 6a3a momaraka oJ 4eTHPH NMPUMHUTHBHE TPajeKTOpH]e,
OJHOCHO mpumuTHBE, Koje jnoruka CPR Trajectory Solver — a kopuctu na nedunuine
pedepeHTHY TPajeKTOpHjy KpeTama kamepe TokoM mpahema objekra. [Ipuka3an je yommreHu
IpUMep reHepucamwa pedepeHTHe TpajeKTopuje U AePUHMCAH je aJropuTaM peanusaluje
3aJlaTKa KOju MOXe OMTH ynoTpeOsbeH TOKOM npahema XaoTHYHOI KpeTawma o0jekTa. HakoH
TOra je nar jeiaad mpumep npahema o0jekTa U TeHepucama peepeHTHE TPajeKTOpHje IITO je
MOTKPEIJbEHO CUMYJIAIMOHUM pe3ynraTtuma. Kpo3 oBe pesynTare ce BUAM YCHEUITHOCT HOBOT
aIrOpUTMa M HEroBe MOryNHOCTM NMpHMEHE Ha pa3IMYUTUM CHCTeMHUMa. AJTopUTaM je
TeCTHpaH Ha jenHoj omaOpaHoj koH¢urypamuju CPR cucrema, RSCPR cucrema, anu je
HarjameHo Jja MOoXe OUTH TeCTHUpaH Ha OWJIO KOM CIIOKEHOM CUCTeMy ca kamepoM. OBUM
pesyararom je nosehana ayronomHocT CPR cuctema mro npezacrasba 3HauajaH JONPUHOC Yy
OTHOCY Ha TIO3HATa peIema y CBETCKO] JHUTEeparypu. AHaiM3a OBOT alropuTMa Ha
pa3IMYUTUM CHCTEMHMa U IETOBO YHampeheme je jemaH oj 3amataka 3a Oymyhe
HCTPaXXUBAE ayTOpa OBE JIMCEepTalnje.

Tokom mcTpaxuBama Ha OBOj MOKTOPCKO] JHUCEpETAIjU ayTop je 00jaBuO 22 KOayTOpCKa
pana u3 obmactu CPR cucrema. To cy pamosu: [67]-[73], [75]-[81], [86]-[88], [99], [100],
[101], [103] u [116]. Ox TuX pamoBa, TpU pajaa Cy €CEHIMjaIHA 3a TPHjaBy U OJOpaHy OBE
mucepramyje. To cy pagosu: [99], [101] u [116].
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buorpadmuja

Jbyounko Kesarl, MmacTep HHXEHmEp eIeKTpoTeXHHUKE, poheH je 26.05.1987. rogune y Kipyay,
bocua u Xepuerosuna, ox oma bpanka u majke Jbyoune. OCHOBHY MIKOJIy je 3amoyeo y
Kibyay, anu jy je 3aBpumo y bujessunu. YV bujesbHHU je 3aBpIIMO M CPEAbY TEXHUUKY
MIKOJY. Y TOKY IIKOJIOBamka j€ Y4eCTBOBAO Ha HEKOJIMKO TAaKMUYCHA U3 PA3HHUX MpeaMeTa U3
00JIaCTH MPUPOJHUX U JPYIITBEHUX Hayka. Enexrporexnuuku Qakynrer y beorpany ynucao
je 2006/2007. mkoncke roaune. Jummomupao je 2010. roquHe ca mpocedyHoM orieHOM 8.68
TokoM cryauja u omeHoM 10 Ha mummomckom. Ilkomcke 2010/2011. roamHe ymucao je
MacTep cryauje Ha EnexktporexnuukoM akyntery y beorpangy. Mactep crynuje je 3aBpiino
2011. rogune ca mpoceyHoM oueHoMm 9.67 u oueHom Ha mactep pany 10. Hcre roaumne,
moueo je na capalyyje ca koinerama u3 Llentpa 3a pobotuky Mucturyra Muxajno Ilynuw,
Beorpang m mo moroBopy ca CBOjUM KO-MEHTOpoM ap. Mupjanom @unmmouh ymwmcyjy
JIOKTOpCcKe crynuje Ha Enekrporexanukom ¢akyntery y beorpamy noderkom 2012. romune.
[Toyerkom ampuna 2012. rogumHe 3acHMBa pagHU OAHOC ca HMHOBalMOHUM ILIEHTPOM
Enextporexuuukor akynrera y beorpany, rie je 3amocieH u qaHac.

OO0nacT HayYyHOT HMCTpaXKHBama JOKTOpaHTa OOyxXBaTa aHAIU3y, CHHTE3y M MaTeMaTHYKO
MOJIeTIOBamkbe¢ KaOJOBCKM BoljeHWX poboTckux cucrema (eHr. Cable — suspended parallel
robots — CPR systems). Ayrop je o0jaBuo oko 30 pamoBa y Hay4HMM 4YacOlHUCHMa M Ha
HAayYHHM CKYIIOBHMa U3 00JIacTH POOOTHKE M yIpaBibamka, 0]l KOjUX je 22 Be3aHO 3a TeMy
JOKTOPCKE JIUCEpTaIHje.

Peniensent je 3a mehynapoanu yacomuc Robotica u OMO je pereH3eHT HEKOJIMKO pajoBa Ha
MehyHapoaHnoj koHdpeperunju RAAD 2016.

AHraxoBaH je Ha IpPOjJeKTy ,,JluHamMuka XHMOPHIHUX CHCTEMa CIIOKEHUX cTpykrypa“, OU-
174001, unju pyxoBoamiail je [Ipod. np Karuma C. Xeapux.















