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CUHTE3 CUCTEMU YNPABIJIHHA POBOTU30BAHOIO
TPAHCMOPTHOK CUCTEMOU AK OUCKPETHO-BE3NEPEPBHUM
OB’€EKTOM

Poszenadaemvca 30upanvhuii yex 3 poOOMU308AHOI0 MPAHCNOPMHOI CUCMEMON, WO CKIAOAEMbCS 3 MPbOX
ABMOHOMHUX MOOIIbHUX pOOOMIE, KL I0yMb 3a 3A0AHOI0 MPAEKMOPIEI, WO 3A0AEMbCS YOPHOK JIHIEK HA NIONO3L Yexy.
Ompumano cmpykmypy ynpagninHa Ouckpemuo-besnepepsHum 06’ ckmom. [ns 3anobieanus 3imKkHeHb MpaHCHOPMHUX
pobomis nio yac pyxy migxc OUIAHKAMU 30UPATLHO2O Yexa Ma 3MEeHWeHHs Yacy NPoCcmor poboyux Micyb po3pooieHo
aneopumm YnpaeuiHHA, CQOPMYIbOSAHO JIO2IUHI YMOBU MAPKYy8aHHs nosuyit epaga cunxponizayii. Ilposedeno
MOOENOBAHHSA OMPUMAHOT CUCMeMU YAPABIIHHA, NPOAHANI308AHO 11020 Pe3VIbmamu.

Knwowuosi cnosa: ouckpemno-oesnepepenuit 06’ckm, 3oupanvhuit yex, Max-Plus anzeopa, 3éopomnuii 36’a30x,
2pag cunxponizayii, po6omuszoseana mpancnopmua cucmema, oiazpamu I'anma.

IMocranoBka 3amaui. Posrnsgaerscs 30upanbHuil mex (puc. 1), TEXHOJOTIYHUHA IPOIEC SIKOTO CKIA€ThCs 3
KOMIUIEKTYBaHHS Ha0Opy JieTallel Ha CKJIaJli Ta IX TPaHCIIOPTYBaHHS J0 MICIh 30MpaHHs (AisHKa 1), 6e31mocepesHporo
30MpaHHsl TOTOBOTO BHpOOy (ainstHKa 2), GapOyBaHHS BHpOOY (IisHKa 3), MaKyBaHHsS Ta BiIBaHT)XEHHS FOTOBOTO
BUpOOY (ninsiHKa 4).

=) —l—

Pucynox 1 — Ilnan 36upanvnozo yexy

Jns TtpancmopTyBaHHS HAOOpy IeTajiel Ta TOTOBOTO BHPOOY MK MUISHKaMH BHKOPHUCTOBYETHCS POOOTH30BaHA
TPaHCHOPTHA CHCTEMA, IO CKIAJAETHCS 3 TPHOX aBTOHOMHHX MOOUTBHHX POOOTIB, SIKi IIyTh 32 3aIaHOK0 TPAEKTODIELO,
IO 33/Ia€ThCSI YOPHOIO JIIHIEH Ha Mmijuio3i uexy. JlaHy TpaHCHOPTHY CHCTEMY MOKHA BITHECTH O JUCKPETHO-
0e3mepepBHOTO KIIacy, TOOTO NWHAMIYHHX CHCTEM, MOBENIHKY SKHX MOXKHA OIHCATH 3a JIOIIOMOTOI0 JHMCKPETHOI
MOCTIOBHOCTI MOJIH, 0 MAlOTh KOOPJIMHYBATHCS (KEPYBaTHCS) NPOEKTOBAHOIO CHUCTEMOIO yrpaBiiHHA. s omucy
TUHAMIKA JUCKPETHO-Oe3NMepepBHUX CHCTEM MOKHA BHKOPHUCTOBYBAaTH amapaT mepex Ilerpi [1], a came ix kmacy —
rpadiB cunxponizanii i Max-Plus anrebpu. [ns rpada cuaxpoHizauii poO0TH30BaHOI TPaHCIIOPTHOT CHCTEMH, IO
posrisaaerses (puc. 2), B [2] Gyito npoBeaeHO MOIEIOBAHHS, HA OCHOBI PE3YJIbTATIB SIKOro OyJio Mo0ya0BaHO JiarpaMu
I'aHTa, 0 XapaKkTepHU3ylOTh CTaHW CHCTEMH Y YacOoBili 00acTi.

Sl S2 S3 S4 S5 S6

ul 0 xI 35 x2 35 x3 3% x4 I5 x5 15 yl
S8 S9 S10 si1 . s12

u2 0 x6 35 x7 15 x8 35 x9 345 x10 15 y2 su4 0 x16 30 x17 30 x18 100 x19 30 x20 35

s13 S14 sis s16 s17 s?s J | %‘_| ?28 % s%e fs

u3 0 x11 35 x12 15 x13 15 x14 15 x15 330 VY3 30 x25 15 x24 15 x23 30 x22 30 x21
Pucynox 2 — I'pagp cunxponizayii mpancnopmHoz cucmemu 30UpaIbHO20 yexd
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IpyHTYyrounCh Ha miarpamax ['aHta Gyjo BH3HAYEHO, IO, IO-TIEPIIE, MiJ Yac PyXy poOOTIB MK TUISTHKAMH IIEXA
BHHHKAIOTh 1X 3ITKHEHHS MK 00010, 1[0 € HEMPUITYCTUMHM, T10-Jpyre, BAHUKAIOTh IIPOCTOT pobounx Micipb (Ha pM3l —
480 cexyHn, Ha pM32 — 565 cexyHn, Ha pM33 — 670 cexynn, Ha pM — 480 cexyHx). L{e rOBOPHUTH PO TE 1110, MO-TIEPIIIE,
HeoOXiTHO KOOPAWHYBATH PYX MPOMHUCIOBHX POOOTIB 3a JOITOMOTOIO TBEPAMX BHMOT, TOOTO HEOOXiTHO chOpMyBaTH
JIOJJATKOBI JIOTTYHI YMOBH HEPEKIIIOUSHHSI OKPEMHUX TIepeXxo/1iB rpada CHHXpOHI3allii, 1o-apyre, HEOOXiqHO chopMyBaTH
OATKOBHUH aJTOPUTM IIEPEMIIIEHHSI TPAHCHOPTHUX pOOOTIB MK IiMISTHKAMH IiexXa 3aulsil MiHIMi3allii 9acy IpoCTOiB
pOOOYUX MiCIIb.

CuHre3 ynpapiaiHHs

TumoBa cTpyKTypa CHCTEMH YIIPaBIiHHS JUCKPETHO-0e3MepepBHIM 00’ €KTOM Ma€ BUTJIS, IPEACTAaBICHUH Ha puc. 3

[3].

x(k+1)=Ax(k+1)® Ax(k)®Bu(k +1) |—
u(k+1) x(k+1)| |x(k)

u(k+1)=Kx(k +1)®Kx(k) [{——

Pucynox 3 — Cmpyxmypa cucmemu ynpasninus ouckpemuo-oesnepepeHum 06’ €kmom

3aj1a4a CUHTE3Y YNPaBIliHHS OJIATa€ B 3HAXOKEHHI MaTPHIb 3BOPOTHBOTO 3B’513KY K 1 K 3 ypaxyBaHHsAM 3a/1aHOT
MHOXHHH 3a00pOHEHHX CTaHIB CUCTEMH 1 3aJ]aHOT MOCTIOBHOCTI MapKyBaHb NO3UIIIi rpada cuHXpoHi3alii B yaci.

Ilpu npomy matpuni Ky i K; — ABi MO3HTHBHO BU3HAYeHi (PX|S|) MaTpuIl, SKi GOpPMYIOTH XapakTep 3aKOHY
YIPABIIHHS TPoLEcoM. B 1(bOMy BHNAAKY 3HaueHHs P 10piBHIOE YMCIy JIOTIMHIX yMOB MEPEKIIOYEHHS KePOBAHIM

MIPOIIECOM, |S| — YUCIIO BepIINH rpada cHHXpoHi3amii. B pe3ynprati st KepoBaHOTO MPOIIECY MAEMO HACTYITHE PIBHAHHS
B IIPOCTOPI CTaHy 3aMKHYTO1 CHCTEMHU:

X(k +1) = (Ay @ BKy)x(k +1) @ (A @ BK;)x(k) 1)

Jns Toro, mo6 oTpuMaTu po3B’a30k piBHAHHSA (1), rpad matpuni Ay ® BKy Mae OyTH BiTbHHM Bifl ITUKIiB. 3a TaKHX
YMOB MO>KJIMBO BU3HAYEHHS MaTpulli M g KepoBaHOi JUCKPETHO-0e3MepepBHOT CUCTEMH 3TifHO 3 PIBHAHHSIM:

x(k +1) = (A @ BKo)x(k +1) @ (A ® BK;)x(K) = (Ay ® BK,) * (A @ BK;)x(K) = Mx(K) @

[TpocTumMK BUMOTaMH JI0 MOBEAIHKK KEPOBAHOTO rpada CHHXPOHI3aIil € HACTYIHI JIOTTYH] YMOBH:

1. Yacosa touka X(k) k-ro mapkyBanns nmosuuii S Mae BinOyTHcs He paHiule HiK Yepe3 ; OJMHHIL YACY IICIs

K -ro mapxyBasHs no3uii SJ , 110 BiITIOBiza€e cTaHy Xj (k) .

2. UYacoBaTouka Xj(k+1) (k+1)-ro mapkyBaHHs IIO3HLII §; Ma€ BinOyTHCA HE paHillle HDK Yepe3 r OAUHULIb Yacy

nicns K -ro MmapkyBauHs nosuiii SJ (crany Xj (k) nonepeIHboro K -ro MUKy MapKyBaHH).

YMOBH, IO BiMOBIAOTh MOTOYHOMY UKy BHOCATECS B MaTpHIl0 K, a HACTYyIMHOMY MKy — B K.
st 3amo6iranHs 3iTKHEHb TPAHCIOPTHHUX POOOTIB i Yac pyxy MK IUISHKAMH IeXa B KEPOBaHil CHCTEMi MaIOTh
BUKOHYBaTHCh TaKi YMOBH:

1. Tlosmmii S,, Sg i S;4 MOBHHHI MapKyBaTHCs JIUIIE B TOMY BUMAJKY, KOJIH MO3UMil §, S; 1 Sj3 € MapKOBaHUMH
OJIHOYACHO, IO BiAMOBiA€ HAIBHOCTI yCiX TPbOX POOOTIB Ha CKJIAMI;

2. Ilo3uuis Sg MOBMHHA MapKyBaTHCS HE paHillle HDK 4epe3 5 CeKyHJ Iicisa MapKyBaHHA NO3ULi{ S ;

3. Ilosuuia S, NOBUHHA MapKyBaTUCA He paHille Hbk yepe3 10 cexyHA miciis MapKyBaHHS no3unii Ss ;

4. Tlosuuis S,g 1 S, NMOBHHHI MapKyBaTHCS JIMIIE B TOMY BUIAAKY, KOJIM y MO3MUIAX Soo 1 S,y Oyae
OJIHOYAaCHO HasBHO Tpu (IIIKM, WO BIiANOBIAE 3HAXO/DKEHHIO YCIX POOOTIB Ha POOOYMX MICISX JUISt
(dapOyBauus (pMd) Ta maKyBaHHs (PMIT) BIAMIOBIIHO;

5. Ilepexomu Xig 1 X,q IOBHHHI CHpalbOBYBaTU KOXKHMI HAacTymHMH pa3 Ha 5 ceKyH] Mi3HIille HDK B
TIOTIEPEHIMN.

Jloriyni ymoBH (2) i (3) MOKyTh OyTH peanizoBaHi IIJIXOM BHECEHHs iX B MaTpHito Ko, a (5) —B MaTpuni Ky i Ky
OJTHOYACHO.

B cBoto yepry, i MiHIMI3aIlil 9acy MpoCcToiB poOOYUX MICITh 30MPATFHOTO [[eXa TPAHCTIOPTHI POOOTH ITICIIS TEPIIIOTO
ix npuOyTTs Ha poboui Micus st 30upanHs (pM31 — pM33) 1 makyBaHHs (pMQ) Ta pO3BaHTaKEHHS [IOBUHHI TOBEPHYTHCS
Ha CKJIaJ] 32 HOBUMH HabOpaMu JeTaieil.
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PesysnbTaTn MopenoBaHHs. BpaxoByroun chopMynboBaHi yMOBH, OyJIO NPOBENEHO MOACNIOBAHHS, Ha OCHOBI
pe3yabTaTiB sikoro Oyno modymoBaHo nmiarpamu ['anTa [4]. Ha puc. 4 HaBeneHo miarpamMul pyXy TPaHCIIOPTHUX POOOTIB
Ha IPOMDKHMX CTaHIisIX (Tic]l — ric4), 3 IKUX BUHO, IO ITij Yac MEePEeMIIIeHHs pOOOTIB MK AUISHKAMH I[eXa MK HHUMHA
He BUHHUKAE 3iTKHEHb. Ha puc. 5 HaBeeHo niarpaMu 3aBaHTaXEHHS POOOYHX MICIIb II€Xa, 3 SKUX BUIHO, III0 Yac IPOCTOI0
pobounx MicIb CYTTEBO 3MEHIINBCS, a came: Ha pM31 — 30 cexynn, Ha pm32 — 10 cexyna, Ha pM33 — 40 cekyHn, Ha pMd
— 55 cexyHa.

Hiarpama pyxy po6oTie Ha AiaHLi ncl Hiarpama pyxy po6oTie Ha AisHLI r1c2
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Pucynok 4 — [liazpamu pyxy mpancnopmuux pobomie
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time

Pucynok 5 — [liaepamu 3aeanmasicenns podouux micysb

BucHoBku

1. OtpumaHoO CTPYKTYypY i mMapaMeTpH JUCKPETHO OC3MEPEPBHOT CUCTEMHU YIIPABIIHHS 31 3BOPOTHIM 3B’ SI3KOM;

2. Po3po0IieHO anropuT™ YIpaBIiHHSA PyXOM TPAaHCIOPTHUX POOOTIB;

3. IlpoBeneHo MozENIOBAaHHS OTPUMAHOT CHCTEMH YIPABIIHHS, 3 SIKOTO BUJHO, IIO0 pO3pOo0JIieHa CHCcTEMa JJO03BOJISIE
BHUKITIOYHATH 3ITKHEHHS IIPOMHCIOBUX POOOTIB MiA Yac pyxXy MDK IUISHKAMH Ie€Xa Ta CYTTEBO 3HU3UTH Yac IMPOCTOIO
poOOYHX MicCIIb.
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Synthesis of robotic transport control system as a discrete-event object. An assembly workshop is observed, wherein
robotic transport system is used. A workshop’s technological process consists of making up a set of parts in warehouse
and their transportation to the assembly places (section 1), immediate assembly of the finished production (section 2),
colouring of the production (section 3), packing and shipment of the finished production (section 4). Robotic transport
system of the workshop consists of three line follower robots. The given system one can attribute to discrete-event class,
i.e. dynamical systems whose behavior can be described using discrete sequence of events, that has to be coordinated
(governed) by designed control system. For a description of dynamics of this class one can use synchronization graphs,
in which positions represent individual states and transitions represent change of these states in discrete-continuous
system, and Max-Plus algebra, with help of which one can create an mathematical description of discrete-continuous
system, which is very similar to the usual method of system describing in state-space and is used to calculate time
moments of transitions’ triggering. Gantt charts, which describe states of system in the time domain, were built based on
synchronization graph’s simulation’s results, which showed robots’ collisions during transport work between the sections
of the assembly workshop and large workplaces’ downtime. A typical control structure of discrete-event object is
obtained. A problem of the control synthesis is solved, which consists of finding feedback matrices with taking into
account a given set of system’s forbidden states and given sequence of synchronization graph’s position markings. This
behavior’s task of discrete-continuous system means, that it’s necessary to delay development of cyclic process in
previous position by control, to rule out a possibility of reaching of the forbidden system’s state in appropriate time
moment. An equitation in the state-space form of the closed system is found. Feedback matrices’ coefficients are
calculated. Control algorithm and logical conditions synchronization graph’s positions marking are formulated.
Simulation of the resulting control system is obtained, the results are analyzed. They are showing, that control system
works correctly: it prevents robots’ collisions and reduces workplaces’ downtime..

Key words: discrete-event object, assembly workshop, Max-Plus algebra, feedback, synchronization graph, robotic
transport system, Gantt charts.
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