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SIMULATION OF THE MANUFACTURING PROCESS OF TRANSPORTATION
ON THE TECHNOLOGICAL ROUTES OF THE CAREER
OF A METALLURGICAL ENTERPRISE

The method of simulation modeling is currently one of the most powerful and effective methods
of researching processes and production systems. The simulation model should reflect a large number
of parameters, logic and patterns of behavior of the simulated object. Simulation modeling allows you
to reproduce the process of functioning of the system in time while preserving elementary phenomena,
their logical structure and sequence of flow in time. This makes it possible to obtain information about
the state of the process in the future at certain points in time based on the source data.

The distribution of dump truck operating time and speed of movement with and without cargo,
idle time for technical reasons and waiting time in the queue were obtained based on a formal analy-
sis of experimental data. These dependencies obey the exponential law. The simulation model for
managing the maintenance of technological routes has been improved, which, unlike the existing ones,
takes into account the parameters of the transport service cycles (the intensity of the filling of bunkers,
the average time of loading cars, the intensity of the occurrence of abnormal time, the coefficient of
downtime and repair), which made it possible to minimize the time of the transport service cycles, and
to reduce idle time in the queue by 27 % for an average value of 23.4 min. for this parameter. With the
help of the proposed simulation model, it is possible not only to evaluate options for countering devia-
tions and failures that occurred during production by redistributing resources, changing the order of
starting and releasing work items, but also to predict tense and emergency situations.

Keywords: simulation model, technological routes, dump truck, quarry, production process,
crushing and sorting complex, management model.

Ha cvoeooniwniii Oenb came memoo iMimayitiHoco MOOent08aH s € OOHUM I3 HAUNOMYIUCHI-
wux ma HauedexmusHiuux mMemooie OOCIIONCEHH npoyecie ma eupooruuux cucmem. Imimayiiine
MOOen08aHHs 00360J15€ 8IOMBOPIOSAU Npoyec (PYHKYIOHYBAHHS cucmemuy y 4aci i3 30epedceHHsIm
eNeMEHMAapHUx s8Uly, IXHbOI 102TYHOI cCMpPYKmMypu ma nociiooeHocmi npomixkanus y yaci. Lle 0ossonse
3G GUXIOHUMU OAHUMY OMPUMAMU THHOPMAYTIO NPO CIMAHAX NPOYecy Y MAUOYMHbOMY V HeBHI MoMe-
Hmu yacy. B oanuil wac imimayitinuii Memoo € Haubinb egheKmusHUM, a Hatyacmiue, i €OUHUM Me-
MOOOM OOCHIONCEHHS CKIAOHUX CUCMeM HA emani ix npoexmysanns. Imimayitina mooenv € OuHamiy-
HOI0O MOOeLI0, 8 AKIl 8Ci npoyecu po3ensdarmscs 6 HeSMEHUHOMY Macumadi 4acy.

Ompumaro po3nodin uyacy pobomu camockuda ma weuoKicms pyxy 3 eaumaxcem ma Oe3 6a-
HMAMCY, NPOCMOI0 3 MEXHIYHUX NPUYUH | YACY OYIKYBAHHS 6 4ep3i HA OCHOGI (DOPMANbHO2O AHANIZY
excnepumenmanvux oanux. Li 3anescnocmi nionopsaoxogyiomocst eKCHOHEHYIUHOMY 3aKOHY.

Yoockonaneno imimayitiny mooenv ynpasininis 00C1Y208Y8AHHAM MEXHOA0SIUHUX MAPUIPYMIE,
AKA HA GIOMIHY G0 ICHYIOUUX, 8PAXOBYE NAPAMEMPU YUKLI8 MPAHCNOPMHO20 00CTY208Y8AHHS (THMEH-
CUBHICMb 3aN0BHEHHS OYHKepi8, CepelHili 4ac HABAHMAICEHHS ABMOMOOINIE, THMEHCUBHICb GUHUK-
HEHHsl HEHOPMOBAHO20 HacCy, KoeiyicHm npocmorw ma pemMoHmy), wo O0ai0 MONCIUBICIb MIHIMI3ZY-
6aMU 4AC YUKIIE MPAHCHOPIMHO20 0OCIY208Y8AHMNS, A CAMe CKOPOMUMU Y4ac NPocmoro 6 yep3i Ha 27 %
3a cepednbo2o 3HauenHs 23,4 x6. 015 yboeo napamempa. 3a 00NOMO2010 3aNPONOHOBAHOL IMIMAYitiHOT
MOOei MOJICHA He MINbKU OYIHIO8AMU 8aAPIAHMU NAPUPYEAHHS GIOXUNEHb | 300168, WO GUHUKIU 8 X0Oi
BUPOOHUYMEA WITAXOM NEPepo3noiny pecypcis, 3miHu NOPsOKY 3anyCKy-6UnycKy npeomemis npayi, a
i NPO2HO3Y8AMU HANPYICEH] MA ABapitiHi cumyayii.

Knrouoei cnosa: inimayitina mooeinsb, MeXHOI02IUHI MAPUWPYmu, CamoCckuo, Kap €p, GUPOOHU-
yutl npoyec, OpoOUTLHO-COPMYBATLHUL KOMNIIEKC, MOOEb YAPAGTIHHSL.
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Problem’s Formulation

The complexity and diversity of the processes of functioning of production systems do not al-
ways allow to obtain separate mathematical models of a traditional form for them (analytical models:
the target function and constraints are presented in an analytical form). Mathematical modeling prob-
lems that arise here can in many cases be successfully solved by using the simulation modeling (SM)
technique. [1]

In the IM process, the computer reproduces the phenomena described by the mathematical
model, preserving their logical structure and sequence of alternation in time. The level of detail of the
simulation model can be different (depending on the goals), which is aimed at obtaining the required
characteristics. These characteristics are printed and used as direct or indirect design results. [2]

The use of simulation modeling in management decision support systems will reveal dispro-
portions in the production process, the presence of "bottlenecks", the occurrence of queues and short-
ages of means of production in any areas of production, just means of production. With the help of the
proposed simulation model, it is possible not only to evaluate options for countering deviations and
failures that occurred during production by redistributing resources, changing the order of start-up of
means of production, but also to predict stressful and emergency situations. In the simulation model,
the analysis of the events taking place is carried out. [3]

Analysis of recent research and publications

To date, the method of simulation modeling is one of the most powerful and effective methods
of researching processes and production systems. The simulation model should reflect a large number
of parameters, logic and patterns of behavior of the simulated object. In many cases, more detailed
information about the behavior of the object or system is required. And here they use simulation mod-
eling, which describes the functioning of the system as a sequence of operations on a computer. [4]

The behavior of the system is represented as an algorithm based on which a computer program
is developed. The essence of simulation modeling is that the process is simulated using arithmetic and
logical operations in a sequence corresponding to the simulated process. [5]

Simulation modeling allows you to reproduce the process of functioning of the system in time
while preserving elementary phenomena, their logical structure and sequence of flow in time. This
makes it possible to obtain information about the state of the process in the future at certain points in
time based on the source data. Currently, the simulation method is the most effective, and most often,
the only method of researching complex systems at the stage of their design. The simulation model is a
dynamic model in which all processes are considered on a constant time scale. [6]

Presenting main material

Formulation of research purpose — taking into account the peculiarities of the functioning of
the transport and production system, it is necessary to build a simulation model of the operation of
dump trucks on the technological routes of a metallurgical enterprise.

Modeling of statistical distributions of random variables

The following processes should be reflected in the simulation model of the telecommunica-

tions system (TCS):

e receipt of applications;
selection of service device;
service;
dismissal.
IM includes tools that allow you to simulate:
incoming flow of applications;
management / distribution of applications;
service;
the initial flow of applications;
statistical processing of input and output parameters.

Simulation of the incoming flow of applications

The flow of requests is a sequence of requests (calls) that enter the service system at certain
points in time: t4,t2,t3, ..., tq, ..., tc, ..., where t; it is a measured parameter that can take defined or
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arbitrary values. Deterministic flow — a flow of applications at fixed moments of time. Stochastic
(random) flow — a flow of applications at random times chacy.

To determine the flow of applications, it is necessary to describe the time interval between
neighboring applications:

Aty =t — tg-1.

To simulate a random flow of applications, it is necessary to set the distribution function
F([t) of the time interval between adjacent applications.

For the simplest call flow, the distribution of the number of calls received during time t is de-
termined by the Poisson formula:

P(o) = e,
P;(t) — probability of receiving exactly i calls of the simplest flow during a period of time ¢.
The simplest flow is also called a stationary Poisson flow.
Basic parameters of the simplest flow:
e distribution of the number of applications and for the time interval ¢
e distribution of the time interval between adjacent requests in the stream
e mathematical expectation and variance of the number of stream requests and the time between
adjacent requests in the stream.
Parameters of the simplest flow:
e distribution of the number of applications i per time interval t = 1:
pi(t=1) =%
e distribution function of the time interval /It between adjacent applications in the simplest
flow:
P(Jit) = P(¢ < At) = 1 — ne "A¢,
Basically, this is the probability that one or more calls will arrive during the interval /It.
e density of the probability distribution [t :
p(At) = ne™ .
Thus, the distribution of time intervals between calls of the simplest flow is subject to an ex-
ponential (negative exponential) law. The function p(/lt) depends on the flow parameter .

Mathematical expectation, variance and root mean square deviation of the number and appli-
cations in the simplest flow:

M@) = [ZiPi(t)dt = nt;
M@) = [ iP(t)dt = nt;
D(i) = nt.
Att=1:
y(At) = Vat;
M(i) =D(i) = 1
This equality is characteristic both for the simplest flow and for any stationary and ordinary
flow.
The average duration of the time interval /It between adjacent calls is calculated as a mathe-
matical expectation in the form:
M) = [ tP(Ae) 1 t= [ tne™"dt = -,

Dispersion /It :
D(At) = [, 2P(At)dt — M2(At) = [, t2ne™"dt — = = =.

JIZ
Mean square deviation of the interval /It :

ywo=J§=§

The equality of the mathematical expectation and the root mean square deviation of the time
interval between adjacent applications in the stream is also a sign of the exponential distribution of a
random variable
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When analyzing an event in the simulation model, the time of occurrence of the event is predicted,
which is initiated by the data obtained in the Tecnomatix Plant Simulation program. Tecnomatix Plant
Simulation is a comprehensive solution package for digital manufacturing that combines all areas of
manufacturing and product development, from manufacturing process flow and design, process simu-
lation and verification to production based on the principles of Product Lifecycle Management (PLM)
of the manufacturing platform [7,8].

The following set of parameters must be taken into account for modeling site activity:

— X=[x(1)], i=1,I — the number of dump trucks;
— Y=[y(m)], m=1,M — the number of possible routes;
— U=[u(m)], m=1,M — the number of rotations of the technological route;
- W(@O)=[w(,1),w(i,2),...,w(i,j(i))] — technological route, where j — operation number,
j(i) — quantity technological operations on the route;
- W=|lw(i,j)||, i=L1, j=1,max(j(i)) — technology matrix;
T=||T(i,j)|| — matrix of normalized transportation times;
— Tk=|[tk(i,j)|| — unloading time;
Td=||td(i,j)|| — the time of carrying out transport operations.

As a result of the experiments carried out on the model, the values of the organizational and tech-
nical characteristics of the production system, the dynamics of loading system elements, the duration
of the production cycle, the amount of work in progress, the time of production operations required for
the implementation of control operations depending on the variation of the production program, struc-
tural changes of the production system are evaluated .

The crushing and sorting complex is serviced by a group of vehicles with the same or different
carrying capacity.

At the beginning, there is a certain amount of production waste in the crushing and sorting com-
plex, and in the simulated process, it is constantly filled with a constant intensity or a variable intensity
in the selected units of measurement (in the specific case — tons/min). During operation, changes in
the components of the service process are possible — technological, emergency or physiological exit
of cars from the transportation process (minor or current repairs, lunch breaks for drivers, refueling the
car with technological fluids, etc.). After loading on the bunker, the car follows to the unloading point
(rock dump, unloading sites of beneficiation factories, railway junctions), unloads and returns to the
crushing and sorting complex.

In the simulation, a discrete-event model of a closed mass service system, in which cars are orders
that go through the following phases of service, is chosen as the base [7,8]:

1. Loading from the hopper.

2. Movement to the unloading point.

3. Unloading at dump sites.

4. Return to the bunker by the same route.
5. Maintenance failure (probable event).

A car can queue if the bunker is busy loading the rock mass of other cars standing in the queue or
in the bunker, there is not enough rock mass to load the car. The listed situations in this model are
classified as simple.

When conducting model experiments, it is possible to vary the composition and number of ve-
hicles, to reserve technical means, to replace equipment that has failed, or to create new urgent orders
for the production of batches of parts. Each batch contains parts of the same type, the technological
route of processing of which is determined with the initial data in the form of a chain of types of
equipment fixed for the performance of certain types of operations of the technological process
[9,10,11].

If other cars arrive while this car is being loaded, they enter the queue or continue to be in it.
The idle time of these i TQ cars is increased by the load time.

Next, the following condition is checked. If the next load time is the start time of a technologi-
cal delay, then by the time this car arrives at the load, we sum up the service time of this delay and add
and add it to the total time of service delays and find the start time of the next delay.



Pozpin 2. MojienoBaHHs Ta ONTUMi3allisl B TEXHOJIOT1] KOHCTPYKIIHHUX MaTepiajiB 67

OBHoBMTH
nepesipkm
MawmrHa '7;.... . . )
npuixana “~._ Mepesipka 3 8.4 3 epesipka 3
20 “p-astonapk asTonapky y 8.4 3

Prior=0 o
(o) NONRO,
\ k/ lNepesipka 2 B.4. J/ :

MNepesipka 3 A
f¥-aBIONApK ] asTonapky y 803 |
e

- p
O6HoBMTH e [ A
nepesipry . —_— B - -‘II‘_" I‘
7___ - — 7 t=0 | =0 /
0 — — QOHOBYTH Prio=1 36pdc Prior=1 | 3anuT Ha pecypc2
BaHTamONigHomMHicTD sauTRsonigfiomHoCTI f yeu.3
— | DNoctaska
1 pecypcvz yeu3d @
. [t=0 o P
BanTamonigiomHicts - e P;”D-F—lggw / Locrasnexo

- I - —{ aamamoni.ﬂlﬁummnn — — pecypc2 y 8.4.3
E— . | Npuizg s silicenosy t=1
20 b~ g3y | _uaerwmy 3 Prior=10
Pecypcl — asjonapk e 0
—— — - =0 / Vs
e - == " Prior=1 | Gj
—— . e J - 3anuT Ha pacypcl

_Maramir I v
awhina — = R
Pecypc2 __— — - . t.—_aCI — focraska T
- — /JL Priar=7- — ‘----._ﬁ____‘h pecypeyl y B.u3 @
; ZTT?‘FKV e Hoctasnexo
s pecypclyBsu3
t=1
. Yexatu y Prior=10
MawuHa e - - t.:ﬂU =
asTonapky - Prior=2 I

@ o
Prior=0

Fig. 1. Petri-Net for transportation in a mining quarry
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Fig. 2. A Petri net with time delays simulating the delay in a mining transport queue with usage

Conclusions

The relationship between the parameters of the transport service cycle is determined, which al-
lows to simulate the situations that arise during the movement of trucks at mining enterprises.

The complexity and diversity of the processes of functioning of the designed systems do not al-
ways allow to obtain separate mathematical models of a traditional form for them, therefore, the me-
thod of simulation modeling was used in the work.

The distribution of dump truck operating time and speed of movement with and without cargo,
idle time for technical reasons and waiting time in the queue were obtained based on a formal analysis
of experimental data. These dependencies obey the exponential law.

The simulation model for managing the maintenance of technological routes has been improved,
which, unlike the existing ones, takes into account the parameters of the transport service cycles (the
intensity of the filling of bunkers, the average time of loading cars, the intensity of the occurrence of
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abnormal time, the coefficient of downtime and repair), which made it possible to minimize the time
of the transport service cycles, and to reduce idle time in the queue by 27 % for an average value of
23.4 min. for this parameter.

With the help of the proposed simulation model, it is possible not only to evaluate options for

countering deviations and failures that occurred during production by redistributing resources, chang-
ing the order of starting and releasing work items, but also to predict tense and emergency situations.
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IMITAIIMHE MOJEJIOBAHHS BAPOBHUYOI'O ITPOILIECY NMEPEBE3EHB HA
TEXHOJIOTTYHUX MAPIIPYTAX KAPEPY METAJYPI'THHOT O
OIAIIPUEMCTBA

Cepena B.I1., MykoBcbka J1.51., Cepena /.b.

Pedepar
Ha cporomuimmHiii ieHb caMe METOJ IMITAI[IITHOr0 MOJICTIOBaHHS € OJTHUM i3 HAWITOTY KHIIITHX

Ta Halie()eKTUBHIIIMX METOJIB JOCIHIDKCHHS MPOIECiB Ta BUPOOHUYMX CHUCTeM. IMiraliliHa Mojaenb
MOBHHHA BiJOOpakaTH BEIMKY KUIBKICTh MapaMeTpiB, JIOTIKY Ta 3aKOHOMIPHOCTI MOBEIIHKN 00'€KTa,
10 MOJICTIOETHCA.
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ImiTaniiine MozxeIIOBaHHA J03BONSIE BiATBOPIOBATH MpolleC (DYHKLUIOHYBaHHS CHCTEMH Yy 4Yaci
13 30epeKEHHSIM €IEeMEHTAPHUX SIBUIL, IXHBOI JIOTIYHOI CTPYKTYPH Ta IOCIiZOBHOCTI MPOTIKAHHS Y
gaci. l{e 1o3BoJIsI€ 32 BUXIZHUMU JaHUMH OTPUMATH iHQOpMAIIiI0 PO CTaHax Mpouecy y MaiOyTHbO-
My y IIEBHI MOMEHTH 4acy. B nanwuii yac iMiTauiiHuil MeTox € HaiOLIbII e eKTUBHUM, a HaifyacTile,
1 €IMHUM METO/IOM JOCIiPKEHHS CKJIAHUX CHCTEM Ha eTari iX mpoekTyBaHHs. IMmiraniiina Moxens €
JMHAMIYHOIO MOJEIUTIO, B SIKii BCI IPOLIECH PO3IIISAAIOTHCS B HE3MEHIIHOMY MaciuTali yacy.

[Ipu ananizi noxii B iMiTamiiHiil Moaemni 3MIMCHIOETbCA POTrHO3YBAaHHS Yacy HaCTaHHs MO,
IO IHIIIOETHCS TaHUMH OTpUMaHUMU y porpami Tecnomatix Plant Simulation.

Tecnomatix Plant Simulation — 1e KoMITJIeKCHUI TakeT pimieHpb g Tu(POBOro BUPOOHUIIT-
Ba, 10 TOETHYE BCi Tay3i BUPOOHHIITBA Ta PO3POOKH BHPOOY, Bif CXeMH BHUPOOHMYOro MpOLECY Ta
MPOEKTYBaHHSI, MOJACTIOBAHHS Ta NIEPEBIPKU MPOLECiB 0 BUPOOHUITBA, 10 0a3yeThCs HA MPUHLUIIAX
YIpaBITiHHS KUTTEBUM LUKIOM BupoOy (PLM) BupoOHnyoi miatdopmu.

BuznaueHo B3a€MO3B'30K MK TapaMeTpaMu UKy TPAHCIIOPTHOTO 00CIIyroByBaHHSI, 110 J10-
3BOJISIE 3MOJIENIIOBATH CUTYallii, 10 BUHUKAIOTh Y MPOLECI pyXy BaHTaXHUX aBTOMOOLTIB Ha TipHHYO-
JNOOYBHUX MiANPHEMCTBAX.

CkJaiHICTh 1 pI3HOMAHITTS MPOIECiB (PYHKIIOHYBaHHS IPOSKTOBAHUX CHCTEM HE 3aBXKAU J0-
3BOJISIIOTH OJEPIKAaTH AJIs1 HUX OKpeMi MaTeMaTHYHi MOAET TPaAWLiifHOTO BUITISILY, TOMY y POOOTH
OyJIO BUKOPUCTaHHI METOJIMKH IMITAIIHHOTO MOICTIOBAHHSI.

OTpumMaHO PO3MOALT Yyacy poOOTH CaMOCKHA Ta MIBUAKICTH PyXy 3 BaHTa)xeM Ta Oe3 BaHTa-
Ky, IPOCTOIO 3 TEXHIYHUX MPUYHH 1 Yacy OYiKyBaHHS B 4ep3i Ha OCHOBI (hOPMaIBLHOIO aHaJi3y eKcIe-
puMeHTanbHUX AaHuX. Li 3aJIeKHOCT] MiAMOPSAAKOBYIOTCS EKCIIOHEHIIHHOMY 3aKOHY.

VY nockoHaneHo imiTaliiiHy MoAenb yrnpaBiiHHS OOCIYrOBYBaHHSIM TEXHOJOTIYHUX MapIIpy-
TiB, SIKa Ha BIIMIHY BiJ iCHYIOUHX, BPaXOBY€ MapaMeTpy LMKIIiB TPaHCIIOPTHOTO 0OCIyroByBaHHS (iH-
TEHCUBHICTH 3alIOBHEHHS OYHKEpiB, cepe/iHiil 4Yac HaBaHTa)XEHHS aBTOMOOLTIB, IHTEHCUBHICTh BUHHK-
HEHHSI HEHOPMOBAHOT'0 4acy, Koe(illieHT MPOCTOI0 T4 PEMOHTY), IO AaJ0 MOXJIMBICTh MiHIMi3yBaTH
Yac OUKIIIB TPAHCIIOPTHOTO OOCIYTOBYBaHHS, a CaMe CKOPOTHUTH Yac MpOCToro B uep3i Ha 27 % 3a ce-
penHboro 3HaueHHs 23,4 XB. A OO MTapaMeTpa.

3a JI0IOMOT 00 3aIPOITOHOBAHO]T IMITAIlIHOT MOZIeNi MOYKHA HE TLIBKH OI[IHIOBATH BapiaHTH Ma-
pHUpYBaHHS BiOXWICHb 1 3001B, 110 BUHUKJIM B XOJi BUPOOHMIITBA IIIIXOM HEPEPO3MOALITY pecypcis,
3MiHH TOPSIAKY 3aITyCKYy-BHITYCKY IIPEAMETIB Tpalli, a i IPOrHO3yBaTH HANPYXKEHi Ta aBapiifHi CUTYyallii.
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