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Summary. This paper provides« basic results of the investiga-
tions into the calculation and analysis of dynamic multiproduct,
multichannel, cyclic machine systems which are a formal model of
transport-and-winning systems operating in mining, and also regene-
ration systems; nomogram for calculation of these systems; a prin-
ciple of combining single systems into multiple systems, which are
a formal model of winning-and-transport systems with regeneration,
in this case specificity of systems used in mining was taken into
account; basic results of the investigations concerning the deve-
loped simulation method and simulator of operation of winning-and-
transport systems with regeneration.

1. INTRODUCTION

In both open-cast and underground mining, the physico-mechanical proper-
ties of rocks and the geological structure of deposits require the appli-
cation of non-continuous engineering processes to winning and haulage. In
effect, winning-and-transport machine systems of non-continuous engineering
structures are in operation both in open-cast and underground mines.

Figs. 1 and 2 represent pictorial and calculation diagrams of these sy-
stems. The specific feature of the systems identified in Pigs. 1 and 2

is the fact that both winning systems (U) and transport systems (T) are
cyclical systems; and - furthermore, - they are interdependent (in the
sense of operation effects). This dependence results formally from the
fact that One stage is common, eg in the case of transport system, it is
"loading of winning", and in the case of winning system, it is "remowihg
of winning from working face"* These phases are formally identical. The
effective application of winning-and-transport systems depends signifi-
cantly on a correct choice of machines an devices which are constituents
of these systems. For this reason, there was a need, stemming from engine-
ering practice, to develop a theory of cyclic multiple systems and to
adapt it for practical applications to the design of new systems as well
as to testing and improving systems which are already in operation. In [1]
is given a way of solving single cyclic systems; another approach to this
problem being presented in [Z], and - subsequently - in [2, 3] are pre-
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Pig. 1. Diagrams of machine winning-and-transport system in underground
mining
a) pictorial diagram» b) calculation diagram

Kys. 1.-Schematy systemu maszynowego urabiajqco-transportowego stosowane-
go w goérnictwie podziemnym

a) pogladowy, b) obliczeniowy

Pig. 2. Diagrams oi machine winning-and-transport opencast mining:
a) pictorial diagram, b) calculation diagram

Rys. 2« Schematy systemu maszynowego urabiajgcc-transportowego stosowane-
w goérnictwie odkrywkowym

a) pogladowy, b) obliczeniowy
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Pig. 1. Diagram of the structure of flat winning-and-transport eystea
in an underground mine

Rys. 1. Schemat istruktury oddziatowego systemu urabiajsco-transportowe-
go kopalni podziemnej
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Pig. L, Diagram of the structure of winning-and-transport syr sen in an
opencast mine

Bys. |- Schemat struktury systemu urabiajgco-transportowsgo kopalni od-
krywkowe j
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sented applications of the developed methods to the calculation of systems
operating in mining. In both cases, a method of solving multiple systems
(in our case - at least duplex systems) has not been provided. Solution
to this problem is given in [4] . In [2, 5] is given: a general solution
of cyclic systems, and [5] presents a simulator of calculating multiple
cyclic systems including the problem of reserves and availability of sy-

stems.
In this paper, we shall discuss synthetically the results obtained so

far. .

2. STRUCTURE OP WINNING-AND-TRANSPORT SYSTEMS

A schematic structure of winning-and-transport systems has the form
for underground mines as shown in Pig. 3, and for open-cast mining as
shown in Pig. 4. The difference between the structure results from the
fact that in the case of open-cast mining, the operation of roof bolting
is not made; hence the system does not accomplish the operation of "roof
bolting"; therefore, a set of elements Ng = 0. In winning -and-transport
systems, serviced elements (devices) include working faces (set Ng) and
«vheel cars (set Kg), respectively. Service elements (devices) include
cars (set Kg), gadding cars (set KM), shot gangs, and accompanying devi-
ces (set Kg), loaders (set Kij), travelling routes of loaded cars (set Kg),
unloaders (set Nj), routes of inloaded cars (set KM). Operations accompli-
shed by sets of service devices are referred to as service stages. Sequen-
ce of stages is identified in Pigs. 3 and 4 by means of arrows. It sho-
uld be noted that winning system and transport system are hierarchically
subordinated to one another [4, 6]} in which, technically, transport sy-
stem is subordinated to winning system, but, formally, winning system is
hierarchically lower than transport system. Another problem to be accoun-
ted for concerns routes of loaded cars (Kg) and unloaded cars (N*). These
are as a rule the same routes; distinction is due to the fact that service
rates of loaded and unloaded cars (speeds) may be different. Elements
of winning-and-transport system undergo failures and hence renovation is
necessary. A synthetic structure of renovation of system elements is shown
in Pig. 5. Elements of sets are elements serviced in renovation
system, service elements belong to the sets: D - diagnostic stands that
identify renovation range and allocation to renovation stands; - O - reno-
vation stands; Dk - diagnostic stands that check correctness of renova-
tion. Furthermore, in renovation systems, we distinguish a set of elements
awaiting renovation (OR), and a 3et of elements awaiting to be reintrodu-
ced to operation (E). It should be noted that renovation system of a struc-
ture as shown in Pig. 5 may concern: an arbitrary set ofram sets
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Pig. 5« Diagram of the structure of regeneration of elements of winning-
-and-transport system

Rys. 5. Schemat struktury odnowy elementéw systemu urabiajgoo-transporto»
wego

a set of elements (parts, sub-units, units) belonging to one or several
sets, or some of these sets. Therefore, by combining the structures of
systems as in Pigs. 3 or with the structures of renovation systems, we
obtain a complex structure of multiple hierarchical systems j6]. The prin-
ciple of calculating this type systems consists in successive calculation
of systems that occupy the lowest place in formal hierarchy and in combi-
ning single dynamic systems into multiple systems in order to calculate
systems that occupy a higher place in formal hierarchy [4]-

3. ANALYTICAL METHOD OP CALCULATING SINGLE SYSTEMS - BASIC RESULTS
OP INVESTIGATIONS

The outset problem in each form of calculation and analysis of systems
is identification of technically possible operating states of systems
and détermination of boundaryprobabilities of occurrence of such states.
The number of technically possible operating states of a system can

be established from the formula

m-1+w

(1)

a-1
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where: m is the number of system states} w is the number of serviced de-
vices (eg power of sets or N). As it results from Pigs. 3 and 4, in
transport systems employed in mining, m = 4; whereas in winning systems
in open-cast mining, m = 3, and in underground mining, m = 4. Techni-
cally (possible operating states of single systems are identified by one
of the three methods, namely by using: diagrams of transition, graphs,
transpose of a matrix, or digital symbolism. Readers interested in these
methods are referred to [7, 8] . There exists a general solution for multi-
stage cyclic closed systems [2, 9], as a result of which for definite
technically possible operating states of machine system (Ej) , the boun-
dary probability of occurrence of such a system can be calculated from
the formula

PCED) * - @)

in which

(©)
N-

-1
(]

; Ffor mx £ Ni
) (C))
; or wA >

where: w" 1is the number of serviced devices (eg wheel cars, working fa-
ces) on the ith stage at the time of occurrence of state Ej; Hi is the
number of service devices on the ith stage; 0 ~ is the mean time of
service of devices serviced by service devices on the ith stage.

The technique of calculating O ~ 1in the case when engineering charac-
teristics of serviced or service devices are different is given in [2, 7,
8] . An important problem to solve is determination of the degree of utili-
zation of machines and devices of the system and its throughput. For this
purpose we must calculate:

- boundary probability p(w®) that on the ith stage there are w" serviced
machines or devices;

- boundary probability p(k”) that the kth service machine or device on
the ith stage is engaged by a serviced device.
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Respectively:
JT ALEJ(wi )] G>
pawl) ,, 1|3-——————————
2 AR3)
3=1
where:
m—2+w-wi (m_2+w-w.)!
Ej(wl) = ( ) = xzrzywivInJT (6)
0-2
and
P(kA) a n P(win (@)

The mean boundary number of machines or devices of theithstage which
service the serviced machinesof devices can becalculated from the
mula

si( = X1 wi pWi~+ Ni 22 p(wiJ ®
Wi=1 *i =1

The mean boundary number of serviced machines and devices which await
servicing on the ith stage will be calculated from the formula

aKo) “ 22 K-V »WiJ ®

The system throughput equals that of any stage of the system, while
throughput of a stage is equal to the sum of throughputs of devices that
service that stage« Throughput of the ith device on the ith stage will ba
calculated from the formula

wek®) a p(kj.)Td A~ 2 (10)
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where: 1d is tine of readiness; V is a mean number of medium (mineral
of definite quality, overlay, etc.) contained in one serviced device
(working face, wheel car, etc.); 7 1is a mean intensity of servicing a
device operated by a service device on the ith stage; ~ is calculated
from the formula

A= (0 )" an

Formula (11) holds for stationary processes of service of the Markov ty-
pe. Because of (10), throughput of the system is calculated from the for-

mula

Ws = ~ 1 (ki ; (12)
k=1
It is worth noticing that in formula (10)
pk, ) - Td = lei*. a3

is an effective time of handling the ith device on the ith stage.

On the grounds of the given formulae, a nomogram was developed (Fig. 6)
for the calculation of machine systems. Using this nomogram one cans
a) calculate the throughput of the system for a given set of machines and
devices, the procedure being illustrated in Fig. 7; for a determined
throughput of the system and known engineering characteristics of machi-
nes and devices included in the system, one canselecttheir number, the
relevant procedure being illustrated in Fig. 8.

Using the given formulae or! nomogram, one can optimize the selection
of a system with regard to maximal utilization of machines and devices,
or expanding this problem - with regard to minimal operating costs. When
we use the nomogram, maximal utilization of machines and devices will be
achieved if all throughput QO determined by means of nomogram for wheel
cars (QOff), loading devices (Qoz), and unloading devices (Qor) are prac-
tically equal to one another, ie

Qw * Quz = <W. * Ct4)

at simultaneous achievement of required throughputofthesystem. Inor-
der to illustrate the influence of the number of wheel cars (w) on the
system throughput (wg) and the number of machines awaiting service on the
stage "loading" of wheel care (stage 1), (U1(0)}Fig. 9 sftws an example
of analysis of a system consisting of two loading devices, one unloading
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Pig. 6. Nomogram ofor calculation of machine syatems
Rye. 6. Nomogram do obliczania systeméw maszynowych
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Pig. 7. Procedure diagram in calculation of throughput of machine syatems

Hys. 7. Schemat postepowania przy obliczaniu wydajnosci systemow maszyno-
wych .
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Pig. 8. Procedure diagram in selection of machines for a determined
throughput of system

Rys. 8. Schemat postepowania przy doborze maszyn dla ustalonej wydajnosci

ByEteffiU

Pig. 9« Throughput of ay3tem (wg) and the number of waiting wheel care
(ualCo> in the function of the number of wheel cars in system (w)
Rye. 9. Wydajnos$¢ systemu (Wg) oraz ilos¢ oosekujaeych w kolejce wozéw
oponowych (UM)o)) w funkcji ilosci wozébw oponowych w systemie (W)
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device with loading time of a wheel car - 4 minutes, time of unloading -
1 minute. Boundary throughput of the system is 470 t/h and it increases
with an increase in the number of wheel cars (W), but the degree of non-
utilization of wheel cars increases with an increase in their number, and
thus the increase in the number of wheel cars from 19 to 20 causes that
the degree of utilization of the 20th car is almost O.

3. THE PRINCIPLES OP COMBINING SINGLE SYSTEMS INTO COMPLEX SYSTEMS

It is characteristic of multiple systems that two or more single sy-
stems have jointly at least one common stage (see Pigs. 1*4), in. which in-
tensity rate of servicing a device operated by a service device on a common
stage for a system hierarchically superior is equal to the reverse of
mean time of servicing a device (belonging to a system hierarchically
superior) operated by a hierarchically inferior system. In the case of
winning-and-transport system stage one is common for transport-and-wih-
ning system.

Por transport system, this stage comprises loading of wheel cars, and
for winning system, this stage comprises servicing of worthing faces by
transport system, more precisely - by loaders. An obvious condition of
cooperation of multiple hierarchically subordinated systems is that!

- the number of service devices on a common stage is equal (identical)
for both systems} in the considered case, this refers to loading, devi-
ces, then:

@15

in which

16)

where: N1lu is a set of loading devices in winning system, while N” 1is
a set of loading devices in transport system)

- throughput of multiple hierarchically subordinated systems is equal:
in the considered case,

an

where: Wsu 1is the throughput of the winning system, Wet is e through-
put of the transport system.
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The essence of the principle of combining single systems into multiple
systems is:

- to determine the mean time of servicing a device (belonging to a hierar-
chically superior system) operated .by a hierarchically inferior system;
in the considered case, this refers to the determination of a mean
export time of fired winning from the working face

- to select machines and devices for a hierarchically superior system so
that condition (17) be fulfilled.

Proceeding to determine ® lu, let’s note that

Caent ~ (18)
-V.

where: Q is the mean amount of winning fired in the working face; 7 is
mean carrying capacity of wheel cars; C is the number of loading cycles
of wheel cars. Kean service time of the working face operated by transport

system equals

®lu 3 C ®n + 5P 19

where: @it 1is mean loading time of wheel car; TO is mean waiting time
of loading machines for wheel cars during loading of winning in the amount
of Q.

In order to calculate the value fQ, we shall calculate a mean boundary
probability of waiting time of loading machines for wheel cars; it equals

*1
2 pki)
*01 s 1. JZ*. (20)

where:

IT “ pko *211

is a mean boundary probability of the operation of loading devices.
Taking into account that:
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hence

o * P01 - --— <22)

After Introducing (22) into (19) and transformation, we obtain

a c O®it
W 3-p~* (¢5))

which results from the fact that pkO + pol a 1.

Formula (23) and conditions (15>) and (17) basically establish the princi-
ple of combining single Bystems into multiple systems. It follows from
condition (17) that for a known value of one must select such a set
of machines and devices in a hierarchically superior system so that this
condition be fulfilled.

In the case of winning-and-transport systems, the above consideration
and conclusions resulting from them should have an additional correction
that the time of occupation of a loading machine by a particular working
face is greater than that given by formula (23) by mean travel time of
loading machines between successive working faces (Tb). It is a time when
a loading machine does not work; therefore, the number of loading machine
determined according to the procedure as in section 2 should be increased

by

AH1 « H1 24

Finally, the number of loading machines required for a determined through-
put of winning-and-transport system will be

AKle a H1 + AH1 (25)

4. SIMULATION METHOD OF CALCULATING SYSTEMS - PRINCIPLES OF PROCEDURE

Selection and analysis of systems discussed in section 2 can,be accom-
plished also by means of simulation methods. The range of pro’lems to be
solved by simulation methods may be much more extensive than he range of
problems solved by analytical methods, depending on the range of problems
fed into the simulator of system operation. The developed simulation model
[51 Included: utilisation of system elements, regeneration of syatem ele-
menta, magnitude of Standby machines and devices their influence on ste-
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bilization of operation and throughput of System. The developed simulation
of system operation [5] permits tot

select the most optimal analysed system as regards throughput, degree

of utilization of machines and devices and magnitude of stand-by)

- assess the operation of existing and designed systems as a result of
determining weak elements of system and excess;

test variations in output magnitude and stabilization of output in time
depending on standby magnitude;

test the influence of characteristics of operating parameters of system
elements on output magnitude and variations in time depending on standby

magnitude.

Diagrams of system structure and the structure of system regeneration
were discussed in section 2. On the basis of a detailed analysis of sy-
stem functioning, a general formal model was developed for that class of
systems [5] for a known structure of utilization (Figs. 3 and 4) for the
needs of simulation of utilization and regeneration processes. A general
block diagram,” of simulator is shown in Fig. 10.

Without getting into details of the principles of simulator construc-
tion or characteristics and parameters of the operation of syBtem elements
and standards [5, 10, 11] , we shall give only some results of a represen-
tative solution of machine system.

It was assumed that at the outset: K1 s 2, Hg * N.,, =1, ,
N s 5, = 2, s 3, Hg = 2, = 28 (for denotations of see
Fig. 3). As a result of simulation of 240 working shifts, stabilization
of practically all calculated characteristics was obtained, the more im-
portant ones include: demand for standby machines and devices (system
throughput) waiting time of working faces for servicing by service devi-
ces, waiting time of wheel cars for service devices, utilization calendar
time for servicing working faces by service devices, degree of utilization
of service devices iIn time, waiting times of service devices for working

faces. Some of the results are illustrated in Figs. 11*14.
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Rys. 10.1» Schemat fclokowy symulatora
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ROZWOJ TEORI1 EKSPLOATACJI GORNICZYCH SYSTEMOW MASZYNOWYCH
O NIECIAGLYCH STRUKTURACH TECHNOLOGICZNYCH - PODSTAWOWE WYNIKI PRAC

Streszczenie

W pracy podano: podstawowe wyniki prac z zakresu obliczania i analizy
metodami analitycznymi dynamicznych wieloetapowych wielokanatowych, cyk-
licznych systeméw maszynowych, ktére sg formalnym modelem systeméw trans-
portowych i urabiajacych eksploatowanych w gérnictwie, a takze systemow
odnowy; nomogram do obliczania tych systeméw; zasade dgczenia systemow
pojedynczych w systemy wielokrotne, ktdére sg formalnym modelem systemow
urabiajaco-transportowych oraz systemow urabiajaco-transportowych z od-
nowg, w tym przypadku uwzgledniono specyfike systeméw stosowanych w gor-
nictwie; podstawowe wyniki prac z zakresu opracowanej metody symulacyjnej
oraz z symulatorem eksploatacji systeméw urabiajaco-transportowych z od-
nowa -

PASBHTHE TEOPHfl SKCIUUrATAIIHH rOPHKI MAIiIHHKHL. CHCTEM C HECICIOILHLB(ffl
TELHOJICHWECKHMH CIPYyKT/PAMii - OCHOBHHE PESYJIbTATH PAEOTU

P e 3e ue

B ciaTte npeAciaBjieHH ocHOBHue peayAbTaru padéoi c odémacTH pac-ieia z aHa-
JIH3a aBaAHTH”~eCKHMH KeTOAUMH AHHaMHieCKHI MKOrOSTanHHT, MHOrOKaHajlbHEDC
UBKAHEeckHX MamHHHbCK CHCTeM, KOTOpHe CTaHOBHTCA 4>0pMambHOfi MOAeJibn Tpasc—
nopTHUK h pa3pa6aTHBaBmzx cacieM BKcnjtyaTHpoBaHHWc b ropnoM Aese, a cncien
pecTaBpauHH. ilpeAciaBAeHa HonorpaMMa aas pacabTa bihx cacieM, npaHUnn cba3h
eAKHHBKHx CHCiew bo liKoroKpaiHue, Koropne sbjihktcm jpcpMaxbHo2 moasabb CHCTeM
pa3pa6oibiBaBnie ipaHcnopTHLDc a pa3paSaTHBa»me TpaHcnopiHbut c pecTaspanaefi.

h 3TOK czysae b3kto bo BHHMaHHe cnepH$HKy cacieM npaiseEHeKba b ropsoM Aene.
OcHOBHue pe3yAbiaTH paSoi Cc o0OAaem paspalainBaeMoro CKMyAaiwoHHoro MeioAa
c CKMyjifitopom 3KcnAyaTa«HH CHCTeM paspaSaTKeanae TpancnopTubuc c¢ pecTaBpa-

nzei,



