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SIMULATION MODEL OF UNDERGROUND COAL
MINING PRODUCTION MANAGEMENT

This article is focused on the problems of the coal mining process intensification. The aim is
the explaining of simulation model which presents management system adequated to new require-
ments. The knowledge of a dynamic behaviour and features of production system and its manage-
ment are needed for this model creation. Starting points as the functional characteristics and struc-
ture of elements linkage and behaviour, i. e. characteristics which determine the dynamics of coal
mining process are characterized. Simulation model is structured as functional blocks and their
linkages with regard to organizational and temporal hierarchy of their actions. The creation of pre-
sented simulation model is based on theoretical findings of regulation, hierarchical systems and
optimization.
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1. Introduction. One of the problem issues of production activity in mining
organizations is intensification of the coal extraction process in the coalface by creat-
ing and application a flexible management system, which would be adequate to new
requirements. This issue is often associated with environmental issues and environ-
mental responsibilities (Hartman, Mutmansky, 2002). In an effort to achieve sustain-
ability new underground mining are applied methods reflecting different natural and
economic environment (Hustrulid, Bullock, 2001).

Generally, it is pertaining mainly to the accomplishment of higher level of con-
centration parameters by increasing the level of work productivity, time and produc-
tion utilization of equipment, staff economy, relative savings of physical work, deter-
mination of optimum parameters of mining workplaces in the connection to eco-
nomic decisions' criteria (cost optimization, expenses, profit etc.). The achieved level
of these parameters indicates the competitiveness of a company (Horvathova, 2010;
Mikusova, 2011). They are also the basis for forecasts, in the wider context for the
classification of resources (Rudenno, 2009). The economic and mathematical meth-
ods have irreplaceable position in these considerations (Bank, Nelson, 2010; Starr,
2008).

To create such a management system it is necessary to have knowledge of a
dynamic behavior and characteristics of production system and its management
(Snapka, Konkolski, 2007). Under the term of dynamic behavior we consider reac-
tions, i.e. with what changes of output levels in time does the production system react
to changes of the values of its inputs, while the dynamic behavior of the system is
dependent on its dynamic characteristics. One of the possibilities how to solve the
problems in the analysis and creation of the systems with required dynamic behavior
is its exploration with the use of simulation models (Snapka, 1995; Snapka,
Copikova, 2011).

This approach was used for the analysis and projection of dynamic behavior sys-
tem of mining production in the process of coal extraction in coalface. It could not
overlook the principles of logistics (Goncarov, Kostyuk, 2011) and the principles of
feedback control (Dorf, Bishop, 2001). Formed simulation model was elaborated on
theoretical findings of regulation, hierarchical systems, optimization and was system-
atically elaborated on the computer.

When forming dynamic characteristics of the coal extraction process in coalface
including its modeling projection, the following characteristics are considered:

a) functional characteristics of elements, which form the process' dynamics of
the coal extraction in coalface and are presented by special functions of sub-blocks
and blocks modeling dynamic characteristics of coal extraction process (blocks
labeled "RS", "PSI", "PSII", "MAX", "PR" and "NS");

b) structure of its linkage and behavior, i.e. its dynamic characteristics which are
determined by the character of transformation of the value change of its inputs to its
outputs.

Individual functional blocks and sub-blocks model dynamic characteristics on
the basis of discrete linear transformation, further on the basis of non-linearity in the
form of time delays and limitation of output change of individual blocks and sub-
blocks of the model when changing its inputs and then by limitation given by trans-
formation output sign. Functional blocks, its sub-blocks and its linkage are function-
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ally determined in a way that makes it possible to, by the modeling of its application,
express criteria condition for evaluation of effectiveness of existing dynamic charac-
teristics of the coal extraction in coalface process, analyze it and execute simulation
evaluation of the impact of its changes.

Criteria condition of assessing required level of dynamic characteristics of work-
places (coal faces) in the coal extraction process is based on theoretical knowledge
verified in practice, namely, that dynamic characteristics must be such, so that it is
possible in case of the existence of unproductive states at a workplace to fulfill min-
ing tasks in the remaining time, i.e. from certain time to the end of a given period.
This requires apart from securing the mining of remaining amount of required extrac-
tion by the period end, also balancing already existing undesirable deviation in the
mining tasks fulfillment. The time duration of unproductive state at a workplace
influences productive time in shift (the time, in which coal is produced). If the pro-
jected time ¢, is fulfilled, the shift is considered, from the viewpoint of possibility to
fulfill extraction tasks as normal, if the projection time #,, is not fulfilled, the shift is
considered as pessimistic, and if it comes to extension of time #,,, the shift is consid-
ered as optimistic.

Criteria condition for evaluation of the required level of dynamic process' char-
acteristics of coal extraction in coalface can be expressed by the formula:

t=1
ot (T-1)=Q,r (T -1+ X AQ(t), (D
t=0
where:

max
pr (T =T) — maximum amount of coal extraction, which is possible to pro-

duce in time; ) o . ) )
(T - ) while respecting necessary or limiting conditions (dynamic characteris-

tics) of workplace operation in the process of extraction, such as: productivity of
extraction equipment, productivity of conveying equipment (including extraction out
of coal face, capacity of container etc.), level of requirements for ventilation, safety
and climatic conditions at a workplace, admissible level of cost effectiveness of work-
place operation, level of influence of factors with mining-geological character influ-
encing performance of workplace etc.

QpT(T—T) — required amount of extraction, which should be produced in
time (7'- 1)

t=1
E)Ao(t) — sum of undesirable regulation deviations in the fulfillment of

required amount of extraction in the time intervalt =0to t = .
(T - t) — time when it should come to balancing of arised deviation at the latest

T — time, in which it comes to finding out the amount of incepted deviation from
time t =0, i.e. from the time determined by us as the beginning of monitoring of the
production progress and deviation in production.

Criteria condition is determined from the empiric operation management of
mining organizations and from the logic of management based on deviation method
(application of regulation principles, management with a closed structure), which is
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the base of a management process of mining production and therefore also forms
required dynamic characteristics of production system in a mine.

2. Simulation model structure. The base of simulation model structure is formed
on the basis of regulation circumference, since by the regulation process application
it is possible to simulate fulfilling the criteria condition of the coal extraction in a coal
face management process' objective.

Individual functional blocks of the model labeled "PR", "MAX", "RS", "PSI",
"PSII", and "NS" and its functional linkage and behavior in given hierarchical struc-
ture (functional, time and organizational decomposition) are set in the analogy of
process management with a feedback, on which base we are able to test the level of
required dynamic characteristics of coal extraction process in coal face.

Functional block "PR" is a block determining controlling quantity, block "NS" is
a block of failure state impact simulation (unproductive states), blocks "RS", "PSI"
and "PSII" model regulating system connected with the regulated one, including
feedback loops.

Time decomposition is based on the fact that partial subsystems of a given sys-
tem are activated at different time levels. In the case of simulation model, meaning
that the model's blocks and sub-blocks are activated during shifts, in shifts and with-
in the framework of a given period (e.g. month) for fulfillment of the mining tasks
given by market (based on demand).

By internal shifts are activated the activities of blocks "RS", "PSI", "PSII" and
"MAX", possibly block "PR" and in the framework of time level the period is activat-
ed the activity of blocks "PSII" and "PR".

Organizational decomposition of a complex system, which production system is,
is realized considering organization structure of its creation purpose (Snapka, 1995).
In the case of the model it is a structure of parallel linkage of workplaces (coalface)
from the view of its possible production representation and its grouping into hierar-
chically higher controlling and organization levels.

From the view of functional decomposition, we decompose the system into 4
levels (layers), namely into the following:

— stabilizing — regulation with balancing undesirable deviation — activity of
block "RS";

— optimizing — optimization of controlling quantity (quantities) — activity of
block "PR";

— adaptation — adaptation of regulation process, including optimization of
controlling quantity considering newly arised condition of system's activity — activi-
ty of block "PR";

— self-organizing — system's structure change, if it is not able to fulfill target
behavior with given limitations (it is not applied in the model).

Functional block "PR". This block is modeling optimal determination of con-
trolling quantity, such as market required amount of extraction (T?) from individual
coalfaces for the time periods while respecting conditions determining maximum of
possible dynamics of mining at the workplace considering the limitation of its possi-
ble operation: technological, ventilation, safety and transportation. Simultaneously,
both the minimum of operation's cost effectiveness at the workplace and fulfillment
of the required level of mining qualitative parameters are respected.
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Functional block "MAX". This block is modeling the outcome of criteria condi-
tion (1) required dynamic characteristics of mining process, i.e. such situation in
evaluating the possibility to fulfill mining tasks at the workplace, when the given time
for the whole period is fully used for extraction together with maximal possible
extraction dynamics in the shift.

Functional block "MAX" is model's "signalization" of a state of coalface's opera-
tion, which warns of a situation that it does not have to come to the fulfillment of
required task in the coalface extraction for a given period and that it is necessary to
think about necessary transfer of mining tasks among workplaces (if it is possible).

Functional block "NS". This block is modeling the systems of unproductive states
(failure/malfunction) in the process of mining in coalfaces on the base of its generat-
ing by the usage of random number system or deterministic implementation into
process of its simulation, when the unproductive states make a system, which is a rel-
ative system in the connection to real time of shift, both from the view of time dura-
tion and inception moment of these unproductive states in coalface. In a model it
comes to generating a group of unproductive states expressed by time of inception,
time duration and characteristics of its influence on mining process in the sense that
it is state of stopping or limiting mining at a workplace.

Stochastically determined combination of unproductive states at workplace in
shift is considered in model as one of possibly really existing situations at a workplace,
from the view of influence of unproductive states in the connection to the length of
its duration and amount of failures in mining resulting from this.

Functional block "RS", "PS" and "PSII". They model dynamics of fulfillment
task progress in mining from the view of time hierarchy, namely: internal shifts (block
RS), shift (block PSI) and shift with the linkage to determined period (block PSII)
for individual work places. The outcome of blocks "PSI" and "PSII" is the determina-
tion of controlling quantity (expected extraction) for time level of shift and internal
shift and its possible change.

Blocks "RS", "PSI" and "PSII" model regulating and regulated system according
to the analogy of regulation circumference. More detailed characteristics of purpose
functions and linkage of individual blocks in simulation model will be mentioned
when describing the behavior of simulation model. Linkage of model's individual
blocks is shown in Fig. 1.
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Figure 1. Simulation model structure
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Legend of individual quantities (information) used in Fig. 1 is the following;:
Tcp — market required mining amount (demand) from coalface for given period
(t. period ');

T — by calculation determined optimal amount of required mining for i-th
coalface for given period (t. period );

T,, — required mining amount from coalface per shift (shift expectation) (t. sm™);

Tcmax( S) — maximum amount of mining from coalface given by simulation for
given period (t period™);

Tm) — shift expectation of coalface mining after having done the correction as
the consequence of undesirable deviation inception in mining (t. sm™);

T(c) S — determined mining amount from workplaces, given by simulation, after
finishing s-th shift from the period beginning (for given time) (t. time™);

ZS — unproductive state with maximum amount of its influence in coalface
towards lowering possible extraction from coalface (t. min™).

As fundamental input quantities, when the change of their level will, in the
process of simulation, influence the level of process dynamics of possible mining
task fulfillment in a given period, the following quantities are considered: amount
of mining shifts in a given period, effectiveness of controlling influence, capacity
limitation of mining from coalface with consideration to the applied technological
system, limitation in ventilation and transportation connected to coalface, produc-
tive time in shift for coal production by extraction equipment, amount of reserves
in coalface productive activity and in the amount of productive time in shift,
required revenue from utility products from refining process, cost effectiveness of
coalface operation and occurrence frequency of the so-called unproductive states
in coalface, information delay and delays in possible realization of given measures
in workplace operation.

3. Simulation model behavior. Simulation model behaviour is formed by purpose
functional activity of its blocks and sub-blocks and its linkage considering organiza-
tion and time hierarchy of their influence within the framework of already deter-
mined feedback loops and defined linkage.

Linkage structure of the functional blocks including its sub-blocks is shown in
Fig. 2. According to this figure within the functional block:

"PSI"are activated by sub-blocks: "S1" to "S5"

"RS™ "S6" to "S15"
"NS™ "S16" to "S18"
"PSII"™ "S23" to "S26"

Simulation process in terms of time hierarchy begins from the highest hierarchi-
cal time level of simulation, i.e. with the activity of the function block "PR" which is
impacting the time level, meaning period towards to functional blocks impacting in
lower time levels.

In terms of organization hierarchy the simulation takes place after each
workplace always in all hierarchical time levels for a given workplace until the
final number of workplaces within the given hierarchical organizational level is
reached.

ACTUAL PROBLEMS OF ECONOMICS, #3(141), 2013
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Functional activity of block "PR" and therefore the whole simulation process is
set off by the implementation of information input to block "PR", which is an amount
of extraction required by the market in a given time period (e.g. month).

Based on this information and described functional activity of block "PR" blocks
output is determined. By the output we understand the required amount of extraction
for individual workplaces (coalfaces) (T™) for a given period according to the already
mentioned functional activity of block "PR".

Based on this output, in the process of simulation, an activity of functional
blocks "PSII" and later "PSI" is induced, which leads to determination of controlling
quantities (mining tasks) for hierarchically lower time levels. The required amount of
extraction per shift (7)) is determined as well as the average amount of shift extrac-
tion expectation (mining minutes) of workplace (Q,) considering the limitation of

extracted amount caused by ventilation, transportation and technological capacity of
the workplace. In case of the workplace being affected by these limitations in the full
amount, the shift condition (Q,) reaches the maximum Q,"*, i.e. Q= 0;=0,™

Afterwards the simulation process, for the analysis of dynamic characteristics of
coal process in the coalface, is connected with the induction of activity in "NS" func-
tional block.

Linkage and reaction of block "RS" at the output of block "NS" (linkage of the
unproductive state realization) is realized in order to determine and execute measures
at the workplace which would lead to the solution of unproductive states which stop
or limit workplace operation. Reaction of "RS" block is caused by the inception of
undesirable regulation deviation as a consequence to the influence of unproductive
states at the workplace which were found out based on feedback loop called "quick
feedback loop (RS)". With the existence of this feedback loop (as an information
loop) we find out, based on reciprocal comparison, the required minute amount of
extractionQ, and by simulation derived minute speed of extraction in shift (V) the

regulation deviation (E). If this deviation is negative or zero, the activity of function-
al block "RS" settles down in the sense of transformation the inputs to outputs of indi-
vidual sub-blocks ("S6", "S7", "S8", and "S9") of this block.

The workplace is run based on current coal process parameters.

In case of a positive deviation (£Y), the "RS" block as a feedback circumference
reacts to this undesirable deviation by the preparation and realization of measures
with the aim to balance incepted deviation. It comes to the reaction of sub-block of
controlling influence ("S6"), i.e. it comes to a change of quantity value (), and sub-
sequently to reaction of sub-blocks "S7", "S8" and "S9". The quantity V) characteriz-
ing the minute amount of extraction in the shift with the consideration of inception
of undesirable deviation when fulfilling the extraction task during the shift.

Intensity of the reaction of controlling influence sub-block (its dynamic charac-
teristics) is expressed in the model as an invariable of its dynamic strengthening,
modeling the intensity of the amount change of the quantity (V) with a certain level

of undesirable deviation in mining (£).

Functional activity of sub-block of controlling influence is therefore linked to
search and determination of the measures, which would lead to fulfillment of the
required change in quantity (V}).

AKTYAJIbHI NTPOBJIEMW EKOHOMIKU, Ne3 (141), 2013



541

HOBUHMN CBITOBOI HAYKH

vis

JNnoiAeyaq [apow uonenwis ‘g a/nbi4

5 1=/
. @aX
5 bod=r
L

Q:%& é SIS

Aued woo
ur wns
Buuiw ay3 cjur

sy pue (s)oL
Buruiwialag
1=

oV
S§=t

D
QVA&V&
@yt
)31
© @t
() n
)
s 0%
pouad e ._,2 vm_h ade.oy
aoe|dyJom je e |dyjiom je
uo1I Nqu3SIPaI uoIng 14 s1 pas
Buluin Bujuiw jerur
QDL t
abeyui| ocs %43
uo13234400
j0 uondsour 1Sd uluopendjed
pue (s)o1 j0 u1 Buinuizuo)
uojjeu jwId3lRq
» sah Q.N »,
6TS 0 |
L g €IS ots
uon o 1Sd %2eqpa3y
jo xu_v_._n> ou oy (u)L
o uorjejua wajdwy
* ou as i@y 118
_ N =7 sak _
uonejuswadwr S$=S <« .NW «——— N=U >q
== = 0N
(971 ;
81S
.NN 4 uondasus
715 b j0 suny pue 9IS

yibuaj jo adAy
-7 @y3 bupge.isuan

~

ACTUAL PROBLEMS OF ECONOMICS, #3(141), 2013



542 HOBUHU CBITOBOI HAYKU

The amount of relative reserve in possible reaction (in behavior dynamics) of
sub-block of controlling influence is determined first of all by the amount of possible
quantity change (V) from its initial state with the reaction of sub-block of controlling
influence (i.e. at the time of undesirable deviation inception). The amount of change
of quantity (V) in a way, that it comes to evening up the undesirable deviation, is pos-
sible to the level of possible maximum change (7)), i. e. to level (}¥;). The amount of
(V) is limited to restriction in ventilation, transportation and technological capaci-
ty.

Further, the relative reserve is determined by the time in which, by the reac-
tion of controlling sub-block influence, the needed level of quantity (V) is
achieved, possibly up to the maximum of its possible change, i.e. level (V%;). It is
necessary to take into consideration that from the measure acceptance to its real-
ization in operation some time will go by, it comes to a delay, which is modeled by
"S9" sub-block.

The amount of this time delay is implemented and it is obvious that the bigger
the time delay is, the slower and less effective will be the reaction of block "RS" and
less operative will be the process of regulating the undesirable deviation in mining at
the workplace during the shift.

Reaction in the first line of sub-blocs "S7", "S8" and "S9" in the sense of trans-
formation of the value change of its inputs to outputs is realized in duration time
(existence) of undesirable deviation (£,) in mining, if the quantity value (V}) does not
reach possible maximum, i.e. level (V%;).

Invariability of input level of block "RS" and in the first place its sub-block "S6"
and "S7" will come in a time when the amount of undesirable regulation deviation
(E) reaches the maximum possible minute extraction at a workplace. This will hap-
pen in the case when (Q,) as the maximum value of controlling quantity of regula-
tion process reaches the value Q,"*.

Transmission of information on continuation of unproductive state at the work-
place and from this deriving the inception of undesirable deviation within the func-
tional block "RS" is realized through feedback of information loop "RS" with the
value of derived minute speed of workplace's mining in simulation. Transmission of
this information is happening through the sub-block "S10", which function in the
simulation process is to show delay of information transmission for the determination
of the regulation deviation (E).

Sub-block of controlling influence does not detect immediately the real level of
regulation deviation, but after some time passes, in simulation time (7)) in minutes.
The output of "PSI" block activity in simulation process is to determine derived min-
ing from workplace per minute (V) and in simulation determined amount of mining
(7)) from the beginning of simulated shift to in simulation monitored time in shift.

The output (7}, is then the entrance for activity induction of functional block
("PSI"), which enables integrating into the process of simulation the higher hierar-
chical controlling level due to the necessity to change controlling quantities (Q, -
required minute extraction from workplace).

AKTYAJIbHI NTPOBJIEMW EKOHOMIKU, Ne3 (141), 2013
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Activity of this loop is induced in a time level within the shift after a certain num-
ber of multiples of time step of feedback loop "RS", i.e. always after certain time dur-
ing the simulated shift.

If there are undesired deviations in fulfilling required mining amount at the
workplace during the shift, based on activity of this loop, new projection of mining
within the shift @', of workplace during the shift (new controlling quantity (Q,) is
determined. This assumption comes from the ratio of remaining required extraction
until the end of the shift and remaining productive time until the end of the shift.

And because the correction of controlling quantity (Q,) to value Q', happens
after certain time (in time of functional block "PSI" activity), therefore it comes to a
simulation of delay in the reaction to necessary changes of controlling quantity, which
is dependent on the time of reaction of the information feedback loop "PSI" in the
connection to the time of reaction of the feedback loop "RS".

The higher the multiple of time steps of loop activity "RS" is, when it comes to
the reaction of feedback loop "PSI", the higher is the delay in determining and mis-
representation of the deviation level (E).

In case of undesirable deviation it comes to misrepresentation and delay of pos-
sible reaction of controlling sub-block influence within block "RS" in the final real-
ization of change of produced minute coal amount from the workplace (coalface).

By the activity of feedback information loops "RS" and "PSI" within the func-
tional blocks "RS" and "PSI" of simulation model it is determined its behavior in hier-
archical level during the shift and until the shift ending.

After the extraction process simulation in hierarchical time level during the shift,
the activity feedback information loop "PSII" is induced; it influences time level of
the shift in the connection to time level of period (this is given by the number of min-
ing shifts per period). The activity of block "PSII" determines output of block "PSII",
which is a required mining amount from workplace for following shift with the con-
nection as input for functional block "PSI" - simulation of new shift during the shift.

Before the simulation of following shift process, after finishing certain shift, it
comes to a workplace inspection, if it is able to ensure fulfillment of required task
until the end of the period, or if a situation of fulfilling this task is in danger. This
inspection, as it comes from the description of functional blocks of simulation model,
is realized by block "MAX".

In case the criterion "MAX" was fulfilled (evaluation of fulfillment was men-
tioned in the description of the functional block "MAX") it comes to simulation com-
pletion of the possible extracted amount at workplace, where was found a situation
that endangers fulfillment of required extracted amount for a given period. Then a
correction linkage is induced which helps to devide the required extraction into each
workplace for given period according to determined and described rules for the activ-
ity of functional block "PR" (if the redistribution can be done).

It means that at the workplace where, by simulation, the situation of danger is
detected (in terms of fulfillment of required task of extraction for a period), the activ-
ity of functional block "PSII" is activated basing on the influence of information feed-
back loop "PSII" with the determination of new required task (in mining for follow-
ing shift), which is a new input for functional block "PSI".

ACTUAL PROBLEMS OF ECONOMICS, #3(141), 2013
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The simulation of extraction process on the workplaces where the situation of
danger was detected continues this way until the end of the period (in simulation
process connections are activated among blocks and sub-blocks in the way already
mentioned in the simulation model behavior description).

After simulation findings of (at given workplace) the possible extracted amount
after the period end, i.e. with regards to mining possibilities simulated by block "RS"
(the linkage to production function characteristics), in dependence on frequency and
the time of unproductive states at the workplace and its character (stopping or limit-
ing workplace operation or its combination), with regards to delay in the reaction of
controlling influence system, in dependence on information misrepresentation of
activity of blocks "PSI" and "PSII", the mining redistribution to individual workplaces
is executed.

At the same time, the workplace where fulfillment of initially required task in
extraction for given period was detected as in danger, the extraction which is consid-
ered as the required one, is the one found in simulation.

It comes to an activity of correction linkage "PR" within the activity of block
"PR", which output determins extraction (T?) for a given workplace, which should be
sustained for a period.

In case that the workplaces are able to fulfill the required tasks within the end of
the period, their initial tasks do not change until the end of the period.

After the desimulation of a given shift, we have to determine again the inputs for
blocks "PSI" and "RS" for the following shift (original values are zero).

The process of simulation model application for other workplaces, which are
parts of the considered organization framework continues the same way.

After finishing simulation of fulfilling the required task in extraction of given
workplace, this amount is added to extraction of other workplaces with the objective
to determine final amount of extraction for all the workplaces of a given organiza-
tional unit in shifts and after the period end.

4. Conclusion. By the application of simulation model it is possible:

— to simulate the course of mining and mining results in the process of extrac-
tion for different dynamic characteristics of workplaces (coalfaces);

— to determine in advance the situations and times when it would not come
to fulfillment of workplaces' mining tasks with the necessity to adapt the whole
process of mining which is lying in the redistribution of required workplace's min-
ing tasks with the possibility to fulfill these tasks within the mining organization or
reorganization of workplace structure (e.g., by operating another workplace or
other workplaces), possibly there is a signal for the necessity of its preparation
etc.;

— to optimally (sub-optimal) divide the distribution of required extraction to
individual workplaces with regards to determined objective criteria and considered
limiting conditions of mining process realization;

— to create a database of mining results achieved for certain technologies oper-
ated in certain mining-geological conditions with given limiting conditions and
objective requirements on the mining process within different time, hierarchical lev-
els with the possibility for its utilization for strategic, tactic and operative production
management in mining.
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Dynamics' simulation model of mining production in process of coal mining in
coalfaces at the given hierarchical organizational levels can be to used in both the
process of preparation of this production and also during the mining process realiza-
tion, i.e. within the framework of operative mining production management and thus
contributing to its rationalization.
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