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ABSTRACT

A reasonable coal mine safety control model is very important for coal mine safety management. In this paper, a
calculation model of coal mine safety management is researches based on Kalman filtering algorithm. Unlike
traditional regression analysis, this model is based on state equation. The model design and parameter
identification method are discussed in details. An example of actual coal production is given out and analyzed with
this method. The calculation results show that the average prediction error rate of this model is less compared with
traditional linear regression and exponential one. Regression parameters such as H and C in this model can be
explained with practical safety management factors.
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INTRODUCTION

It is one of the important tasks for the coal pmithn enterprises management to obtain a reasosaldey goal.
An effective way to solve this problem is to esigibla safety production model and predict its nghdse safety
management objectives base on it [1]. Howeverrékalt is very bad because of the theoretical diaihges. The
actual production safety management goal often soog of wishes managers’. It is adopted by lasi-gata
directly, or derived in accordance with linear esxgion. This makes the safety management objecihesiious

and will not play their proper role. In this paparmgoal production safety control math model isgialted here.

Mine safety production is a very important issueCinina. Coal resources occupy more than 75% irptheary
energy production and consumption structure. Aral aune safety issues have become more and momiqent
along with the increasing volumes of coal minings i is a complex system involving the "man - maeht
environment - management” four factors, the bugdf coal mine security model is very difficult. ditefore, the
existing control of coal mine safety is usually cemed about the qualitative analysis. Many mathiealanethods
are used to attempt to calculate the coal mindysafanagement objectives, such as neural netwdrkyiey theory
[3], and multi-level fuzzy evaluation [4] and so.dBut the above method does not apply to calculatmerical
target. The lack of corresponding theoretical gon@@ahas become one of the difficult problems fal eoine safety
production management. Some researchers have ppost G (1,1) model can be used as a modelingfaoo
mine safety[5], but some studies have also pointédhat within the different development coefici values, G
(1,1) model has some various dynamic performanigergence and chaos[6]. In the development of cdatjmnal
science, the methods of modern control theory aegl o analyze complex systems. German scholar|fh#nf7]
has put forward the proposition of science safetg aybernetics in "Introduction to Safety Scien¢e"1981.
China's human - machine - environment system eagimg experts, Mr. Long Shengzhao[8] also proposatkty
systems is one of a machine control systems, witihesegy can be use to study the security issue edishe has put
forward a fuzzy control model of man. 1998 "Indis#tSafety and Dust" ran a series of research gdjpeeory of
safety control theory and applications" written ly. Zhang Yipeng[9]. These articles can regardlesrise of
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China's security control theory. In this paper, th@dern control theory is applied to coal mine saé®ntrol, and
the coal mine production safety control model &pired by Mr. Zhang's ideas.

MATHEMATICAL MODELS

Accidents are of great chanciness in terms of rpieeluction. Thus, it is impossible to work with ahge control

to ensure the safety of each person all the tinosvé¥er, in the viewpoint of control theory, mindetg system is a
multivariate stochastic control. As a result, thverall consequences of the accident have a ruébitte by in the
large-scale production systems. In coal mine sgfatguction, a common indicator of the accidentseguences is
mortality rate / (million ton*year). Serious injurgte/ (million ton*year), injury rate per thousawdrkers are often
referred also. Mortality rate / (million ton*yeail§ used as an example in this analysis. Other @diis can be
calculated in the same way.

Mortality rate can be seen as the output of theersafety production system. But, it is very difficio establish the
mathematical models of its input in accordance Withclassical cybernetics. According to materialialectics, all
systems are in motion, which is the contradictiesult in the system. Coal mine production systematso be seen
as the opposite result of the two basic contraatictidangerous” and "anti-risk". These can be summgxdtwo
indicators- H (k) and C (k). Then, the safety stafteoal mine production system can be regardeal differential
equation such as equation (1).

AY(K)=Y(k)-Y(k-1) = )
[1-C(K)]Y(k=1) + H(K)

In this formula, k is time factor, Y(K) is the dbatate /( million ton *year), H (k) is dangerousléx, and C (k) is
anti-risk index.

The opposite signs ¢ (k) andC (k) explain that their relationship is antagonisticshould be noted that the data
(K) can be collected according to its observed va({ug Moreover, the statistical variab¥e(k) also is related to the
random error variablaMKk). Mine safety control system is generally consdemas a one-dimensional linear
time-invariant one. That is, thé (k) andC (k) are constants. So the actual coal mine safetyefrisctontrolled by
the composition of equation (2) and (3).

Y(0) - = L-O)Y (k-3 - ] +W(K) )
k=12...
Z(K) =Y (K) +V (K), k = 12,-- @

W(K) is an n-dimensional vector that acting on thdesysin the k moments, which is an random disturbangk)
usually is a Gaussian white noise sequence arglial € 0.

V(K) is the observation noise out of a m-dimensiorgdtor. It is a Gaussian white noise sequence asaime as
W(K). The meaning o¥(k) is 0 also.

Equation (4) is the general solution of equation (2) and K3s the presentation of mine safety controldmio
H H
Y(k) =—+[Y, -—=](1-C)* (4)
(k) C [ c 1a-C)

PARAMETERS IDENTIFICATION ALGORITHMS

The common method used in the calculation of s$iedi$s a multiple regression analysis. Howevegréhare many
factors involved in this mine safety, which lea& ttatistics to be disturbed in a large extent. these reasons,
Kalman filter model [7] is used to solve this preil.

Hypothesis:
H
= L 5
X (k) =Y(k) c (5)
a=1-C (6)
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F(k) = Z(k) —% (7)

On equations (2) (3) for substitution:

X(Kk)=aX(k-D)+W(K),k=12... (8)
F(k)=X(k)+V(k),k=12... )
Then, the following recurrence formulas (10)-(18h te attained according to Kalman filter theory:
G)=— K (10)
P(k) + R(k)

X (K) = aX (k =1) + G(K)[F —aX (k -1)] (11)
B(k) = 1-G(k))P(k) (12)
P(k +1) = a?B(k) + Q(k) (13)

In the above formula, G(k) is the gain matrix of thbservation noise in k momenf('(k) is the filtered estimated

value of K-times, B(K) is the estimation error cagace matrix(n*n), P(k) is the covariance matrixkimoment, Q
(k) is Covariance matrix of W(k), and R (k) is Coiaace matrix of V(K).

Because coal mine production system is considemeedomensional linear system, and tl@ik) andR (k) can be
regarded as another constant. On the other haisd;ah be known according to equation (8) and (9):

D(X(K)-aX(k-1))=Q (14)
D(F(K)-X(K)=R (15)

Based on the above formula, if the pre-estimatédegaofH andC are out of a set estimations®(f0), Q andR to
ensure recursive formula effec¥(k) can be obtained. Recovery helps to calcu¥élg, P(k), Q andR. Calculated
H andC means least squares identification. Repeat itaratwithin the two calculated resultsYofk) could satisfy
the error margin. Thel andC values are the parameters we want to get.

APPLICATIONS

A. MODEL CALCULATIONS

The mortality statistics of a coal industry grogpshown out in Table 1. The state equation wadblkstted and
solved through Kalman filter. The square of thdedénce between two adjacent calculated vak{ks-expressed
asr?-is used as an index to evaluate the error. lmrdsi terminated wherf <0.1. The initial parameter values are
assumed to b€=0.472H=0.348. And the final result for the equation whitleration areC=0.653H=0.178. The
results are shown in Tab 2.

TABLE 1 The mortality statistics of a coal industry group (1997-2006)

Year
1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Mortality/(million ton*year) 1.1570.8520.5131.6250.8580.858 0.429 0.2690.3240.317
(Source: Satistical Yearbook of a Coal Industry Group Company)

Project

TABLE 2 Iterative calculations of the case

Yo(k) Ya(k) Yo(k) Ys(k) Yu(k) Yio(K) Yis(k) Y(k)
0 1.157 1.018 1.124 1.136 1.142 1.149 1.154 1.154
1 0.852 0.876 0.863 0.851 0.849 0.863 0.871 0.871
2 0.513 0.497 0.526 0.510 0.712 0.754 0.762 0.762
3 1.625 1.437 1.340 1.278 0.886 0.916 0.924 0.924
4 0.858 0.910 0.885 0.861 0.876 0.843 0.832 0.832
5 0.858 0.907 0.872 0.859 0.803 0.784 0.768 0.768
6 0.429 0.437 0.449 0.457 0.493 0.501 0.507 0.507
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7 0.269 0.293 0.316 0.324 0.352 0.367 0.374 0.374
8 0.324 0.309 0.328 0.332 0.324 0.316 0.312 0.312
9 0.317 0.326 0.319 0.317 0.309 0.301 0.298 0.298
r? - 0.6155 0.2459 0.0052 0.0037 0.0021 0.0007 -
C 0.472 0.513 0.578 0.600 0.651 0.653 0.653 0.653

H 0.348 0.284 0.216 0.197 0.176 0.178 0.178 0.178

The security control state equation of the coalistd/ group should be:
Y (k) = (L- 0653)Y(k -1)+ 0178 (16)

B. THE APPLICATION OF SECURITY CONTROL MODEL

It is very difficult to understand if the model Wibe directly applied to the coal mine productiafesy target
management. Because the annual production of mesized coal enterprises is generally not more thanillion
tons, the result will be much less than 1 if thietsamanagement objective is still measured with tortality rate
per million ton. The formation of the calculated drb should be changed to adapt to the actual ptmoudt is
appropriate to use the average time of no fatatleats as the security management goal. Assumatghie annual
production capacity oP million tons, safety management objective is datmd according to the mod#, the
average time of no fatal accidents shouldTbe 365MP days. To the coal enterprises, for example, theuan
production is about 2.6 million tons, then the ager of no fatal accidents tinfe= 365/0.273 * 2.6 = 515 days. This
indicator is easy to understand than the above mode

C. COMPARISON WITH REGRESSION ANALY SIS

In the existing production management, many pebkéeto use a simple linear regression or expoa¢mne to
make out security control objectives in the nexageh The exponential and linear regression isddse with the
data in this case, whose results are shown in Table

TABLE 3 Comparison with linear and exponential regression

Original Linear Exponential ~ State

data regression  regression equation
1 1.157 1.158 1.435 1.154
2 0.852 1.061 1.228 0.871
3 0.513 0.964 1.051 0.762
4 1.625 0.866 0.900 0.924
5 0.858 0.769 0.770 0.832
6 0.858 0.671 0.659 0.768
7 0.429 0.574 0.564 0.507
8 0.269 0.477 0.483 0.374
9 0.324 0.379 0.413 0.312
10 0.317 0.282 0.354 0.298
r’ 0.934 1.155 0.580

The linear regression model and the exponentialessipn model are built by using the same raw datam is
listed as equation (17) and (18).

Linear regression model:

y =-0.0974+1.2557 17

Exponential regression model:

y =1.4348 %55 (18)

Tab.3 shows the original data and recovery datldhup the linear regression, exponential regressiod state
equation. The difference square between the ofiglata is calculated. It can be concluded from tetde: The

linear regression model is even better than therdtio if only considering the proximity to the ginal data. But

from the model, we can draw such a conclusiontti@mortality rate will be less than zero afteethyears, which
is contrary to the actual situation seriously. TdlE0 explains the form of security control of coampanies is not a
simple one. In Table 3, we can see that state egquet a bit higher than the exponential regresgicgcision’s

accuracy. This shows that the state equation nmiedrbre consistent with the actual security contfatoal mining

enterprises. Another example has been used by Mm@ Yipeng in the literature [9] to compare wikpenential

regression and state equation also, and the samlk isegiven out.

1207



Qi Lixia J. Chem. Pharm. Res., 2015, 7(3):1204-1209

D. FACTORSAFFECT HAND C

In order to understand the impact of coal minetggbeoduction, 14 factors were used for gray relal analysis
associated with mortality per million ton. The riéswere shown in Tab 4. From the associated pglarican be
seen that eight factors such as staff security ewesms levels, mining equipment reliability, safieyning time are
negative correlations with mortality. These cansken as the controlling factors of mortality, tlgtthe impact
factors areC. The other six factors have a positive correlatioiin mortality per million ton. They affect the lue
of indexH. From the coefficient correlation it also can lkeers The more complex hydro-geological environment,
the greater probability of a fatal accident will I2n the other hand, the staff security awarer®ss has the largest
association with mortality in the control factofBhis is because rising the level of safety awarermsiong
employees will help to discover and eliminate pt&tnsafety problems timely, then employees cantquio
themselves effectively in advent of danger. It taneffective in reducing the rate discipline angmessing the
occurrence of unsafe behavior at the same fithese all help to reduce mortality.

TABLE 4 Theresultsof gray relational analysis

Safety Education level Staff security Mining
Factors Staff discipline rate  training of staff awareness Mechanization equipment Gas levels
time levels reliability
Correlation 0.893 -0.821 -0.532 -0.895 -0.799 -0.883 0.903
coefficient
Hydro-geological Coal dust Spontangous Apex block Safety Emergency Information
Factors . combustion o ;
Complexity Level reliability measures mechanism degree
tendency
Correlation 0.879 0.864 0.719 -0.768 -0.843 -0.794 -0.657
coefficient
CONCLUSION

Mine safety is a big issue to restrict the develephof China's coal mines and institutionalizedeAsonable goal
of coal mine safety management is very importantdal industries. This paper discusses the safetgtustion

modeling method based on state equation with the dfeCybernetics theory. The parameter identifamatmethod

is discussed also. An actual case of coal minergniges is used to analyze and the following cosiols can be
drawn:

(2) It is more effective to construct the mine safmodel based on differential equation. Comparét twaditional
regression analysis, this model is more precisenaor@ consistent with actual production.

(2) Kalman filter is an effective way to excludeetimterference of statistical noise in the modelpafameter
identification.

(3) Coal mine safety control, in essence, is thailteof the contradiction between risk factors amdi-risk ones.
Improving identification and monitoring capabiliof the production environment hazard, and raishg level of
employee safety awareness will be helpful to redwad mine casualty.

(4) Mine safety control model is designed to helpnagers develop a more realistic security contoal.g/Ve can
use the transformation form of the model, for exenphe average time of no fatal accidents, tordethe safety
goals. This will make the model understood in asiexavay.
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