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Abstract. Ukraine has approximately 300 to 500 ball drum mills in operation, which are used in various branches of
industry. Most of them in factories works at partial capacity and on old or poorly modernized control systems. The
complexity of ball drum mills control lies in various factors that affect the grinding process, namely: moisture content of
raw materials, mechanical properties of the material, wear of armor plates and grinding bodies. At the same time, the
influence of these factors without high-tech devices makes it difficult to control the grinding process, so with simple
control systems operators work at lowered parameters for steady operation. Ball mills for grinding raw coal are
considered. Experimental studies of ball drum mills operating modes in industrial conditions and on models were carried
out. Mathematical models of grinding processes dynamics of raw coal were developed and research allowed to construct
a system of optimal control of volumetric loading of a ball mill with stabilization of temperature of an air mix was carried
out. A method of fuzzy adaptation of the controller setting parameters is proposed and rational control algorithms are
chosen. Using the vibration acceleration sensor and the signals processing the volumetric load of the ball mill was
calculated. The results of the study of optimal control system of ball drum mills volumetric loading showed high quality of
control under various external influences. The control system allows to use the maximum performance of ball drum mill.
An annual economic effect of $ 354,219 was obtained. Working design was developed, industrial tests were conducted
and station control of ball drum mill was manufactured, implemented and put into operation. Parameters of explosion
safety ensuring of a mill air mixture are established. The system of measurement and calculation of volume loading by
coal of a drum of the rotating mill and maintenance of explosion safety of an air mixture of a mill is developed.

Keywords: energy resources, explosion safety, TPP, stations control, ball drum mill.

Introduction. Energy efficiency and explosion safety of coal-fired boilers is largely
determined by the operation of ball drum mills [1, 2]. The appearance of one of the
types of ball drum mills is presented in Figure 1.

Ball drum mills are used to prepare coal dust supplied to steam boilers of thermal
power plants [3]. One of the most important parameters of the control of grinding raw
coal process is the control of ball drum mills loading, explosion safety ensuring and
stabilization of the air mixture temperature in the drum of the mill.

Figure 1 — Appearance of a ball drum mill
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Temperature control is carried out by mixing atmospheric air with a part of hot
flue gases or by changing the drum loading level of a ball mill with raw coal. To pre-
vent explosions inside the ball mill, a mixture of flue gases is fed to its entrance.

It is known that the performance of ball drum mill depending on the load level has
an extreme character:

Gy = Gopae (1-(1-2)7), (0

where, G - the productivity of a mill by coal dust, t/g; Goma - the maximum produc-
tivity of a mill by coal dust at the set properties of coal and air temperature; a - the
level of drum volumetric loading of the mill, corresponding to the maximum produc-
tivity; V - volumetric loading of a mill drum, m>.

The volumetric loading of a mill drum is expressed by dependence:

V=K (G) -Gy (1-(1--)%) ) dt, @

where, G;— volume flow of the dry part of raw coal supplied, t/g; k - the design factor
of the mill; # — mill loading time, min.

Ball drum mill has a stable character on the ascending branch and unstable on the
descending branch of the optimum productivity from volumetric loading. It should be
noted that the position of the optimum is shifted when changing the raw coal humidi-
ty and its mechanical properties, which complicates the work of standard raw coal
loading regulators. The characteristic of ball drum mill is presented in Figure 2. [1, 4,
5].
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Figure 2 — Dependence of ball drum mill productivity on drum volumetric loading

The purpose of the paper is to ensure energy saving and explosion safety control
of ball drum mills to achieve which requires the solution of the following tasks:
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- measurement and calculation of the volumetric load of coal on the drum of a ro-
tating mill;

- measurement and calculation of parameters of explosion safety of the air mix-
ture of the mill;

- development of a mathematical model of the dynamics of crude coal grinding
processes and conducting research that would allow to design a system of optimal
control of the volumetric loading of a ball mill with stabilization of the temperature
of the air mixture and ensuring its explosion safety;

- develop a working design of the ball drum mill control station and conduct its
industrial tests.

Methods. The results obtained in this paper were achieved using the following
methods:

- study in industrial conditions the operation parameters of ball drum mills at var-
ious volumes of coal loading, different marks and mechanical properties;

- method of Fourier expansion of vibration signals;

- the method of regularity finding between the volumetric loading of the drum and
the vibration acceleration of the bearing support of ball drum mill;

- experimental study and mathematical modeling of the process;

- research and analysis of energy saving of ball drum mill operation under the
control of the station "DIYA" in the process of industrial operation at Kramatorsk
CHP.

To ensure steady operation of the load controller, a corrective device (CU) 1s used
in the block of optimization (BO) [3]. Corrective device allows to carry out loading
of ball drum mill in all range of volumetric filling.

BO changes the task of the volumetric load controller after the time T set by the
pulse generator, according to the following algorithm [4].

if (Gn'Gn-I)'(Vn'Vn-])>0
Vzn - Vz(n-l) + A4V, 3)
else V,, =V 4.1y - AV

where G, — current productivity of the mill by coal dust, t/g; G..; - preliminary
productivity of a mill by coal dust, t/g; V-, - the set level of the mill drum volumetric
loading, m®; V.4.;) — the preset level of the mill drum volumetric loading, m?; AV -
the difference in volumetric loading of the mill drum, m>.

Stabilization of the air mixture temperature at the output of the ball drum mill is
carried out by changing the ratio of cold and hot air supplied to the mill drum. The
moisture contained in raw coal evaporates under the action of hot air heat.

The flow of steamed moisture F,, (m’/h) is determined by the following formula

_100-w 1

F, G-—,
w00 - (4)
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where w — moisture of raw coal, %; G — consumption of raw coal kg/g;
p — vapor density at air mixture temperature T2, kg/m?>.

Due to the evaporation of raw coal moisture, the flow of hot air at a constant per-
formance of the mill fan will decrease by Fi,

T
FIZFmv'T_/'Fw’ (5)
0

where F,. - the installed capacity of the mill fan m?/g; 7> — the absolute temperature
of the air mixture at the ball drum mill output, °C; 7y — the temperature of the air mix-
ture at the output of the ball drum mill under normal conditions, °C.

The latter leads to a decrease in the amount of evaporating moisture and the air
mixture temperature at the mill drum output. Temperature stabilization is carried out
by reducing the load of raw coal. To prevent a decrease in the temperature of the air
mixture and the ball drum mill productivity with raw coal humidity increasing, it is
necessary to increase the heat supply by the amount required to evaporate additional
moisture. Thus, the temperature can be stabilized sequentially by three control ef-
fects:

1. Changing the flow of cold air u; at low humidity;

2. Increasing the productivity of mill fan u> to the limit value;

3. Changing the flow of raw coal u; for grinding.

Figure 3 shows a block diagram of the output unit of the temperature controller,
which implements the above control effect of the actuators [6]
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12 - the temperature of the air mixture at the mill drum output, 'C; PID — proportionally integrated
link; Ci1 — moisture factor of raw coal; K — acceleration factor; C2— dry coal factor; usd— the task of
raw coal flow reducing

Figure 3 — Diagram of the output unit of the temperature controller
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When switching the controller to control the supply of raw coal, coal signal uzq
switches the BO to the mode of load limiting on the air mixture temperature. The de-
veloped unit is used in the system of optimal control of volumetric loading of ball
drum mill with explosion safety and temperature stabilization of the air mixture, the
functional diagram of which is presented in Figure 4.
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12 - temperature of the air mixture at the mill drum output, °C; 13- temperature of a cold air at the
mill drum input; #1- temperature of a hot air at the mill drum input, °C; F — hot air flow, m*/g; TC1-
control block 1; TC2- control block 2; TC3- control block 3; G - raw coal flow, t/g; m — weight of

the raw coal; n - motor speed; PC - pressure regulator; v - information from vibration sensor

Figure4 — Functional diagram of the optimal control system of ball drum mill volumetric load-
ing with stabilization of air mixture temperature and explosion safety control elements

In [4] the diagram of explosion safety of methane-air mixture is presented (fig. 5).
From this diagram it follows that almost all mixtures of methane with air are repre-
sented by a plane below the line AL. Point B corresponds to the lower concentration
limit of methane explosiveness in air (5% methane and 95% air), and point C - the
upper (VMV, 15% methane and 85% air). Point D corresponds to the lower concen-
tration limit of explosiveness of the mixture for oxygen GKK (NMV 6% for methane
and GKK-12% for oxygen). Points B, C and D form a contour, called the explosive
triangle, within which the methane-air mixture is explosive. The BD line is the line of
the lower concentration limits of explosiveness, and the CD line is the line of the up-
per ones. The area to the right of the CD line, which is bounded by the DHMC cir-
cuit, is the area of non-explosive mixtures, but which can become explosive at oxy-
gen concentrations above 12%. Based on the analysis of the diagram (Fig. 5) the con-
clusion was made about the possibility of increasing the resource saving of mine me-
thane with concentrations below 25% by regulating the emission of its production
and taking into account the limits of explosion safety, which are determined by the
ratio of the simultaneous concentrations of measured oxygen and methane. In this
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case, part of the mixture of the OABDCLN area is not released into the atmosphere.
An explosion-proof polygon OAIKLSO area is formed, which is separated from the
explosive triangle BCD. On the right is the LK limit (more than 10% of the line CD),
below is the IK limit (5% less than the lower limit of flammability (explosiveness) of
oxygen) and on the left is Al limit.
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BCD - contour, called the explosive triangle, within which the methane-air mixture is explosive; the
DHMC contour — limited area of non-explosive mixtures, but which can become explosive at oxy-
gen concentrations above 12%; BD - the line of the lower concentration limits of explosiveness, CD
- the line of the upper ones

Figure 5 — Diagram of explosive methane-air mixture

Based on the analysis of the diagram (Fig. 5), taking into account compliance
with the requirements of the "Safety Rules of Coal Mines of Ukraine"[7,8], which
regulate the unacceptable volume concentration of methane in a mixture of 3.5- 25%,
it was concluded that the value of the oxygen concentration limit should be equal to
7%, that 1s the doubled normalized value of lower concentration limits of methane
explosiveness equal to 3.5%. The upper one should be equal to the normalized value
of methane equal to 25%, while simultaneous measuring oxygen and methane con-
centrations. On this basis, we recommend that the methane-air mixture of the
AIKLSO area with parameters below the AIKLS limits be defined as explosion-proof
and used in the extraction and utilization of mine methane.

The identified patterns provide a basis for establishing safety criteria for three
ranges of methane concentrations in the drum of the mill using equations (1), (2) and
(3):

- limit (AI) from 0 to 5% CH4

7+|Key, -51:2.6- Ko,

Ky, = 005

7+|Key, -5126 ©)
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— limit (/K) from 5 to 20 % CH4

7-Kp
Kpy=——=2--20", (7)

— limit (KL) from 20 to 25% CHa

| 20+|Key, -20141.6-Kp,

Kp; = .20%7 8
b3 20+| Ky, - 20|-1.6 )

where Kp; — the explosion safety factor for the A7 limit; K»> — explosion safety factor
for the IK limit; K»; — explosion safety factor for the KL limit; Kcry — measured me-
thane concentration, %; Ko, — measured oxygen concentration, %.

Equations (6, 7, 8) are obtained by the methods of signature mathematics for solv-
ing boundary value problems in information-controlled spaces of technological pro-
cesses and are used in the formation of control signals of ball drum mill explosion
safety.

Based on the functional diagram of Fig. 4 and the above information about explo-
sion safety ensuring in the drum of the ball mill, a block diagram of a mathematical
model of the optimal volumetric filling control system with air temperature stabiliza-
tion and safety elements was prepared [5].

As a result of mathematical modeling of the optimal control system of volumetric
filling with stabilization of the air mixture temperature, the following graphical tran-
sients are obtained and presented in Figures 6,7.

Fig.7 illustrates the operation of the optimization algorithm, which provides max-
imum mill productivity with variable properties of raw coal and changes in humidity
from 4 to 13%.
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Figure 6 — Transients of optimal control of ball drum mill at variable parameters of raw coal
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Figure 7 illustrates the transient processes of temperature stabilization with varia-
ble properties of raw coal and also it shows the temperature of the air mixture and the
initial temperature value [9,10].
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Figure 7 — Transient processes of air mixture temperature control

Results and discussion. To verify the reliability of the developed mathematical
models and structural-functional diagrams it was developed system-wide, software
and hardware solutions, information support. An experimental-industrial sample of
control station "DIYA" was manufactured and put to industrial tests on existing ball
drum mills in the Kramatorsk CHP.

As a result, automated control of four 287/410 ball drum mill for feeding steam
boilers with pulverized coal mixture, boilers Ne7 and Ne9 BKZ-160-100PT was ob-
tained. Based on the information on the vibration acceleration of the bearing support
of the mill drum discharge after the mill drum, temperature and concentration of oxy-
gen and methane in the dust-air mixture at the drum output, the automatic control sys-
tem generates control signals for speed of frequency-controlled asynchronous electric
drives, which ensured the steady mill operation at the points of optimum productivity
from the level of loading the drum with raw coal and explosion safety. Optimization
of ball drum mills for 5500 hours of operation during the year allowed to reduce by
922,900 kWh of electricity consumption for own needs of the enterprise, to reduce
specific electricity consumption by (6.99 kWh / t of coal). Due to the stabilization of
the grinding tone of raw coal, the power supply of the two boilers decreased by
16,280 tons during the year.

The annual economic effect of the introduction of the automatic control system of
SHBM due to the saving of electricity and coal on four SHBM amounted to
$ 354,219.
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Conclusions.

1. Using the vibration acceleration sensor and the signals processing received
from the latter, the volumetric load of the ball mill was calculated.

2. Parameters of explosion safety ensuring of a mill air mixture are established.

3. The system of measurement and calculation of volume loading by coal of a
drum of the rotating mill and maintenance of explosion safety of an air mixture of a
mill is developed.

4. Mathematical models of grinding processes dynamics of raw coal were devel-
oped and research allowed to construct a system of optimal control of volumetric
loading of a ball mill with stabilization of temperature of an air mix was carried out.

5. Working design was developed, industrial tests were conducted and station
control of ball drum mill was manufactured, implemented and put into operation.

6. The annual economic effect from the implementation of the automatic control
system of ball drum mill at the expense of saving electricity and coal amounted to $
354,219.
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3ABE3MNEYEHHA EHEPTOPECYPCO3BEPEXEHHA TA BUBYXOBE3MNEKKU TEC MPU BUKOPUCTAHHI
CTAHUII KEPYBAHHSA KYJIbOBUMU BAPABAHHUMU MITUHAMU
Cmacesuy P.K., TuweHko M.T., TuweHko €.M., Myxa O.A., Aeaes P.A.

AHorauis. Ykpaina mae npnbausto Big 300 go 500 kynbosux 6apabaHHux mauHie (KBM), Wwo gitoTb i KOTpi BUKOpK-
CTOBYIOTbCS B Pi3HUX NpomucroBux cdepax. binbuwicte KBM Ha BUpoBHWLTBAX NpaLtoloTb HE Ha MOBHY NOTYXHICTb Ta
Ha cTapux abo cnabo ModepHi3oBaHMX cuctemax kepyBaHHs. CknagHicTb kepyBaHHs KBM nonsrae y pisHux daktopax,
L0 BNAWBAIOTL Ha NPOLEC NOAPIOHEHHS, @ came: BOMOTiCTb CMPOBUHI, MEXaHi4Hi BNacTUBOCTI MaTepiany, 3HOC 6pOHb0-
BMX NAMT Ta Tifl, WO nogpibHioTb. BogHouac, BNnuB Unx ¢hakTopie 6e3 BUCOKOTEXHOMOMYHMX NPUCTPOIB YCKNaaHoe
KepyBaHHsI mpoLiecy NOAPIOHEHHS, TOMY Ha NPOCTUX CUCTEMAX KEpPYBaHHS ONepaTopu NpaLtorTh Ha 3aHWMKEHUX NOKa3-
HWKax Ans cTinkoi poboTu. B poboTi posrnsaatoTbest KynboBi MIMHW noapibHeHHs cuporo Byrinns. MpoBeaeHi ekcnepu-
MeHTanbHi 4ocnimKeHHst pexumiB poboTti KBM B NpomMMCrioBMX yMOBax Ta Ha MOAENsX. 3anponoHOBAHO METOL HEYITKOI
afjanTayii napameTpiB HanawTyBaHHs perynatopa Ta obpaHi pauioHarnbHi anroputMu ynpasniHHs. Pesynstatu gocni-
[PKEHHS] CUCTEMW ONTUMArbHOMO KepyBaHHs 0B'eMHUM 3aBaHTaxeHHsM KEM nokasanu BMCOKY SIKICTb KEPyBaHHS Npu
Pi3HMX 30BHiLWHIX Brneax. CuCTeMa KepyBaHHS [03BONSE BUKOPUCTOBYBATWU MakcumasnbHy npoAyKTMBHICTL KBM.
OTpuMaHO piYHMiA eKOHOMIYHMI edbekT y poamipi 354 219 § CLUA. Po3pobneHo poGoumid NpoekT, NpoBeaeHo NpoMu-
CcrnoBi BUNpobyBaHHS Ta BUTOTOBIEHO, BNPOBAAKEHO Ta BBEAEHO B EKCMNyaTaljilo CTaHLito KepyBaHHs Kynbosum Gapa-
GaHHUM MnMHOM. BcTaHoBneHo napameTpu BubyxobesneyHoro 3abesneyeHHs MAMHOMOBITPAHOI CyMili. PospobneHo
CMCTEMY BUMIPIOBAHHS Ta po3paxyHKy 00'€MHOr0 3aBaHTaxeHHs Byrinnsm GapabaHa ob6epToBoro MnvHa Ta 3abesne-
YeHHs BUOYxobe3neyHOCTi NOBITPSHOI CyMiLLi MHa.

KniouoBi cnoBa: eHepropecypco3bepexeHHs, Bubyxobesneka, TEC, cTaHuis kepyBaHHS, KynboBuii 6apabaHHuii
MITWH.
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