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ABSTRACT

Coal mill is an essential component of coal fired power plant, which grinds the coal into fine
powder and provides pulverized coal for efficient combustion. They can be a bottleneck in plant
operation as the performance of the overall plant is greatly influenced by the mill downtime. Frequent
changes in coal properties such as moisture, poor controls and several faults occurring in the mills are
the major concerns affecting the efficiency of the milling system. It is required to closely monitor the
operation of the milling system and isolate any abnormality in time. Currently, the operational issues
in various equipments are identified by the judgement of experienced plant operators. As the
information received at the control centre is huge, it is hard for the technical staff to analyze the data

properly and take corrective measures in time to improve the availability and operation of the plant.

The main objective of the work is design and development of a novel method for intelligent
decision support system for detection and diagnosis of common faults in the mills namely choking,
coal shortage, and mill fire. Realizing the impact of high coal moisture on the combustion and
availability of mills, a soft sensor for online estimation of moisture is also designed. It is realized that
an automated early detection and diagnosis of mill faults can lead to significant savings due to
reduction in maintenance costs and production losses. It ensures increased reliability and reduces the
challenges involved in operation of the mills. A deeper review of the earlier works reveals that the
works on fault detection and diagnosis (FDD) and soft sensing for mills are constrained by simplified
models of coal mill employed for simulating the behaviour of mills under normal conditions. Further,
the previous works focussed only on one fault and failed to provide any information regarding the
severity and cause of the fault. It is also noticed that abundant literature is available in the area of

FDD but their applicability and adaptation in the actual plants is limited.

In this work, firstly, an improved gray box dynamic model of coal milling system is derived to
replicate the behaviour of coal mills under different operating conditions. The model is formulated
using first principle conservation laws of mass and heat balance and plant data is utilized for
estimating the unknown model parameters. The effectiveness of the model under start up, steady state,
shutdown, and transient load change conditions is evaluated using data obtained from two actual
power plants in India. The developed model is utilized for designing a cost effective soft sensor for
online prediction of moisture content in coal, which is presently determined only once per day using

time consuming laboratory tests. Extended Kalman filter (EKF) based state estimation is selected and
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the results show that the online predictions by the soft sensor are in close agreement with the

directional trend of per day moisture value.

A novel model based residual evaluation approach involving intelligent decision support system is
considered for the purpose of early fault detection and diagnosis in mills. The work presents an
intuitive application of fuzzy logic and probability theory where they are used in conjunction to solve
the overall problem. The major symptoms, and causes for various faults in the mill are identified
based on available literature and discussion with experienced plant operators. Knowledge base for
these faults is built and fuzzy rule based system is designed for identifying the type, and severity of
the faults. As the corrective action to be taken depends on the root cause of the problem, support for
troubleshooting the root cause is also provided using Bayesian networks. Several steps are included to
make the proposed mill FDD system fit for the real time plant deployment. The need of data
preprocessing for improving data quality and adaptive learning of the model to evolve with slowly
drifting measurements is discussed. Appropriate methods are chosen for these steps based on the
nature of coal mill system. Simple methods are found to be suitable for missing values and obvious
outlier treatment, while an elaborate method based on wavelet transform is selected for reducing the
noise in the data. CUSUM based control charts are suggested for monitoring the slow evolving drift

due to wear in the mill. Model parameters are retrained once change detection method issues an alert.

In order to develop a field worthy system that is relevant for real time applications, actual data
from two different coal fired power plants in India is collected and used for validating the work. The
performance of the proposed mill FDD system is computed using normal and faulty data obtained
from mills of these plants. Total 47 fault cases and 150 randomly selected one day normal data are
selected for quantifying the performance of the proposed algorithm. Ten case studies are detailed to
demonstrate the capability of the proposed method. The validation results using actual plant data are
found to be promising, which confirms that the proposed algorithm is effective for real time online

FDD in power plant coal mills.
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NOTATION AND ABBREVIATIONS

ANN Artificial neural network

BN Bayesian network

CAD Cold air damper

CPT Conditional probability table
CWT Continuous wavelet transform
DAE Differential algebraic equation
DCS Distributed control system

DE Differential evolution

DP Differential pressure

DWT Discrete wavelet transform
EKF Extended Kalman Filter

FDD Fault detection and diagnosis
FFT Fast fourier transform

FIS Fuzzy inference system

FL Fuzzy logic

FMEA Failure mode and effect analysis
FN False Negative

FP False Positive

FRBS Fuzzy rule based system

GLR Generalized likelihood rati
HAD Hot air damper

HGI Hardgrove grindability index
KF Kalman filter

MF Membership function

PCA Principal component analysis
PF Pulverized fuel

PID Proportional integral derivative
RC Residual current

RDP Residual differential pressure
ROT Residual outlet temperature
RCA Root cause analysis

LFC Load — following capability
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MAD
MFT
MPC
NRMSE
oT
SOM
SPC
STFT
SVM
TBT
TN
TP
TPH
UKF
WT

Median of the absolute deviation of the median
Master fuel trip

Model predictive control
Normalized root mean square error
Outlet temperature

Self- organizing map

Statistical process control

Short term fourier transform

State vector machine

Time before trip

True Negative

True Positive

Tonnes per hour

Unscented Kalman filter

Wavelet transform
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NOMENCLATURE

m Flow rate of coal from the feeder (kg/s)

o

Flow rate of ;" size coal particles (kg/s) from:

XX = FB : Feeder to the bowl zone

XX = BG : Bowl to the grinding zone

XX = GS : Grinding to the separator zone
mfx XX = SC': Separator to the classifier zone

XX =SB : Separator to the bowl zone

XX = CFu : Classifier to the furnace

XX = (CB: Classifier to the bowl zone
Flow rate of mixed primary air (kg/s) to the:

n X =8 Separator zone

amrr

X = Fu : Furnace
Mass of i size coal particles accumulated (kg) in :
X = B: Bowl zone

M X =G : Grinding zone

c

X =8 Separator zone

X = C': Classifier zone

) mois Flow rate of moisture removed from the i size coal particles (kg/s)
Q in Rate of heat flow entering the mill (kJ/s)

Q(mt Rate of heat flow leaving the mill (kJ/s)

0 Rate of heat accumulated (kJ/s)

H, Heat generated due to grinding (kJ/s)
Mm

Mass of the mill metal body (kg)

5> O i Average moisture content in coal from the feeder to the bowl - grinding zone (fraction) , Online

moisture estimate in coal from the feeder to the bowl-grinding zone (fraction)

O, Average moisture content in the pulverized coal flowing to the furnace (fraction)

o Average moisture content in the coal accumulated in the bowl - grinding zone (fraction)
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lﬂ

mair

o3

3

AP

mill

Cpai'cpc
pr’cpmet

Y

Cli’CZi
P

total >
1

total

Temperature of mixed air flowing to the separator zone (deg C)
Temperature of coal-air mixture at the mill outlet (deg C)
Temperature of the ambient air (deg C)

Differential pressure across the mill (mbar)

Specific heat of air, coal, water and metal respectively (kJ/kg-degC)

Average diameter of the I " size group coal particles (mm)
Maximum diameter of the i size group coal particles (mm)
Minimum diameter of the i size group coal particles (mm)
Hardgrove grindability index of the coal (deg H)
Distribution of i size particles in the raw coal (fraction)
Breakage matrix (fraction)

Elements of matrix B ,which represents the fraction of j " size coal that is reduced to the ;" size
group (fraction)

Comminution rate, which represents the fraction of coal in the ;" size group that is reduced in

size as it passes under the rollers under the reference conditions (1/s)

Comminution rate, which represents the actual fraction of coal in the i" size group that is

reduced in size as it passes under the rollers (1/s)

Classification functions for the i size group coal particles
Mill power consumption (kW) and motor current (A) respectively

Motor voltage (kV)
Power factor

Motor on/off signal (0/1)
Angular velocity of the grinding table (rps)

Number of rollers
Average residence time of coal in the bowl zone, moving towards the grinding zone (s)

Average residence time of coal in the grinding zone, moving towards the separator zone (s)
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>
8

power

Average residence time of coal in the separator zone, moving towards the classifier zone (s)
Average residence time of coal in the separator zone, falling back to the bowl zone (s)
Average residence time of coal in the classifier zone, moving towards the furnace (s)
Average residence time of coal in the classifier zone, falling back to the bowl zone (s)
Pressure drop air flow parameter (mbar/(kg?/s”))

Pressure drop coal accumulation parameter(mbar/(kg’/s”))

Pressure drop coal entrainment parameter (mbar/(kg’/s))

Power consumption parameter (kJ/kg)

Heat due to grinding parameter
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