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Abstract

This research addresses -via the matlab software environment- the intelligent
control of a coal mill; due to the importance of coal mills in heavy industries and
the energy industry, and the problem in traditional industrial control systems
where early fault diagnosis is not performed, non-ideal precision in evaluation,
poor estimation occurs, and human errors exist. Additionally, the detection of
instability conditions and the prediction of recurring patterns represent a

characteristic of human limitations.

Due to the human factor in traditional industrial control systems, an intelligent
model of a Nonlinear Autoregressive Neural Network with Exogenous Inputs was
designed to predict mechanical vibration behavior. Based on the analytical
methodology, a time-series database comprising 3,000 real samples was
created, which were collected from the operation of a coal mill operating at
Berber Cement Factory, and used for training and testing the model to ensure

the realism of the results.

Mechanical vibration behavior was accurately predicted at the level of the neural
network model because it is a vital indicator directly linked to stability and all
operating parameters, such as the mill feed rate per hour, mill outlet temperature,
differential pressure as a prim indicator of the actual filling degree relative to

nominal value, and other operating parameters.

It was found that the mean square error reached ().007 within only 11 iterations,
coupled with the positioning of all error correlations within the confidence limits,
representing conclusive evidence of the model's ability to capture the complex

nonlinear and dynamic relationships inherent in industrial operational data.
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Al — Artificial Intelligence

NARX — Non liner Auto Regressive eXogenous inputs
L — Layer

d — delay

LM — Levenberg Marquardt

MSE — Mean Squar Error

R- Relation Factor

VRM - Vertical Roller Mill

PBM — Population Balance Model
RTD — Resident Time Duration

PID - Proportional Integral Derivative
ANN - Artificial Neural Network
NTStool — Neural Time Series

APPs — Applications
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DCS - Distributed Control System
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«\ Neural Time Series (ntstool)

Welcome to the Neural Network Time Series Tool.

Solve a nonlinear time series problem with a dynamic neural network.

Introduction

Prediction is a kind of dynamic filtering, in which past values of one or more
me series are used to predict future values. Dynamic neural networks, which
clude tapped delay lines are used for nonlinear filtering and prediction.

There are many applications for prediction. For example, a financial analyst
might want to predict the future value of a stock, bond or other financial
instrument. An engineer might want to predict the impending failure of a jet
engine

Predictive models are also used for system identification (or dynamic
modelling), in which you build dynamic models of physical systems. These
dynamic models are important for analysis, simulation, monitoring and
control of a variety of systems, including manufacturing systems, chemical
processes, robotics and aerospace systems.

This tool allows you to solve three kinds of nonlinear time series problems
shown in the right panel. Choose one and click [Next]

Select a Problem
O Nonlinear Autoregressive with External (Exagenous) Input (NARX)

Predict series y(t) given d past values of y(t) and another series x(t).

xw [ §—" & | v = txeen.x e,
{ FEA Dyt

O Nonlinear Autoregressive (NAR)

Predict series y(t) given d past values of y(t).

@ G o0 = ey tryroan

O Nonlinear Input-Output

Predict series y(t) given d past values of series x(t).
Important Note: NARX solutions are more accurate than this solution. Only
use this solution if past values of y(t) will not be available when deployed.

w0 (e dibed ] o - s

@ choose a problem, then click [Next].

“ Neural Network Start M4 welcome

» Next

[2-3] & U

Calia alaay Laa cdiadl) calyaatiall o 838aal) calilal) Lalil) e 4308 (NARX) #3gai aciy

nge LS Aalull Jundall culily e Ly iatadd) dlgu sl clfall gunll Gals Ui

[2-3] &, Jsall b

o LS g agaill )l A (e

y(t) = f(y(t—l), y(t-2), ..., y(t-dy), x(t-1), x(t-2), ..., x(t—dx))

b ool G AE = A e y(H)

toall b A4Sl alal) Jasdl s X(Y)

lajaall alill el e sa dy

ol el el cilpé sae ga dX
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+\ Neural Time Series (ntstool)

% Validation and Test Data
Set aside some target timesteps for validation and testing.

centages

Explanati

ndomly divide up the 3000 target timesteps: & Three Kinds of Target Timesteps
W Trainin g: e

@ validation: 15%
W@ Testing:

2100 target timesteps | W Training:
450 target timesteps | These are presented to the network during tra

ining, and the network is
450 target timesteps | adiusted according to its error.

15%

@ validation:

These are used to measure network generalization, and to halt training when
generalization stops improving.

W Testing:

These have no effect on training and so pravide an independent measure of
netwark perfarmance during and after trainin a

B Change percentages if desired, then click [Next] to continue
& Neural Network Start Hi welcome

@ Back = Next
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A\ Neural Time Series (ntstoal)

-
m Network Architecture
Choose the number of neurons and input/feedback delays.
Architecture Choices Recommendation
Define a NARX neural network. - (naninet) Return to this panel and change the number of neurons or delays if the
i network does not perform well after training.
Number of Hidden Neurons: 5
Number of delays d: 5 The network\_mll be crea?ed and tra.ln_ed in open loop form as sh_own below.
Open loop (single-step) is more efficient than closed loop (multi-step)
. training. Open loop allows us to supply the network with correct past outputs
Problem definition: Y10 = O 1) (G 1)y t-) 9. Upen loop PRl pastoutp
as we train it to produce the correct current outputs.
After training, the network may be converted to closed loop form, or any
other form, that the application requires.
Restore Defaults
< C._Aay LS 45.\.&3\ g.x.ud.ﬁ (LM) 4:\.9‘)19; ?\M\ ?3 :a_.t.vﬂ\ 4:\.4‘)‘)19; 3—3—3—3
N - . - - “ . . . . 2 - 5
dst.«lm uA deaﬂ t_DLQ.\!\ uﬁ LAJbR.\.«.ub L@.ﬂ:‘)m 43.4))\);1\ -Jr-3 8y .[5—3] ?ﬁJ dSu.J\
. ™ 2y . . - w - . % . - - .
GJL@ a__uJJJ b\.\.u blf; Mg ub.«.uj.ml\ e;;l\ <ald a_tls.u.uﬂ dala cé\:u.zud\ g_als.wd\
.(NARX)
#\ Neural Time Series (ntstool) -
% Train Network
Train the network to fit the inputs and targets.
Train Network Results
Choose a training algorithm: & Target Values MSE R
Levenberg-Marquardt v @ Training: 2100 - -
§ § § i i @ validation: 450 - -
This algorithm typically requires more memory but less time. Training
automatically stops when generalization stops improving, as indicated by W Testing: 450 - -
an increase in the mean square error of the validation samples.
Train using Levenberg-Marquardt. (trainim) Plot Error Histogram Plot Response
% Train Plot Error Autocorrelation Plot Input-Error Correlation
Notes
% Training multiple times will generate different results Mean Squared Error is the average squared difference
due to different initial conditions and sampling. between outputs and targets. Lower values are better.
Zero means no error.
Regression R Values measure the correlation between
outputs and targets. An R value of 1 means a close
relationship, 0 a random relationship.
0 Train network, then click [Next].
& Neural Network Start K Welcome @ Back = Next @ Cancel

[5-3] &) J<a
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Al Jada 3 ¢ laa¥) clly o Al el e Gaadlly ey il ddee Al ae

G 5ll GaY aalaziod sale) AulSe] el z3saill Jais ity .COAI_MIll_net auly daslill

[6-3] 8y JSal & mamge LS oyl dale) ) dalall (50 Ladll i)

4\ Neural Time Series (ntstool)

\j;; Save Results
§

Generate MATLAB scripts, save results and generate diagrams.

Generate Scripts
Recommended >> Use these scripts to reproduce results and solve similar problems.

Generate a script to train and test a neural network as you just did with this tool:

Generate a script with additional options and example code:

Save Data to Workspace

~ Save network to MATLAB network object named:

Save performance and data set information to MATLAB struct named:

L

Save outputs to MATLAB matrix named:
Save errors to MATLAB matrix named:

[ save inputs to MATLAB matrix named:

L LB

[[] save feedback to MATLAB matrix named:

@

[[] save ALL selected values above to MATLAB struct named:

Restore Defaults

] Simple Script

[ Advanced Seript

coal_mill_net
info

output

errar

nput

feedback
results

2 Save Results

@ Save results and click [Finish].

& Neural Network Start K welcome

[6-

3] ) dsa
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4\ Neural Network Training (nntraintool) -

Neural Network

Algorithms
Data Division: Random (dividerand)
Training: Levenberg-Marquardt (trainim)

Performance: Mean Squared Error (mse)
Calculations:  MEX

Progress
Epoch 0 11 iterations 1000
Time: 0:00:01
Performance: 247 000711 ] 0.00
Gradient: 10.7 0.0124 | 1.00e-07
Mu: 0.00100 1.00e-05 1.00e+10
Validation Checks: 0 6 6
Plots
! Performance ’ plotperform)
Training State (plottrainstate)
Error Histogram ploterrhist)
Regression (plotregression)
Time-Series Response plotresponse)

[8-4] &) J<a
(Error Histogram) eUaal) a5 Julas 2-2-4
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"4 Error Histogram (ploterrhist)
File Edit View Insert Tools Desktop Window Help

Error Histogram with 20 Bins
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4 Time-Series Response (plotresponse) -

File Edit View Insert Tools Desktop Window Help

Response of Output Element 1 for Time-Series 1
T T
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4. Error Autocorrelation (ploterrcaorr) —

File Edit View Insert Tools Desktop Window Help

%107 Autocorrelation of Error 1
Il Correlations
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- Input-Error Cross-correlation (plotinerrcorr) - x

File Edit View Insert Tools Desktop Window Help

Correlation between Input 1 and Error 1 = Target 1 - Output 1
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4 Neural Network Training Performance (plotperform), Epoch 11, Validation stop
File Edit View Insert Tools Desktop Window Help

Best Validation Performance is 0.016062 at epoch 5
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u__\i)i\]\ Glly e 10% Jia due

Vibr mm/s Diff Pre mbar | Out Temp C° | Feed Rate tph | Time min
0.22 25.2 77.23 35.1 0
0.28 25.1 77.63 35 1
0.31 24.5 77.29 34.9 2
0.19 24.9 77.09 34.9 3
0.13 25 77.58 35.4 4
0.23 25.5 77.29 35 5
0.27 24.6 77.72 34.9 6
0.19 25.1 78.09 34.4 7
0.33 25.3 77.32 34.8 8
0.24 25.1 76.99 34.7 9
0.13 25 76.85 34.9 10
0.28 24.5 77.37 34.9 11
0.31 24.8 77.7 35.2 12
0.21 25.2 77.62 35.6 13
0.24 25 77.78 35.1 14
0.28 25.3 77.41 35.1 15
0.32 24.8 77.04 34.4 16
0.24 25.4 77.43 34.6 17

0.3 25 77.47 34.8 18

0.2 25.1 77.82 35.4 19
0.25 24.5 77.13 34.6 20
0.24 25.3 77.86 35.3 21
0.24 25.1 77.94 34.2 22
0.22 24.9 77.49 35.3 23

0.3 25.5 77.47 34.8 24
0.32 24.5 77.32 35.3 25

0.3 24.8 77.3 35.7 26
0.29 25.3 77.67 34.8 27
0.19 25.3 77.7 35.5 28
0.32 25 77.96 35.5 29
0.17 25.3 77.31 34.9 30
0.28 254 76.87 35 31
0.21 24.8 77.48 34.8 32
0.26 25.5 77.64 35.2 33

0.3 25 77.5 35.1 34
0.28 25 77.34 35.2 35
0.26 25 774 35 36




0.26 25 77.89 35.2 37
0.31 24.8 77.38 35 38
0.26 24.5 /7.6 34.9 39
0.18 24.6 77.65 35.3 40
0.21 24.4 77.79 35 41
0.31 25 77.38 35.5 42

0.3 24.5 77.83 35.5 43
0.21 25.3 77.8 35 44
0.14 25.6 77.75 34.6 45
0.33 25.5 771 34.5 46
0.24 24.3 77.43 34.4 47
0.21 24.7 77.13 34.8 48

0.3 254 77.33 35.2 49
0.24 25.2 77.82 35 50
0.31 25 7777 35.5 51
0.27 24.8 77.11 35.1 52
0.24 24.8 77.01 34.4 53
0.33 24.9 77.67 35.6 54
0.21 25 76.9 34.9 55
0.17 24.9 77.38 35.1 56

0.3 25.1 77.58 35.5 o7
0.29 24.8 77.29 35 58
0.25 24.8 77.55 34.9 59
0.22 24.6 77.05 35.4 60
0.24 25.1 77.31 34.2 61
0.29 24.5 77.56 34.7 62
0.22 24.5 77.48 35.5 63
0.16 24.9 78.3 34.9 64
0.28 25.2 77.49 34.9 65
0.27 24.9 77.34 34.9 66
0.33 25.1 77.01 34.9 67
0.24 25.1 77.69 35.4 68
0.13 24.3 77.67 35.1 69
0.26 25.6 77.33 34.9 70

0.3 24.9 77.37 35.5 71
0.16 25.2 76.81 35.5 72
0.32 25.3 77.6 35.1 73
0.22 25.2 77.42 35.4 74
0.24 25.2 77.16 35.3 75

0.3 25.1 77.38 35.6 76
0.25 25.2 77.38 34.6 77
0.31 25.2 77.32 35 78
0.25 24.7 77.63 35 79
0.29 254 77.6 35 80
0.27 25.2 77.61 34.8 81
0.33 25.1 77.51 34.8 82

0.6 25.5 77.89 34.7 83
0.83 24.5 77.74 34.9 84
0.33 25.2 77.9 34.6 85

[b]




0.64 25.6 77.63 35.2 86
1.88 17.6 77.85 0 87
0.24 24.8 77.34 35 88
0.35 25.1 77.25 35.3 89
0.18 25.3 77.39 35.3 90
0.21 25.2 77.99 34.6 91
0.24 25 77.73 34.6 92

0.3 24.9 77.11 35.1 93
0.24 24.9 77.79 35.2 94
0.21 24.8 77.42 34.9 95
0.26 24.7 77.32 34.3 96
0.15 24.5 77.79 35.1 97
0.31 25.1 77.94 34.7 98
0.26 25.3 77.28 34.6 99
0.24 24.9 77.6 34.6 100
0.26 24.8 78.05 35.3 101

0.2 25.2 77.13 35.3 102
0.23 24.8 76.96 35.2 103
0.28 25.2 77.05 34.8 104
0.26 25.5 77.43 35.4 105
0.22 25.5 77.37 35 106
0.19 25 77.52 34.6 107
0.62 24.9 77.02 36 108
0.83 24.8 77.05 35.1 109
0.29 25.1 76.96 35.7 110
0.59 24.8 77.13 35.3 111

1.8 17.3 76.88 0 112
0.24 25.1 77.89 35.4 113
0.21 24.4 77.28 34.7 114
0.27 25 77.54 35 115
0.25 25.1 77.05 34.9 116
0.28 24.7 77.36 35.2 117
0.29 25.1 77.13 34.9 118
0.17 254 77.63 34.6 119
0.19 254 77.64 35.2 120
0.25 24.9 77.92 34.7 121
0.28 25.1 77.28 35.1 122
0.32 25.3 77.57 35.3 123
0.28 25.6 77.5 35.2 124
0.24 25 77.84 35 125
0.26 24.6 77.49 35.2 126
0.29 24.8 77.9 34.5 127
0.21 25 77.62 35.1 128
0.27 25.5 77.38 35.3 129
0.21 25.1 77.26 35.2 130
0.23 25.3 77.88 34.9 131
0.23 24.9 77.65 35 132
0.22 25.3 77.73 35.3 133
0.18 25.1 77.28 35.5 134

[c]




0.27 25 77.53 34.8 135
0.24 25.1 77.78 34.7 136
0.17 24.8 77.48 35 137
0.17 24.4 77.77 35.6 138
0.23 24.9 77.96 35.3 139
0.19 254 77.69 34.9 140
0.31 25.5 77.59 34.6 141
0.23 24.8 77.65 34.7 142
0.25 25.2 77.38 35.2 143
0.29 24.6 77.01 34.7 144
0.24 24.8 77.37 34.8 145
0.21 254 76.8 35.2 146
0.23 254 77.83 34.7 147
0.25 254 77.47 35.3 148
0.22 24.8 77.69 35.3 149

0.2 24.9 76.86 35.1 150
0.29 24.8 77.44 35.1 151
0.24 25 78.15 34.9 152
0.23 25 77.32 35.3 153

0.3 24.7 77.64 34.8 154

0.3 254 78.02 35.1 155
0.21 24.9 77.67 35 156
0.18 24.8 77.12 34.9 157
0.19 24.6 77.05 35.2 158
0.21 25.1 77.26 34.6 159
0.28 25.5 77.68 35.1 160
0.25 25.5 77.48 34.4 161
0.16 25 77.43 34.8 162

0.2 24.7 77.75 35.4 163
0.25 25.5 77.23 35 164
0.22 24.5 77.49 34.9 165
0.22 25.2 77.22 34.6 166
0.23 25 77.35 34.9 167
0.21 25.2 77.66 35 168

0.3 24.9 77.42 35.4 169

0.3 24.9 77.86 35.3 170

0.3 25.3 77.44 35.2 171
0.18 25.1 77.35 35.2 172
0.19 243 77.74 34.8 173
0.32 24.9 77.55 35 174
0.27 25.2 77.92 35.1 175
0.25 25.3 77.71 34.5 176
0.23 26.1 77.12 35.9 177
0.35 26.9 77.52 35.1 178
0.28 27.7 77.39 35 179
1.95 25.1 77.25 42.5 180
0.21 25.3 77.65 35.3 181
0.16 24.7 77.5 34.8 182
0.25 25.1 77.89 35 183

[d]




0.25 24.7 76.81 35.2 184
0.28 25.2 77.83 35.1 185
0.21 24.9 77.54 35.1 186
0.25 25.3 77.64 35.3 187
0.26 24.9 77.47 35.7 188
0.22 24.9 77.87 35.6 189

0.2 25.6 77.83 35.2 190
0.28 24.7 77.78 35.1 191
0.16 24.9 77.69 34.4 192
0.29 25 77.59 35 193
0.23 25 77.37 35 194
0.23 25 77.39 35.1 195
0.22 24.8 77.42 34.9 196
0.28 24.6 77.36 35.2 197
0.25 25 77.12 34.8 198
0.21 25.1 77.58 34 199
0.22 25.3 77.41 35.4 200
0.25 24.8 77.59 35.4 201
0.19 25.1 77.93 35.6 202
0.26 24.7 77.43 34.8 203
0.35 25.5 77.16 35.1 204
0.37 25.1 77.34 35 205
0.21 254 77.56 34.4 206
0.31 25.1 77.38 34.7 207
0.26 24.7 77.93 35 208
0.35 25.2 77.38 34.9 209
0.24 24.8 77.88 34.7 210

0.3 25.2 77.44 34.9 211

0.2 25.3 76.65 35 212

0.3 24.9 77.75 34.9 213
0.26 24.8 77.91 34.9 214

0.3 24.8 78.08 35.7 215
0.21 25 77.43 34.9 216
0.32 25.3 77.55 35.3 217
0.25 25.2 77.74 34.6 218
0.25 25.5 77.43 34.8 219
0.28 25.1 77.22 34.4 220
0.32 24.9 77.59 35.2 221
0.36 25.1 77.08 34.7 222
0.24 25.1 77.48 35 223
0.24 24.8 78.34 35.4 224
0.32 25.2 77.92 34.7 225
0.21 25 77.43 35 226
0.26 24.8 76.53 35.1 227
0.32 254 77.14 35.3 228

0.3 25.1 76.91 35.5 229
0.22 25.2 77.62 35.2 230
0.26 24.8 77.35 34.9 231
0.23 24.9 77.79 35.1 232

[e]




0.23 24.9 77.44 35.1 233
0.21 25.2 77.68 35.2 234
0.22 24.7 77.46 35.4 235
0.18 24.9 77.08 34.9 236
0.19 24.8 77.84 34.7 237
0.22 25.1 77.83 35 238
0.31 25.1 77.61 35.2 239
0.24 24.3 77.37 35.5 240

0.2 24.9 77.87 34.9 241
0.31 254 77.36 34.9 242
0.22 25.3 77.64 35.2 243
0.19 24.7 77.5 35.5 244
0.27 24.6 77.09 34.6 245
0.21 24.7 77.55 34.9 246
0.24 24.9 77.47 35.3 247
0.31 24.8 77.66 34.8 248
0.28 25.1 77.49 35 249
0.19 25.5 77.48 34.4 250
0.26 25.2 7747 35.5 251
0.19 25.2 77.61 36 252
0.19 24.5 77.5 35.2 253
0.26 24.5 77.53 34.9 254
0.24 24.7 77.57 35 255
0.19 25.2 77.64 35.1 256
0.26 24.8 77.48 35.3 257
0.23 24.9 76.88 35 258
0.19 24.8 77.51 34.9 259
0.23 25.2 77.23 34.4 260
0.24 24.9 77.16 35.3 261
0.33 25 78.13 34.6 262
0.26 24.8 77.15 35 263
0.22 25.1 77.95 35.2 264
0.28 25.6 76.94 35 265
0.32 24.8 77.99 34.9 266
0.25 25.1 76.78 35.1 267
0.22 24.6 77.63 34.4 268
0.24 25.1 77.79 34.5 269
0.24 25 77.48 35.2 270
0.24 25.3 77.66 34.1 271
0.28 24.9 7.7 34.6 272
0.28 25.1 77.53 35.1 273
0.27 24.9 77.18 34.6 274
0.09 24.9 77.64 35.4 275
0.29 24.8 77.4 34.9 276
0.17 24.5 77.47 34.8 277
0.15 24.9 77.93 34.8 278
0.23 24.7 78 35.2 279
0.21 24.7 77.65 35 280
0.24 25.3 77.47 34.3 281

[f]




0.28 24.8 .7 35.2 282
0.27 24.4 77.67 35.2 283
0.29 25.1 77.93 35.1 284
0.35 25 77.52 35.3 285
0.23 25.5 77.3 34.7 286

0.2 24.9 77.16 35.2 287
0.36 25.1 77.26 35.2 288
0.23 25.3 77.28 35 289
0.28 25.1 77.71 34.9 290

0.2 25 77.56 34.9 291
0.25 25 77.96 35.1 292
0.24 24.9 77.68 34.6 293
0.27 24.9 77.72 35.5 294
0.26 254 77.33 34.6 295

0.2 25.2 77.82 35 296
0.32 25 77.48 34.6 297
0.31 254 77.97 35.2 298
0.12 25.2 77.68 34.9 299
0.29 25.7 76.92 34.6 300

(g]




