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Abstract
Moreover, the useful information contained in these signals is redundancy and complementary, and the mapping rela-

The components of shell vibration and acoustical signals of ball mill are complexity and difficult to interpret.

tionships between these signals and mill load parameters are difficult to describe. Aiming at these problems, a new soft
sensor approach is proposed, which analyzes shell vibration and acoustical signals for modeling mill load parameters based
on empirical mode decomposition (EMD) technology and selective ensemble learning algorithm. At first, the complexity
of the shell vibration and acoustical signals are analyzed based on the production mechanism. Then, these signals are
adaptive decomposed into a number of intrinsic mode functions (IMFs) with different time-scales using EMD technology,
and the spectral features of IMFs are analyzed and selected based on the mutual information (MI) method. At last, the
selective ensemble learning algorithm based on kernel partial least square modeling approach and the brand and bound
optimal algorithm are used to construct soft sensor models of mill load parameters. Thus, the selective information fusion
based on multi-source frequency spectrum features is realized. The simulation results based on operating data from the
laboratory ball mill validate the proposed approach.

Key words Empirical mode decomposition (EMD), selective ensemble learning, mill load parameters, selective infor-

mation fusion, frequency spectrum
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Mill load parameters soft sensor strategy based on EMD and selective ensemble learning algorithm
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Chinese/English description of the algorithm used in this paper
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IMFPLS Intrinsic mode functions based partial least squares

IMFEPLS Intrinsic mode functions based ensemble partialleastsquares
IMFSEPLS Intrinsic mode functions based selective ensemble partial least squares
IMFKPLS Intrinsic mode functions based kernel partial least squares
IMFEKPLS Intrinsic mode functions based ensemble kernel partial least squares
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FB6. MWRKBVNEF (Joeri — 2) DIEPENELE AR,
Efﬁi Max(r]rmsre,ens) E@ﬁ%%ﬁﬁ*ﬁﬁygﬁzggﬂ[xﬁﬁ%ﬁ
B,

K IR, BEXTES @ AN BT S o ST
(I8 61 B A B0

Jselopti Jselopti
Yi = Z Wil = Z Wy, i f 7000 (27,00)
Jseri=1 Jseri=1

(26)
Y Jectopti~ Zg.,is froai(Za.0) RE @ DNEPLHT
for 2 BUE PEAR BB T V) L T L A R AIE 4R
F AR LR 5

3 HEMIRESRRHR

UG/ XMQL420x450 EREEHL_LHE4T, %%
BLR Je K AN Bk 3 8 i ol 80 kg, Wil BEMfE 1A
10kg/h, ¥ @A 57r/min. SEIEFERHN A H
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Fig.6 VIMF1 frequency spectrum and its MI values with mill load parameters



1860 H ]| 24

40 %

=3 {1

JA ARtk an s 4 FHIE 5 o, BT as T R
(1) F A B R 7 455

HE 4 FIE 5 aran: SR EMD 4 i £3 2111
IME IS [ JROJSE 2% 326 i 1), AN S ok 8 44 3 20 A 3
PR S &R IMF 43 5lkridh VIMF1 ~ VIMF13,
AIMF1 ~ AIMF14, HH9 & 4 $) IMF13 8 &2
—ANJEBAPE R IE %45 5, SOk [21] BRI A
SO B B R . v L, EMD S )s
(1) IMF R 1o B B 8 & UK. BT B A LT S
MUEE . P 2h AR 7 45 57 A HLER IR AR H AT IE AN 8
FA), KRSy IMF 5535 SOHME LA B RS, (H

JRENIMFARY S
<107

{REN IMFA S MBVREIMIL

MR IEFEE R B, BATRT LA E Wk L IMF 4
FE BT S S

S AEIE R 45 R

XA IMFE A5 5 % R Sk [6] AH A 1) 240
AP W BB, T SCHER (9] B R TS BEHL 6 A
ZH X8 IMF A [a) (1) 545 5, 564 45 B i
6~10 frzw, Hrh, K 6~8 ARG5S 1
VIMF1. VIMF4. VIMFT7 #5ii K H 5 A [5] BE LA
fr 250 MI A, 9 K 10 F£oR 3R H 15 51
AIMF2 Fl AIMF3 S J H 5 AN W] BE B A A S 5001

{EENMF4 5 CVRAYMIE

=]

s

A~
5]

3.2

IRENIME4 S PDAIMI

1.4

1.2

(=]

W A((mis?¥/Hz)
=

PSDI

1.4

2000
H3 Hz

_— 0
4 000 0

4000

).2
1] 2000 4 000

S5 [Ha

4 000 0 2000

ST Ha

K7 VIMF4 g L 305 BERL G 2508 (1 MT
Fig.7 VIMF4 frequency spectrum and its MI values with mill load parameters

{RENIMF 7358 IRENMFT 5SMBVRIIMI{E

%10

JREANMFTSPDIIMIE  IRENIMF7 SCVRAIMIE

6 09 11
= stk 0.8 Ir
?_:-‘4 0.7 0.9¢
= 0.8rd
= 0.6
=3} = 07
= 0.5
i} 3 0.6F &
£ 04} 0.5}
It 03 04f
08 =SSl 02 = 04 - _
1] s00 1 000 1] 500 1 000 [1] 500 1 000 0 500 1 000
A Hz 15 Hz M Hz S Hz
8 VIMF7 ik 2 B A5 BEHL A 240 K MI 8

Fig.8 VIMFY7 frequency spectrum and its MI values with mill load parameters

R AIMF20 57

IR M IMEF2 SMBVRIIMIL

IRAIMF2 5PDIMI{EL R A IMFCVRINMIE

2*](]

14
5
=15}
=
=]
=
) 5
Z 0
0 s 0 - ( e 0 -
0 2000 4000 0 2 000 4 000 4] 2000 4000 0 2 000 4 000
A Hz AR [He Hi 2 Hz 4 Hz

9 AIMF2 S & H 5 N5 2 5L ) M {E
Fig.9 AIMF2 frequency spectrum and its MI values with mill load parameters



9 14 DA He T EMD MG BV SE 1s: >) HRE R B L A 2 50

1861

R HIMF3 5PDIAMIE R AIME3 5CVRIMI{Y
1.6 1.6

iR T IMF3 (9301 JRAIMF3 5MBVR(FIMI{E
12 14
R
% 0.8F
:_' 0.6 =
gu 4

d ;
0 1 000 2000 3000 }il

izt [Hz 45 Hz

1000 2000 3000

1 000 2000 3000
S Hz

L L 0.2
0 1000 2000 3000 0
Al Hz

K10 ATMF3 St & H 5 LS A 2 LR 1 MIT {8
Fig.10 AIMFS3 frequency spectrum and its MI values with mill load parameters

MI . Ky 9b 5 5 RS i, SO ik s 250
KRB 0.6, K145 2.2 vk £ 7 A [F S RE 4
ik, Joe 2 Ay AN [R] B AL A7 A 2 50000 455 (1) A0 0l A A4
WE 2 frow, o VIMF1 ~ 12 1 AIMF1 ~ 12 43
Il 2T R AR TR A IR B AR 75 A 5 R A EMD 5k
SAFIIAEE B = B HES ) IMF 15 5 R A

RG] 1) A IMF A0 1) A,
I (0] RBEANH], EMD 40 i 52 A 2005 2) ANF IMF
AR, 5 1) BE WL A A 2 B0 AN T, 0003 3k 9 2
L, 3) AREPL AT S50 S IME S0% A A
], BEATIERRIESS BRl G2 GBIk, ARk
IMF SRUSEREAE, g ar BE B AT 2 50 e Rk A a2
SEMER). AT E AR BRI 13 4, K
FH T 2 FEA AT 38 5 BLA AN R HER

3.3 FHEBEILLIRER

BT IMF SRk, R 2R 3.3 W ik idar
KPLS 78 Horp B 3 SR H 48— 4% 1) 3L o
# (Radical basic function, RBF), #%1-42% H M #%
LR, WA EANCRH B — A R L . 5T
fa R4 Bl Ko P 5 IME A 1) KPLS 7455 2 ki
ZumE 11.

M Rr AL 1) SR A R ATMF2,
VIMF7 #1 VIMF2, 53k [12] RF5T4518: MBVR
FEMYRFHRE . PD M1 CVR ARSI 4516
MFFA; 2) BEHLT S 50T B IR R 22 A 58
A M S5 KB R I8 B (1) 48 B AN SO X Y, R T
Wb X R S A= k.

Jontth, B 12 FE 13 T 5 AT AR
& IMF S e e 6 PLS TR | KPLS 1
PRI AR 2 b, 1 12 R 13 g SRR, Kk
T MI BEATHRFAE 2 PR 1) w2 A 201, (A2
i, ISR ERK, ARG E R 22k HE
MI BIH, A2 A 5 s 17 SR i, R IEIE RS 7
A PIRAN I L2

1
&— VIMFMI MBVR
0.9k ——VvEmieD R
: VIMEMI CVR i
—%— AIMFMI MBVR |
0.8 E— AIMFMI PD A
—&— AIMFMI CVR
07t AN
o
= 06 K
I~ \
T \\\
0.5
To—
0.4 N
v xS
03 RNV
\ /
5)’ .
0.2 L

6
IMF (n)

K11 3R3h/RA IMF KPLS FRIIAR 5% %
Fig.11 Prediction errors of vibration/acuostical
IMFKPLS sub-models

(3]

| [—=— VIMFMI MBVR
—— VIMFMI PD

[ | —— VIMFMI CVR

L[ | —«— VIMF MBVR

—a— VIMF PD

L4F | —o— VIMF CVR

8] | 2l N !
(1.2
< |
—_— f\ \
= /
08 A
LN ]
06— e sl
77 N\
04F / N I I
LZ;;;,,.«—‘"_—\& —N o
02 e A
1 2 3 4 5
IMF (1)

Bl 12 $&3) IMFPLS 53CHk [22] J5ikifonf tiR 2=
Fig. 12 Comparison of prediction errors of vibration
IMFPLS sub-models with [22]

3.4 REMERER
KHE 3.4 TPTHESEEN IMF AR b1 e



1862 A Z/ A 40 %
08 e f IMF F#7; IMFEKPLS 1 IMFEPLS %74

szt g [D@wm ) A TME B8 () 4 i 2, IMFSEKPLS A

VR P IMFSEPLS 7 775 5% F i 3 1 45 i IMF 7K 78 1

oa B e /¥ KPLS I PLS BEFIERMBUL. JLT AWF Iats

RMSRE

0.1
1

5 6 7 8 9 1
IMF (1)
K13 #&3) IMFKPLS 53CHR [23] T2 000 bt 22
Fig.13 Comparison of prediction errors of vibration
IMFPLS sub-models with [23]

PESE R, 5 B BRI 70 S B % 1 1 3 N IS
G (AWF) . LT 9000 R 2265 B0 . 5610w £oe /)
ZF[H])H (Partial least squares regression, PLSR)
P EEARINAUEVE. D 75 3CHR [10] 347 HRE,
14 45 THET AWF S0k, TRAEEN 2~ 10 I
I B A 4r 2 B FE AR B PLS/KPLS A8 X
AR

A3, KA IMFKPLS il IMFPLS %75 i

ra
Wk
e

T IR B RS S 008 % P B ST B PO T 1 A 2R
TR AR B TIN5 RS 2 an 1] 15 .
R 3~5 gyt TRMA R BRI e+

05
—&—KPLS MBVR]
|| ——xrLs PD
0451 ——KPLS CVR
#— PLS MBVR P
04l —s—rLSPD — %4
| —e—rLs CVR / /'f
el
w035 —
172 A o
:; -H—__‘E’/
203
4
o
) —— R
0.25 I -e—;,,&"—-_____{.1
g g
— e———
02 e
1 2 3 4 6 7 8 9

R T ()
B 14 SRR BRSO 5 TR ZE G AR
Fig. 14 Relationship between ensemble sub-models’ size

and prediction errors

* 2 AFEIMF S v . MIE R E R A AcsE
Table 2 Range, MI value and selected number for different IMF frequency spectrum
A A MBVR MBVR MBVR PD PD PD CVR CVR CVR
MI /M MI fcRfE AN MI /M ML SRR a8 ML mME MI R A s 4L

VIMF1 2000:12 000 0.1716 0.8118 228 0.3351 1.2709 8768 0.2954 1.1699 8239
VIMF2  1000:8 500 0.1716 0.9989 1506 0.3351 1.0870 6848 0.3254 1.0570 6063
VIMF3 500:5 500 0.1716 0.8731 1083 0.2820 1.2485 2939 0.1716 1.0269 2750
VIMF4 100:4 000 0.1716 1.0646 705 0.2220 0.9331 992 0.1307 1.2108 960
VIMF5 100:3 000 0.09123 1.102 527 0.2373 1.3289 1443 0.2373 1.3066 1645
VIMF6 10:2000 0.09123 0.9108 144 0.2373 1.0513 1185 0.2373 1.0570 1028
VIMF7 10:1 000 0.2373 0.7570 201 0.5016 1.394 9109 0.3835 1.0723 832
VIMFS8 10:1 000 0.09123 1.0646 181 0.2373 1.0212 3680 0.2264 0.9957 3240
VIMF9 1:500 0.2674  1.1150 133 0.3555 1.1247 222 0.3254 1.1527 259
VIMF10 1:300 0.1716 0.9485 39 0.2488 0.8751 22 0.2642 11024 37
VIMF11 1:200 0.1955 0.7461 35 0.2520 1.2709 30 0.2877 1.2485 54
VIMF12 1:150 0.3178 0.8150 17 0.2597 1.0493 22 0.2373 1.4604 26
AIMF1 1:4 000 0.2297 1.3723 1795 0.1813 1.1751 1831 0.2297 1.2485 2705
AIMF2 1:3 600 0.1307 1.2842 1840 0.1530  1.2989 1.541 0.1416 1.4381 2181
AIMF3 1:3000 0.1716 1.1604 1703 0.2820 1.2989 1728 0.3128 1.2389 1877
AIMF4 1:2000 0.2751 1.0570 907 0.2220 1.0870 1130 0.1996 1.0646 3370
AIMF5 1:1200 0.2877 1.0646 567 0.2974 1.1093 401 0.2597 1.1828 315
AIMF6 1:800 0.2597 0.8731 565 0.2016 1.0493 583 0.3254 1.1808 236
AIMF7 1:500 0.2877 1.0346 159 0.3478 1.0870 399 0.4103 1.0269 345
AIMF8 1:300 0.1416 0.9689 123 0.2373 1.0212 96 0.09123 0.9957 86
AIMF9 1:200 0.2297 0.8150 87 0.3478 0.8954 48 0.3254 0.7083 53
AIMF10 1:100 0.2954 0.9408 18 0.5016 1.0870 7 0.3254 0.7570 26
AIMF11 1:80 0.2297 0.6989 4 0.3478 0.8297 48 0.3835 0.9408 50
AIMF12 1:60 0.5450 0.6835 8 0.4940 0.6255 52 0.4716 0.6989 54
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Table 3  Prediction accuracy comparion of different modeling approachs based on AWF weighting sub-models
BTV TR R 2% RMSRE
(¥18)
MBVR PD CVR
TR KR RMSRE TR KA AR RMSRE TR LR RMSRE
IMFEPLS {1:16} 0.4951 {1:16} 0.4129 {1:16} 0.4127 0.4402
IMFPLS {VIMF4 } 0.3306 {VIMF6} 0.2690 {VIMF2} 0.2390 0.2795
IMFSEPLS  {AIMF3(0.4624); 0.2398 {VIMF7(0.2072); 0.2371 {AIMF2(0.1465); 0.2281 0.2350
VIMF4(0.5376) } VIMF2(0.1481); VIMF6(0.4621);
VIMF8(0.2425); VIMF1(0.1970);
VIMF4(0.1302); VIMFE2(0.1943)}
VIMF6(0.2721)}
IMFEKPLS  {1:16} 0.4659 {1:16} 0.4757 {1:16} 0.3590 0.4335
IMFKPLS {VIMF2 } 0.3802 {VIMFT} 0.2204 {VIMF2} 0.2352 0.2786
IMFSEKPLS  {VIMF9(0.1293); 0.3173 {VIMF1(0.2158); ~ 0.1876 {AVIMF7(0.3748); 0.1932 0.2327
AIMF3(0.1238); VIMF11(0.4557); VIMF2(0.3485);
AIMF1(0.4796); VIMF7(0.3285);} VIMF3(0.2767)
AIMF2(0.1359); }
VIMF2(0.1314)}
w4 FETARTEEINAUT LR E R K PLS B R % (RMSRE)
Table 4  Testing errors (RMSRE) of selective ensemble PLS based on different sub-model weighting methods
MBVR PD CVR
IMFEPLS IMFSEPLS IMFEPLS IMFSEPLS IMFEPLS IMFSEPLS
AWF 0.4951 0.2398 0.4129 0.2371 0.4127 0.2281
5 B3 0.3545 0.3931 0.4770 0.2370 0.3181 0.2994
PLSR 1.2518 0.2460 1.9227 0.3042 0.3416 0.2148
0.7004 0.2929 0.9375 0.2594 0.3574 0.2474
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Table 5 Testing errors (RMSRE) of selective ensemble KPLS based on different sub-model weighting methods
MBVR PD CVR
IMFEKPLS IMFSEKPLS IMFEKPLS IMFESKPLS IMFEKPLS IMFSEKPLS
AWF 0.4659 0.3173 0.4757 0.1876 0.3590 0.1932
5 B3 0.2964 0.4008 0.3838 0.2350 0.2441 0.2645
PLSR 0.3935 0.3717 0.3169 0.2580 0.2980 0.1857
0.3852 0.3632 0.3921 0.2268 0.3003 0.2144
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