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Intelligent operational feedback control for
typical hematite grinding processes

ZHOU Ping†, CHAI Tian-you
(State Key Laboratory of Synthetical Automation for Process Industries, Northeastern University, Shenyang Liaoning 110819, China)

Abstract: Metallurgical grinding is a typical process of high energy consumption and low efficiency; its control and
optimization will make the outputs of the controlled processes best follow their setpoints, and optimize the entire plant so
that the grinding particle size and efficiency during the production phase being maintained within their desired ranges. For
the complex hematite grinding processes which are widely used in China, the processed hematite has complex composition
and properties, and the operational indices cannot be measured online. Moreover, their dynamic characteristics are very
intricate, making the accurate dynamic models of them are difficult to be built. An intelligent operational feedback control
approach is proposed which is based on data and knowledge. This approach includes a case-based reasoning loop pre-
setting controller, an artificial neural network (ANN)-based particle size soft sensor module, and a multivariable fuzzy
dynamic adjustor. The proposed method has been successfully applied to the grinding process of a large hematite mineral
processing plant in China.
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1 ÚÚÚóóó(Introduction)
¥Ic¶]�,´L,�Ì�±»c¶!!c

¶!ãc¶!ºc¶�$¬ «¶�Ì,²þc¶¬ 
=�32%. �d,·I97%�c¶�I�²LÀ¶L
§�?n±��k^¤°¹þp�°¶,,�âU?
1�õ. ¤¢À¶,Ò´r��â�¶�\±®�,¿
ò7á¹þp�¶Ô½Ù§kd�¶Ô��þÃ^

ó�©l,L8°¶,�ïó�9�¶. ã1���;
.»c¶À¶6§,Ì��)»�!ç¬��!�¶!
ÀO�A�óS.ùÙ¥,�¶´����'��ó
S,Ù?ÖÒ´ò¶Ô��®��·¨�âÝ,¦k

^¶Ô�ó�üN)l,½ØÓk^¶Ô�p)l,
��YÀOJø��[1–3]. �¶´;.�pUÑ!$�
ÇL§,Ù>U�Ñ�ÓÀ��45%∼70%,)�¤�
�Ó40%∼60%[3]. �¶$1�I=�¶�¬âÝ!)
��Ç�û½X��À¶°¶¬ �Ð�Ú)�U

å�p$,�À�²LEâ�I���'[1–2, 4]. �Ï
±5,�¶L§���`z�@�´Jp�¶�¬�
þ�)��Ç±9��À�²L|d�'�,��É
�IS	Æö�'5ÚÀ.±õ£´PI/PIDÚõC
þ���Ì���Eâþ�½§Ý��
N�ÛÜ

ü��¶��,¦ÙUìÏ"8I$1�8�[4–8]. ,
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,lL§ó§��Ý5w,�¶gÄ��Ø==´
¦ÛÜü��¶C�XÚ¦�UÐ/�lÏ"�½

�,������L§$1,¢yL�L§�N$
15U��¶âÝ�)��Ç�$1�I�`

z[1–2, 4, 8].

Ïd,òE,�¶)�����¶����;�
éX��N,�ï�¶�N$1�©��"��(�,
¢y���I!$1�I±9²L5U�I�8¤�

��`z,´��À¶è�Jpg�½|¿�å�
�Ãã.

ã 1 ;.»c¶À¶L§6§

Fig. 1 Flowsheet of typical hematite mineral processing process

�¶L§6§�!¢��!K�Ï�¯õ�*d

�p��Ú'éÍÜ.�¶$1�IØ=�£´�
��'�L§Cþ���',¿�ÙÄ�A5�É
�¶¤°�5�!)�Eâ5��ö�5�!��

Uå±9�«��Ä�Z6�K�,äk�r�C
A5. Ïd,�¶L§$1��ïÄäk]Ô5,�
®knØ�{��,8cïÄÌ�8¥3Xeü�
¡: 1)�é�¶�¤°½��¶âÝ���Ä�
�¶L§,duÙ)�'�²,U
ïáL§C
qÄ��.,Ïæ^Äu�.�$1`z���
�{,X¢�`z��!�.ýÿ��(model predi-
ctive control, MPC)!�.iÒ���[9–14]; 2)�é
�¶�¤°E,�5�Ø½!�¶â?ÅÄ�!

cÙ´�¶âÝ�$1�IJ±3�uÿ�E,»

c¶�¶L§,duÙÄ�A5ÚK�Ï�E,,
J±æ^Äu�.��{éÙ?1k�N�.3¢
Só§��¥,Ï~�éA½��¶L§,æ^þ
��UiÒ\.�Ä:£´���$1�ª[15–17].

þã®k�{�õæ^þ�m��½\.�Ä

:�"���$1���ª,vký�¿Â¢y�
¶$1�I�þ�4��"��.�	ÜZ6Ú$
1�¸Ä�Cz�,J±é$1L§�Ñ9�O(
N�,ÏJ±¢yL§�`z$1[1–2]. ù«�¹
e,Ò7L|^¢�½öm�5��¶$1�I�
"&E,ïÄ¢y$1�Iþ�4����$1�
"���{. Ø©�é·I2�¦^�;.»c¶

4´�¶��¶�5��¤°E,�Ø½!iÙ

âÝ[,�¶$1�IJ±3�ÿþ�L§äkó
¹�C�nÜE,A5,J±ïáL§êÆ�.,
ïÄÄuêâ��£��U$1�"���{9Ù

ó�A^ïÄ.

2 ���¶¶¶LLL§§§000���(Description of grinding pro-
cess)

2.1 ���¶¶¶LLL§§§999$$$111���III(Grinding process and
it’s operational indices)
4´�¶£´6§Ì��)�¶��Ú©?�

�. äNó²Xe: Äk,ò�¶�±�½�Ýd�
¶Å²�¶��Ñx��Å,Ó�U'~V\�½
Y.�ÅSC\�½êþ�ï�0�,¶�Úï�0
��X�Å{N�^=����½�pÝ�,3�
Å^=l%åÚ�Þå��^egdeá½Ee,
{NS�¶�É�ï�0��ÀÂå. ,��¡,
3ï�0��m9Ù3{N�>«q�)é¶��

@ØÚ��å,lò¶���.,�,����¶
�Ñx�Ú^©?Å½Yå^6ì?1âÝ©?,
[�â�¶ól©?ÅüÑ?\eã�¶½ö��

?12À!̂ À�ÀOóS?1¶�©À;o�
â�¶ó/¤Ì�KÖq¬�£��Å?12�.
�¶L§$1¥,�¶�¬âÝ(production par-

ticle size, PPS)´�����þ�I,~±−200
8 (mesh)z©¹þL« (=/%, < 200 mesh0). ,
	,�¶)�Ç(grinding production rate, GPR)´N
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y�¶$1�Ç���I,����X��À¶
�)��ÇY². éuA½�ÀO��6§,z�
«¶�Ñk��·¨ÀO����¬âÝ��,â
ÝLoÚL[ÑØ|uk^¶Ô�ÀO.âÝLo,
¶��UüN)l,ùw,Ø|u¶��k�Àl;
âÝL[,¶��õ®Yz,Ó��J±3ÀO
L§òk^¶Ô©ÀÑ5. ¿�du¶�3[�L
§¥�Ñ
Lõ�Uþ,Ø|u!U~ü�I¦Ú
À�²LÂ\�`z. 3PPSÜ��cJe, GPRÏ
~I���zö�.,	,Ü���¬�þÚ�p
�)�Çq¿�X�¶�k��UÑ|^.

2.2 ;;;...���¶¶¶£££´́́(Typical grinding circuits)
�â¤?n¶�¤°�5�!L§K�Ï�9

ÙE,5,�±ò�¶©¤üa: 11a�¶?n�

¶�¬ �p!��5Ð�¤°Ú5�'�½!

�¶â?�Ä.ùa�¶du)�'�²,Ïd
U
ïáL§�CqÄ��.;,�a�¶¤?n
�¶����»c¶,Ù¶�¬ $!¶�MÝ�,
¿�¤°�5�ÅÄ²w!�¶â?ÅÄ�.du
ùa�¶)�$1ó¹Ø½,äk²w�Ä��
CA5,ÏJ±ïáL§�CqÄ��..

11a�¶3e�|æ!H��I	k?À¶�
A^2�,Ï~æ^�ã��m´!�ã¥�Å+Y
|^6ì�¤�4´�¶£´,Ù���`z�±
æ^Äu�.��{��±æ^êâ°Ä��{.
12a�¶3¥I��~�,Ï~æ^üã�4´
�¶,¿�2�¦^Ú^©?Å�Å�©?��,
Ùó²L§Xã2¤«.

ã 2 üã�4´»c¶�¶XÚ

Fig. 2 Two-stage closed-circuit hematite grinding system

duùa�¶?n�»c¶¤°Ú5�E,�

Ø½,¿�æ^üã�4´±9¦^Ú^©?Å
?1Å�©?,ÏÙÄ�A5�11a�¶�E
,�õ,üXæ^Äu�.��{J±éÙ?1k
���,Ï~I�8¤êâ��£,¿æ^Äu�
U����`z�{. �©ïÄ�Ò´12a�¶.

3 ���¶¶¶$$$111������¯̄̄KKK£££ããã(Problem descripti-
on of operational control for grinding pro-
cess)
�¶L§6§�!K�Ï�¯õ!$1Ån9Ù

Ä�A5E,,Ù$1L§9£´����¶C�
XÚ�Ñ\ÑÑÄ�'X�±£ãXe:{

Ṙ = fR(R, Y, DO),
Ẏ = fY(Y, U,DI),

(1)

ª¥: Ṙ = fR(·)L«�¶L§$1���Ä�'
X; Ẏ = fY(·)L«Ä:�"�������(=�
¶��!�Y���)���Ä�'X; R={ri}, i=
1, 2, · · · ,mL«�¶âÝ!)��Ç�$1�I; Y

= {yj}, j = 1, 2, · · · , nL«Ä:£´���'�

L§Cþ, U = {uj}�ö�Cþ; DO, DI�	ÜZ
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6,�)�¶�¤°!5�Ú¶â���ÅÄ�.

�¶Ä:�"���?ÖÒ´�Oäk��Æ

U = fU((Y ∗ − Y ), DI, αY) (2)

�£´��ì,¦�4�Ä:�"��XÚ½,
¿¢yÏ"����I.ª(2)¥: fU(·)L«��Æ
¼ê, αY���ìN!ëê.

$1�"���?ÖÒ´±��$1L§�4

�Ä:�"��XÚ��2Â��$1é�,±d
�Oäk$1��õU

Y ∗ = fY((R∗ −R), DO) (3)

�$1�"��XÚ,ÏLN�Ä:��XÚ��
½�Y ∗,¦��¶$1��XÚ3�yL§S�$
1�^�e,ò�¶$1�I�¢S���3�¶
ó²�¦�8I��S,=Rmin 6 R 6 Rmax,¦
�¢S�¶$1�I��Ø�¦�U/�,=
min{‖R−R∗‖}, R∗ = {r∗i }��¶$1�IÏ"�.

4 ÄÄÄuuuêêêâââ������£££���»»»ccc¶¶¶���¶¶¶���UUU$$$111

���"""������(Data and knowledge based intelli-
gent operational feedback control of hematite
grinding process)

¥I2�¦^�»c¶�¶L§,duÉ�¶
�¤°�5��EÅÄ!��G¹±9Ù§)��

¸Cz�K�,ÙêÆ�.  J±ïá,½öï
á�êÆ�.Ï·A5�ØUA^. ,	,É¶
�¤°�5��wÍÅÄ,âÝO�[B¤LJ±
3d?1ëYA^,I�Øä?1�oÚI½,J
±÷v$1�I¢��"���I¦. ù«�¹e,

ykÄu�.�$1�"���{J±3d?1A

^[1–2]. �d,òL§$1êâ�$1�£�(Ü,
¿/Ïu�Uï����Eâ,JÑÄuêâ��
£��U$1�"�{.

4.1 <<<óóóiiiÒÒÒ������¶¶¶DCSXXXÚÚÚ(DCS-controlled
grinding system with human supervision)
ã2¤«»c¶4´�¶�$1�I��¶�

¬âÝ(PPS)Ú�Å)�Ç(GPR),Ù¥PPSq�)
©?ÅÄ6¶óâÝ(PPSc)Ú^6ìÄ6¶óâ
Ý(PPSh). ¢Só§¥,U
�NGPRp$��
ëêk�ã�Å��?nþÚ�Å��Ç�. K�
PPSÚGPR�'�L§Cþ��Å#�¶þof!©

?ÅÄ6¶óßÝdc!�ÅIS�¶óßÝdm!̂ 6

ì�¶ßÝdfÚ�¶Øåpf . Ïd,��Ä:�"�
�^uéK�$1���I�'�L§Cþof ,

dmdc, df , pf?1½�l��,äNÄ:£´��X
ã2¤«.

�
¼�-<÷¿�L§�N$15U,Ï~
I�ó§�½+�;[�âÙa���$1ó¹&

EéÄ:��XÚ?1<ó�½ÚN!,Xã3¤
«. duL§�~�3��¶�¤°�5�±9�
â���ª�Cz���r	ÜZ6!Ø(½L§

Ä�±9õCþ��ÍÜ�A,�¶L§$1^�
�X�mí£ØäCzÚÅÄ.,	,du"y
v
�ö�²�,ö�
�<óö��Ø�Uzg
ö�ÑU100%k�. ù
Ï�¦�ã3¤«<ói
Òö�J±9�¯�/é�Ä:�"��XÚ�·

¨�½�,~~����$1�I�LÙÏ"��,
$�E¤LKÖ��æó¹[1–2].

ã 3 <óiÀ��¶��XÚ

Fig. 3 Human-supervised grinding control system
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4.2 ���UUU$$$111���"""���������{{{(Intelligent operation-
al feedback control method)
�éþã¢Só§JK,KÜL§´L�$1

êâÚö��£,8¤Y~ín(case-based reason-
ing, CBR),<ó ²�ä±9�
(fuzzy)Ü6��
Uï����Eâ,JÑã4¤«êâ��£°Ä
·Ü�U$1�"���{,ÏL�A>.^�Ú
$1ó¹�CzéÄ:�"��ì�½�?13�

N�Ú?�,lO�ö�
�cãÃóiÒö
�[1–2]. ¤J�{�|¤Ü©Xe:
#£´ý�½�¬(loop pre-setting controller,

LPSC),æ^êâ°Ä�äk�rgÆSUå�
CBREâ,�âÏ"�¶$1�IO�Ñ��XÚ
�ý�½�

Θ∗
0 = {(o∗f,0, d∗m,0d

∗
c,0), (d

∗
f,0, p

∗
f,0)}.

#�¶âÝ ²�äÄ�^ÿþ (PPS soft-
sensor module, PSSM),æ^Ä� ²�ä^ÿþE
â�ÑPPS�¢��O�sp = {spI, spII},l�Ñ

PPSJ±^~5�{?1ëY3�ÿþ�JK.
#õCþ�
N!ì(fuzzy adjustor, FA),æ^

fuzzyÜ6Eâ?1�O,^u¢�O�Ñ.�£´
�½�

Θ∗ = {(o∗f , d∗m, d∗c), (d
∗
f , p

∗
f )}

�N!Oþ∆Θ = {∆ΘM, ∆ΘA},l±�«k�
Jp�Å?nþ��ª5Ö�$1�¸�Czé�

¶$1�I�K�.
1) �
ÌÄ�N!ì^u�APPS�O��Ï

"�½��¢� �∆spd = sp − sd,ÏLõCþ
�
ín�{�)Θ∗�Ö�Oþ∆Θ∗

M.
2) �
9Ä�N!ì�âm�ª�PPSz��

�Ï"�½� �∆sad = sa– sd,�)Θ∗�Ö�
Oþ∆Θ∗

A.

�¶XÚ$1�Ð½>.^�u)wÍCz�,
LPSC�âL��¶L§$1ó¹�A�£ãCþ,
XPPSÏ"�½�sd!ó¹&EIo±9>.^�&

EIb,éY~¥¥��qY~?1Y~u¢¿é�
��cA�£ã���q�Y~. T��qY~�
)A�=��cY~ín�),�=£´��ì�
ý�½�.,�, LPSC'4, PSSMm©¢�½±�
½�mm�?1^ÿþö�.e,���sp�ÑÏ

"«m(sd − s∆, sd + s∆),KFA�ÌN!ìò�
m,�âsp�sd� �∆spd±�«k�JpGPR�
�{O�ÑΘ∗�Ö�Oþ∆Θ∗

M. ,	,l�z�Å
�½Ïm�ª/�ÑPPS�¢Sz��sa,FA
�9N!ì�âsa�sd� �∆sadé∆ΘM?1À

J5�9ÏN!.

555 1 (���{oNµ�) ¤J·Ü$1�"��8¤

`z�½!Ä�^ÿþ!Ä��"��!ÚOL§���õ«

Eâ,¦+z��õU�¬Ñ´®k�Eâ,�´¦�3¤J

��µee�8¤%�±�)�ÐÚ������5U:Ù

¥LPSC^u�y$1��XÚ�I¡5U; FA^u�Ø�

«Ø(½Ä�ÚZ6�K�±Or��XÚ�$15U;

PSSM��3�$1^¤L)ûPPSJ±3�uÿ�z�L

§¢��¯K; LPSC, PSSM, FA±9.���XÚ�¤��

l.�Ä:�"�þ�$1�"�õ�g4��"��µ

e,w,ù´æ^~5���{J±¢y�.

555 2 (XÚ¢y) LPSC, FA�±|^¢SL§�{¤

²�êâÚ+�;[�£?18¤ï�, PSSM�±æ^�

c�{¤êâ?1�O(XJL§9Ù��XÚ$1
�ã

�m)½öÏLó�Á�?1êâæ8ï�(XJL§��

´ffÝ\$1½$1ØÈ).

555 3 ('u«m`z��) ã4¤«$1�"��æ^

«m`z����ª. ù´Ï�$1�I��ØI���3

,�°(�,´#N3,���SþeÅÄ.,	,$1L

§uÿþ�3�½�ÿþD(,¿�ù
ÿþD(3¢Só

§´�±N=�. Ïd,«m���±;�éXÚ?1Ø7

��ª�N�,lk|�oXÚ�½5.

555 4 ('uêâ°Ä�SPC) �Ä��~ó¹e�¢S

ÔnXÚ�ëê��¬�7,�ê�þeÅÄ,Ó���


��<a�&Eäk�£Ä²þA5,/ÏuÚOL§�

�(SPC)Eâ[18],æ^ÚO��{5a�!©ÛÚ)ºL§½

öXÚ�ê�&E.

555 5 (Ä��"N!ì�7�5) ¢Só�XÚ��á

�5�ÅÄ�!ö�^�Ú$1�¸��,E¤)�$1�
ó¹^�wÍ�C,ÏÙéA�$1ó�:¬�AUC.

#éuÄu�.���ëY)�L§�$1`z�½

��,)û$1ó�:¤£�~5�{´3��.ëê��
½½Ï�.ëê�#. ,,Ù¢Só§����ö�5±
9k�5J±�y. Ï�¢Só�L§�Z6Ã�Ã?Ø�
3,ÙCz5ÆJ±rºÚ½þ�x,3��.ëê���ª
ÝJ±�þL§ó¹�Cz.

#éuÄuCBR�£´�½�ý�½,�,�±æ^Ñ
Ñ ��"{2g?1CBR¦),�´�Ø�ÿZ6�âC
Úåó�:²w¤£�,Y~¥�Y~êâ  ®²��,Ø
Ué�c$1ó¹�O(�x,�È\v
õ�N�có
¹�#Y~qI�'����m. d«�¹e, CBR�½X
ÚJ±é��có¹e�Ü·£´�½�).

Ïd,æ^ü�£´�½��ìJ±·AL§E,ó¹

CzÚZ6�âC.�d,I�ïá;��Ä��"N!Å

�,�â$1ó¹�Czé£´ý�½�?13�Ä���,

ù�´�y$1�"��XÚ¢^5!Ä�¬�Ú$1��

5U�'�.
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ã 4 Äuêâ��£��¶L§�U$1�"��üÑ

Fig. 4 Data and knowledge based intelligent operational feedback control strategy for grinding process

5 óóó���AAA^̂̂(Industrial application)
¥I,�.À¶�c?n 500�ë¬ ��

33%�»c¶. du¶�¤°E,!iÙâÝ[�
Øþ!!^5�f�MÝ��,Ïæ^8�¿1
X��ã2¤«üã�4´�¶(Φ3.2 m×3.5 m�f
.¥�Å, 2FLG--φ2.4mVÚ^©?Å, FX--350Y
å^6ì). 3L�,TÀ¶��¶���+nÑ�
�<óö�5�¤,ÏE¤<
P{!$�ÇÚ

p¤�. �dæ^¤J�{�ï�U$1�"��
XÚ,oN(�Xã5¤«.

.�Ä:��XÚæ^Rockwell�Controllogix
5000�O.æ^RSView32i�|�^�mu<Å
�p²�. ö�
�ÏLù�²�éÄ:��XÚ
�½�?1?UÚiÒ,¿æ^RSView32Sï�
VBA�óéþ��U$1�"��XÚ?1mu
¢y.

ã 5 �¶L§�U$1�"��XÚ�oN(�

Fig. 5 Architecture of the developed intelligent operational feedback control system
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ã6�æ^�U$1�"��e��ã�mPPS
$1���J.dã6�±wÑdu$1ó¹±9
�¶�¤°�>.^��Cz¦�PPS�ÑÙ��
«m,�´²L$1�"��éÄ:��XÚ?1
3�N!, PPSqÅì?\���8I��S.ÏL
�æ���e�PPS�O��¢Sz���'��
±wÑ, PSSMU
�Ð/�âL§¢�êâ�O
ÑPPS�,��O°Ý�p,U
÷vPPS4���
�°Ý�¦.

ã 6 �U$1�"��e��¶âÝ���J
Fig. 6 Control effects of the PPS with intelligent

operational feedback control

ã7Úã8©O�PPScÚPPSh3�c<ó�½
Ú�U$1��e��J'�.

ã 7 <óiÒ��U$1���PPSc'�
Fig. 7 Comparisons of PPSc between human supervision

and intelligent operational control

ã 8 <óiÒ��U$1���PPSh'�
Fig. 8 Comparisons of PPSh between human supervision

and intelligent operational control
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supervision and with intelligent operational control
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