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Hybrid Intelligent Optimal Control Method for Operation of
Complex Industrial Processes

CHAI Tian-You 1; 2 DING Jin-Liang 1; 2 WANG Hong 3 SU Chun-Yi 3

Abstract During the operation of the industrial process, the optimal control objective is to control the technique indices
that represent the quality, the e�ciency, and the consumpti on of the product processing into its targeted ranges. However,
due to the di�culty of measuring the technique indices on-li ne of the complex industrial process, the dynamics between
the techniques and the control loops with complex natures, such as strong nonlinearity, heavy coupling and di�culty of
description by the accurate model, and its dynamics varying with the process conditions, such a control objective by far is
di�cult to achieve by the existing control methods, thus the only way of manual control is adopted. However, the manual
control cannot adjust the setting point according to the con ditions of the operation process timely and exactly. Theref ore,
it is di�cult to control the technique indices into its desir ed ranges and even cause fault work-condition. In this paper, A
hybrid intelligent control method for process optimal oper ation is proposed, which controls the technique indices int o the
desired ranges by on-line adjusting the set-points of the control loops according to the operation condition, enabling the
control system to track the adjusted set-points. The propos ed method is comprised of a control loop presetting model,
feedforward and feedback compensators, a prediction modelof the technique indices and a fault work-condition diagnos is
unit plus a fault-tolerance controller. An application cas e study is given to illustrate the method being applied to a ro asting
process with 22 shaft furnaces in one ore concentration plant, and the application results have proven the e�ectiveness of
the proposed method.
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SPC • 
 (T) = 1 =l �

P l
K =1 
 K (T), l • z g � �

� ¬ ê . T • z � ± Ï , T = nt .

ã 3  ² � ä ó ² • I ý � � .

Fig. 3 Neuron network prediction model of

the technique indices

2.2.3 Y ~ í n † PI ƒ ( Ü � c " † ‡ " Ö € ì

d u ó ² • I z � ± Ï • , ) � > . ^ ‡ B C

z ª „ … ä k š ‚ 5 , Ù Å Ä K • ý � ½ � O ( 5 ,
~ ~ E ¤ ó ² • I Ø U � › › 3 8 I Š ‰ Œ S , Ï

d æ ^ Y ~ í n Ú PI › › J Ñ e � ä k š ‚ 5 PI
ë ê � c " † ‡ " Ö € ì , 5 Ö € š ‚ 5 ó ¹ C z

A 5 .
c " Ö € ì :

� � 
 F (k) = 
 � � �
 (k) > 0 ž ,

~yyyF (k) = ~yyyF (k � 1) + [ kkkfp (� 
 F (k) �

� 
 F (k � 1)) + kkkf i � 
 F (k)] (6)

� � 
 F (k) � 0 ž , ~yyyF (k) = 0.
‡ " Ö € ì :
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� � 
 B (T) = 
 � � 
 (T) > 0 ž ,

~yyyB (T) = ~yyyB (T � 1) + [ kkkbp(� 
 B (T) �

� 
 B (T � 1)) + kkkbi � 
 B (T)] (7)

� � 
 B (T) � 0 ž , ~yyyB (T) = 0.
Ù ¥ kkk fp ; kkk f i ; kkkbp; kkkbi © O • c " † ‡ " PI Ö € ì

� š ‚ 5 ë ê . æ ^ ª (3)� (5) Y ~ í n E â , 3 ‚

N � Ö € ì ë ê .

2.2.4 Ä u 5 K í n � � æ ó ¹ � ä � .

æ ^ � . © Û

[14]
• { , ( Ü $ 1 ; [ ? n � æ

ó ¹ � ² � , J � � æ ó ¹ � \ � . ", ¿ � n ¤ ;

[ 5 K • ; 3 ; [ X Ú � • £ ¥ ¥ . ‘ X X Ú � $

1 , • £ ¥ Ø ä • # Ú , ? , � y • £ � ˜ — ë Y 5

± 9 5 K í n ( J � O ( 5

[15] . • £ ¥ ¥ � • £ ©

• � ) ª 5 K

[16]
Ú ‘ k ž m • ½ � � ) ª ; [ 5

K

[17] , L « •{ X e :
5 K 1) IF h c J i THEN h ( Ø i
5 K 2) IF h c J ( ž m • ½ )i THEN h ( Ø i
þ ã 5 K ¥ d u C þ 9 C þ C z Ç � • ½ Š Ø

Ó , 
 … ‘ Ø Ó ó ’ L § 
 C z , Ï d , Ø Ó � ó ’

L § � ¤ Ø Ó ê þ � 5 K . Ï • � æ ó ¹ ~ ~ � —

ó ² • I ‡ Ñ 8 I ‰ Œ , Ï d I ‡ ò ó ² • I � ý

� Š �
 (t) Š • � æ ó ¹ � ä � ^ ‡ Ú \ � æ ó ¹ �

ä ; [ X Ú . ; [ X Ú æ ^ � • í n Å › , ò ê â ¥

¥ � ê â 8 Ü † • £ ¥ ¥ 5 K � c J ^ ‡ ? 1 š � ,
� ÷ v þ ã 5 K ž , � ä Ñ � æ ó ¹ S Š • í n (

J .

2.2.5 Ä u Y ~ í n � N † › › ì

• 
 � y N † › › 3 í n L § ¥ ¢ ž á Â

; [ ² � , æ ^ Y ~ í n E â , ( Ü ó ’ L §

$ 1 ; [ ² � J Ñ 
 � æ ó ¹ N † › › ì . Ä

k , Š â L § $ 1 ² � o ( Ð © Y ~ , Y ~ £

ã d S, yyy(t);uuu(t);eee(t);PPP Ú B | ¤ , Y ~ ) •

� �yyy(t)=[�� y1(t); �� y2(t); � � � ; �� yn (t)], = › › £ ´

� ½ Š � N � þ . æ ^ ª (3)� (5) ? 1 Y ~ u ¢

† ­ ^ , › › £ ´ � ½ Š N � þ � �yyy(t) � ) � , › ›

X Ú � # � ½ Š • yyy� (t) = �yyy(t) + � �yyy(t).

3 A^ Y ~

3.1 ç ¬ � � L § { 0

• , ¥ I � » c ¶ ] 
 ´ L , � ¬   � $ , J ±

? 1 À O , Ï d æ ^ ç ¬ é ¶ œ ? 1 p § „ � ^ z

� � , ¦ f ^ 5 ¶ Ô C ¤ r ^ 5 ¶ Ô , ² L ^ À � �

c ° ¶ . X ã 4 ¤ «ç ¬ � � � 6 § • :
‰ ¶ : » c ¶ œ Ï L ¬ º� Ñ ¶ ø , ² d • ¦ Ì

á \ ¬ . S ;
ý 9 : ¶ œ 3 ý 9 ‘ � ¬ S þ , � 9 í N ý 9

– 100 � 150� C;
\ 9 : \ 9 u í † \ 9 ˜ í 3 - � ¿ · Ü - �

ž ˜ Ñ � 9 þ Ï L 9 � † ¦ \ 9 ‘ � ¶ œ § Ý ˆ �

700 � 850� C;
„ � : \ 9 ‘ � c ¶ œ ? \ „ � ‘ 3 „ � u í

Š ^ e „ � ¤ r ^ 5 c ¶ ;
e % † ‚ Ñ : d é Ä � ü ¶ D Ú ‚ Ñ Å ò � �

¶ ü \ Y µ ³ e % � ‚ Ñ ¬ N , ? \ � ¶ ó S .

ã 4 ç ¬ � � ó ² 6 § 9 › › y G

Fig. 4 Technical process and control of the shaft furnace
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3.2 $ 1 › › ¯ K

‡ N ¶ œ � � Ÿ þ † � Ç � ó ² • I | ^ À

+ £ Â Ç 
 (t) É - � ¿ § Ý y1(t) ! „ � u í 6 þ

y2(t) ! ¶ œ ‚ Ñ ž m y3(t) � K • . du 
 (t) Ø U ë

Y ÿ þ … † y1(t), y2(t), y3(t) ƒ m � Ä � A 5 ä k

r š ‚ 5 ! r Í Ü ! J ± ^ ° ( � . £ ã ! ‘ ó ¹ $

1 ^ ‡ C z 
 C z , • U ‚ ö Š < 
 U ã 4 • ª Š

â ) � > . ^ ‡ B , ^ À + £ Â Ç 8 I Š 
 � , z �

Š 
 (T), ³ ² � ‰ Ñ › › £ ´ � ½ Š y�
1 , y�

2 , y�
3 , Ï

L - � ¿ § Ý ! ¶ œ ‚ Ñ ž m Ú „ � u í 6 þ › ›

£ ´ ‹ l � ½ Š 5 › › 
 (t), ¦ Ù ? \ 8 I Š ‰ Œ .
� ¶ œ � Œ � ! « a ! ¤ © ª „ C z ž , < ó �

½ › › Ø U 9 ž O ( / N � � ½ Š , J ± ò ó ² •

I › › 3 8 I ‰ Œ S , ~~ E ¤ X e � æ ó ¹ S[18] :

1) k » S1: \ 9 ‘ � » � l » ú ? � Ñ ¬ 	 ;

2) þ » S2: ¬ S � » � d ¬ º Ï L ¢ í + � ,
� Ä � Ä ë Å ;

3) õ ¬ S3: � � ¶ œ 3 ¬ S \ 9 § Ý � p , ˆ

� ½ ‡ L § � ^ z : , ¦ � � ¶ ^ z ¤ L K G � Ê

N 3 ¬ 9 þ , K • 
¬ S ¶ œ � � ~ $ Ä ;

4) j „ � S4: ¶ œ v k ˆ � v 
 � ^ z § Ý =

� ‚ Ñ ¬ N ;

5) L „ � S5: � „ � ¤ � r ^ 5 c ¶ Fe3O4 ?

˜ Ú „ � ¤ f ^ 5 c ¶ FeO, ù « y – Q L ¤ U 
 ,
q ¬ ¦ ^ À — ¶ ¬   , p , E ¤ 7 á 6 ” .

• Ï ± 5 , ç ¬ � � æ ó ¹ Ì ‡ d ö Š ö Ï L

* 	 ¬ N L ¡ � y – • â ² � • £ ? 1 ó ¹ � ä ,
³ ² � < ó U C › › £ ´ � � ½ Š , ¦ ç ¬ 3 $ 1

¥ Å ì � l � æ ó ¹ . d u < ó � ä Ú ö Š Ø � ½

Ø 9 ž ~ ~ � — � æ ó ¹ � u ) , î ­ K • ¶ œ �

� Ÿ þ ! � Ç Ú ö Š ö � < � S �

[18] . © z [18] �

é ç ¬ � � L § J Ñ 
 ˜ « # � � æ ó ¹ � ä † N

† › › ü Ñ . � © 3 d Ä : þ , A ^ þ ã J Ñ � ` z

$ 1 · Ü œ U › › • { � O ç ¬ � � L § $ 1 œ U

` z › › X Ú .

3.3 L § $ 1 œ U ` z › › X Ú

› › 8 I ´ ò ^ À + £ Â Ç 
 (t) › › 3 [
 � ; 1]
‰ Œ S , … ¦ 
 (t) ¦ Œ U Œ u 
 � , 
 �

� • 0.82.
æ ^ G ? › › Ú PI › › � O - �¿ § Ý ! „ �

u í 6 þ Ú ¶ œ ‚ Ñ ž m › › £ ´

[19] , æ ^ ¤ J Ñ

� L § $ 1 › › • { , � O 
 ç ¬ $ 1 ` z œ U ›

› X Ú , Ù › › ^ ‡ X ã 5 Ú ã 6 („ e • ) ¤ « .
› › £ ´ � ½ � . ¥ � £ ´ � ½ Y ~ ( � X L

1 ¤ « .

L 1 ç ¬ � � L § £ ´ � ½ � . � Y ~ ( �

Table 1 Structure of the loop setting model of the shaft

furnace roasting process

Y ~ £ ã I Y ~ )


 � B 1 B 2 B 3 B 4 B 5 y1 (t ) y2 (t ) y3 (t ) ~yyy (t)

c1 c2 c3 c4 c5 c6 c7 c8 c9 ~y1 (t ) ~y2 (t ) ~y3 (t )

Y ~ £ ã d ^ À + £ Â Ç 8 I Š 
 �
! > .

^ ‡ B ! › › £ ´ Ñ Ñ Š - � ¿ § Ý y1(t) ! „

� u í 6 þ y2(t) Ú ‚ Ñ ž m y3(t) | ¤ , Y ~

) •

~yyy(t) = [~y1(t); ~y2(t); ~y3(t)]T , Ù ¥ , ~y1(t) •

- � ¿ § Ý ý � ½ Š , ~y2(t) • „ � u í 6 þ ý

� ½ Š , ~y3(t) • ‚ Ñ ž m ý � ½ Š . Y ~ £ ã ¥

C = f ci g(i = 1 ; 2; � � � ; 9), ci • ó ¹ £ ã A � , Ù

¥ , c1; c7; c8; c9 • ê Š . A � , c7 ! c8 ! c9 © O L «

› › £ ´ � Ñ Ñ y1(t) ! y2(t) ! y3(t); c2; � � � ; c6 • q

Þ . A � , c2 � 1! 2 L « ¶ œ « a B1 • � ¶ ! ˆ

¶ ; c3; c4; c5; c6 ¥ © O � 1! 2! 3, L « ¶ œ � � J

´ § Ý B2 J ! ¥ ! ´ , ¶ œ â Ý B3 Œ ! ¥ ! � , ¬

¹ B4 Ð ! ¥ ! � , ¶ œ ü Ñ þ B5 õ ! ¥ ! � .
Y ~ A � � � Š • � = f � 1; � � � ; � i ; � � � ; � 9g =

f 0.6212, 0.4659, 0.4633, 0.4823, 0.4158, 0.4269,
0.5612, 0.5584, 0.5482g. K Š • 0.85.

RBF  ² � ä ^ À + £ Â Ç ý � � . � Ñ \ �

� ( : ê • 3, Ñ \ þ • y1(t), y2(t) Ú y3(t), Û ¹

� � ( : ê • 13. Ñ Ñ C þ • ^ À + £ Â Ç 
 (t).
 ² � ä Û ¼ ê Gi (t) � ¥ % � i Ú ° Ý � i � Ð Š

� 0 Ú � 0 | ^ K-means à a •{

[20]
( ½ . � . ë ê

Û ¼ ê ¥ % � Æ S „ Ç � � = 0 :0005, Û ¼ ê • � �

Æ S „ Ç � � = 0 :005, Û ¼ ê ¥ % Ú ¼ ê • � � Ä

þ X ê � � = � � = 0 :8.
c " † ‡ " Ö € ì � PI ë ê � Y ~ ( � X L 2

( „ e • ) ¤ « .
Ä u Y ~ í n � � æ ó ¹ � ä � . ¥ � 5 K X

L 3 („ 512 • ) ¤ « .
þ ã 5 K ¥ d u C þ 9 C þ C z Ç � • ½ Š Ø

Ó , � ¤ � c � 34 ^ 5 K . l L 3 Œ ± w Ñ , j „

� (S4) Ú L „ � (S5) ü « � æ ó ¹ I ‡ Š â ^

À + £ Â Ç ý � Š �
 (t) ( ½ , ^ À + £ Â Ç $ u

e • 
 L , � — � æ ó ¹ , Ù ¥ , 5 K ¥ � • ½ Š (

½ • : 
 L = 0 :81, H 1 = 1 150 � C, H 2 = 1 160 � C,
F0 = 2 200 m3/h, M 0 = 280 s, G1 = 100 � C, 30 ©

¨ S - � ¿ § Ý C z þ þ • 	 1 = 10 � C, \ 9 u í

6 þ C z þ þ • � 1 = 15 m3/h. b3;1 L « ¶ œ â Ý

B3 • � , b3;2 L « ¶ œ â Ý B3 • ¥ .
Ä u Y ~ í n � � æ ó ¹ N † › › � N † › ›

Y ~ ( � X L 4 („ 513 • ) ¤ « .
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ã 5 ç ¬ � � L § i › x ¡

Fig. 5 Monitoring view of the shaft furnace

ã 6 › › X Ú ö Š . ¡

Fig. 6 Operation panel of the control system

L 2 Ä u CBR c " † ‡ " Ö € ì PI ë ê � ½� Y ~ ( �

Table 2 Structure of the case-based PI parameters setting for feedforward and feedback compensators

Y ~ £ ã Y ~ )

c2 c3 c4 c5 c6 fs 1 fs 2 fs 3 fs 4

B 1 B 2 B 3 B 4 B 5 kkk fp kkk f i kkkbp kkkbi
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L 3 � æ ó ¹ � ä 5 K

Table 3 Diagnose rules for the fault-working condition

Rules Antecedents Conclusions

Rule11 y1 (t ) > H 1 and u1 (t ) > W 1

and p4 < A 0

Rule12 y1 (t ) > H 1 and u2 (t ) > V 1

S1and p4 < A 0

Rule13 y1 (t ) > H 1 and p3 < R 0

Rule21 y1 (t ) > H 1 and p1 > G 1 S2
Rule22 y1 (t ) > H 1 and p2 > N 1

and p4 > A 1

Rule31 y1 (t ) > H 2 and y3 (t ) < M 0

and � y1 (t ) > 	 1 and

abs (� p5 (t )) < � 1 and S3

(B 3 = b3; 1 OR B 3 = b3; 2 )

Rule41 �
 (t ) < 
 L and y1 (t ) < H 0

S4Rule42 �
 (t ) < 
 L and y2 (t ) < F 0

Rule43 �
 (t ) < 
 L and y3 (t ) > M 1

Rule51 �
 (t ) < 
 L and y1 (t ) > H 1

S5Rule52 �
 (t ) < 
 L and y2 (t ) > F 1

Rule53 �
 (t ) < 
 L and y3 (t ) < M 0

Y ~ £ ã d S, yyy(t), uuu(t), eee(t), PPP Ú B | ¤ ,
Y ~ ) • � �yyy(t) = [�� y1(t); �� y2(t); �� y3(t)]T , = £

´ � ½ Š � N � þ . Ù ¥ , �� y1(t) • - � ¿ § Ý

� ½ Š N � þ , �� y2(t) • „ � u í 6 þ � ½ Š N �

þ , � � y3(t) • ‚ Ñ ž m � ½ Š N � þ . Y ~ £ ã ¥

C = f ci g(i = 1 ; � � � ; 21), ci • ó ¹ £ ã A � , Ù

¥ , c6; � � � ; c18 • ê Š . A � , c6 ! c7 ! c8 © O L «

› › £ ´ � Ñ Ñ y1(t) ! y2(t) ! y3(t); c9 ! c10 ! c11 ©

O L « › › þ u1(t) ! u2(t) ! u3(t), c12 ! c13 L « -

� ¿ § Ý Ú „ � u í 6 þ ‹ l Ø � e1(t) Ú e2(t),
c14 ! c15 ! c16 ! c17 ! c18 © O L « ç ¬ � � L § C

þ ¬ º ¢ í § Ý p1 ! ¬ N S Ü K Ø p2 ! u í 9 Š

p3 ! \ 9 ˜ í Ø å p4 ! \ 9 u í 6 þ p5; c1; � � � ; c5,
c19; c20; c21 • q Þ . A � , 3 c1; � � � ; c5 ¥ L « � æ

ó ¹ S1; � � � ; S5 � u ) G � , � æ ó ¹ u ) • 1, Ø

u ) • 2; c19 ! c20 ! c21 © O � 1! 2! 3 L « ¶ œ �

� J ´ § Ý B2 J ! ¥ ! ´ , ¶ œ â Ý B3 Œ ! ¥ ! � ,
± 9 ¶ œ ü Ñ þ B5 õ ! ¥ ! � .

Y ~ A � � Š � • : � = f � 1; � � � ; � i ; � � � ; � 21g
= f 0.6500, 0.6578, 0.6439, 0.6701, 0.6695, 0.5505,
0.5633, 0.5853, 0.4389, 0.4158, 0.4269, 0.5612,
0.4845, 0.4222, 0.4066, 0.4811, 0.4482, 0.4275,
0.4443, 0.4720, 0.4364g. K Š • 0.8.

3.4 ó ’ A^

ò ¤ � O � œ U ` z › › X Ú A ^ � ã 7 ¤ «

� ¥ I , » c ¶ À ¶ ‚ � 22 � ç ¬ | ¤ � � � L

§ , $ 1 ( J X e .

ã 7 ç ¬ � � L §

Fig. 7 Shaft furnace roasting process

ç ¬ l 7: 00 – 12: 00 ž $ 1 ¥ � - � ¿ §

Ý ! „ � u í 6 þ ! ¶ œ ‚ Ñ ž m ± 9 ^ À + £ Â

Ç � C z ª ³ X ã 8 („ e • ) ¤ « .
7: 00 žç ¬ � $ 1 ó ¹ X L 5 („ e • ) ¤ « .
› › £ ´ ý � ½ � . � ) ý � ½ Š • : ~yyy(7 : 00)

= [1 140 � C, 2 230 m3/h, 280 s]T . d ž , ^ À + £

Â Ç ý � Š �
 (7 : 00) = 0:822, ^ À + £ Â Ç �

¢ S Š 
 (7 : 00) = 0:821, d u � 
 F (7 : 00) =

 � � �
 (7 : 00) < 0, c " Ö € ì � Ñ Ñ

~yyyF (7 : 00) =
000; � 
 B (7 : 00) = 
 � � 
 (7 : 00) < 0, ‡ " Ö € ì �

Ñ Ñ

~yyyB (7 : 00) = 000. › › X Ú � ½ Š • yyy� (7 : 00)
= ~yyy(7 : 00) = [1 140 � C, 2 230 m3/h, 280 s]T .

7: 50 ž � $ 1 ó ¹ X L 6 („ e • ) ¤ « .
d u ç ¬ � � L § C þ ¬ N S Ü K Ø p2 ! u í

9 Š p3 ! \ 9 ˜ í Ø å p4 ! \ 9 u í 6 þ C z Ç

p6 u ) C z , … �
 (7 : 50) C z • 0.819, 
 (7 : 50)
= 0.82. d u � 
 F (7 : 50) > 0, c " Ö € ì Ö

€ þ � ~yyyF (7 : 50) = [15 � C, � 40 m3/h, � 4 s]T ;
� 
 B (7 : 50) < 0, ~yyyB (7 : 50) = 0, › › X Ú �

½ Š N � • : yyy� (7 : 50) = �yyy(7 : 50) = [1 155 � C,
2 190 m3/h, 276 s]T .

8: 30 ž ç ¬ � $ 1 ó ¹ X L 7 („ 514 • ) ¤

« .
l L 7 ¥ Œ ± w Ñ ^ À + £ Â Ç 
 (8 : 30) =

0.824> 
 � , ç ¬ ? u � ~ ó ¹ .
9: 00 ž ç ¬ � $ 1 ó ¹ X L 8 („ 514 • ) ¤

« .
d ž ¶ œ â Ý B3 d \ Œ " C ¤ \ ¥ ", Ó žç ¬

� � L § C þ ¬ º ¢ í § Ý p1 ! ¬ N S Ü K Ø p2 !

u í 9 Š p3 ! \ 9 u í 6 þ C z Ç p6 u ) C z , ¦

^ À + £ Â Ç u ) C z 
 (9 : 00) = 0.799 < 
 L ,
- � ¿ § Ý • 1 170� C, Œ u þ • H 1 Ú H 2, „ �

u í 6 þ • 2 196 m3/h, $ u e • F0, ¶ œ ‚ Ñ ž

m • 276 s, $ u e • M 0, ¬ º ¢ í § Ý • 134� C,
Œ u þ • G1, 3 30 © ¨ S \ 9 u í 6 þ � C z þ



5 Ï � U n � : E , ó ’ L § $ 1 � · Ü œ U ` z › › •{ 513

12 m3/h v k ‡ L þ • � 1 � œ ¹ e , - � ¿ § Ý ,

p 26 � C, ‡ L 
 þ • 	 1. Ï d , � æ ó ¹ � ä ( Ø

• þ » S2, õ ¬ S3, L „ � S4 u ) .
N † › › ì ‰ Ñ › › £ ´ � ½ Š � ? � þ :

� �yyy(9 : 00) =[ � 53 � C, 176 m3/h, 7 s]T . - � ¿

§ Ý # � � ½ Š • y�
1(9 : 00) = �y1(9 : 00) +

�� y1(9 : 00) = 1 155 � 53 = 1 102� C, „ � u

í 6 þ # � � ½ Š • y�
2(9 : 00) = �y2(9 : 00) +

�� y2(9 : 00) = 2 190 + 176 = 2 366 m3/h, ‚ Ñ ž m

� # � ½ Š • y�
3(9 : 00) = �y3(9 : 00) + �� y3(9 : 00)

= 276 + 7 = 283 s.
› › £ ´ Ñ Ñ ‹ l þ ã � ½ Š , $ 1 � 12 : 00

ž � ó ¹ X L 9 ¤ « .

ã 8 ç ¬ � � L § ` z › › � J

Fig. 8 Optimal control results of the shaft furnace roasting process

L 4 N † › › Y ~ ( �

Table 4 Structure of the fault-tolerant controller

Y ~ £ ã (C) Y ~ )

S yyy (t) uuu (t) eee(t) PPP B � �yyy (t)

c1 � � � c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 � � � c18 c19 c20 c21 � � y1 (t ) �� y2 (t ) �� y3 (t )

L 5 ç ¬ 3 7 : 00 ž � $ 1 ó ¹

Table 5 Work condition of the shaft furnace at 7 : 00 a.m.

yyy � (t ) B PPP

y �
1 (t ) y �

2 (t ) y �
3 (t ) B 1 B 2 B 3 p1 p2 p3 p4 p5 p6

1 142 2 216 290 2 2 1 79 2.4 4 281 7.2 3 845 � 9:6

yyy (t) uuu (t) eee(t) �
 (t ) 
 ( t )

y1 (t ) y2 (t ) y3 (t ) u1 (t ) u2 (t ) u3 (t ) e1 (t ) e2 (t )
0.822 0.821

1 137 2 211 290 48 80 80 7 6

L 6 ç ¬ 3 7 : 50 ž � $ 1 ó ¹

Table 6 Work condition of the shaft furnace at 7 : 50 a.m.

yyy � B PPP

y �
1 (t ) y �

2 (t ) y �
3 (t ) B 1 B 2 B 3 p1 p2 p3 p4 p5 p6

1 140 2 230 280 2 2 1 80 1.02 4 397 6.4 3 832 � 12

yyy (t) uuu (t) eee(t) �
 (t ) 
 (t )

y1 (t ) y2 (t ) y3 (t ) u1 (t ) u2 (t ) u3 (t ) e1 (t ) e2 (t )
0.819 0.82

1 135 2 221 280 45 79 80 5 9
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Table 7 Work condition of the shaft furnace at 8 : 30 a.m.

yyy � (t ) B PPP

y �
1 (t ) y �

2 (t ) y �
3 (t ) B 1 B 2 B 3 p1 p2 p3 p4 p5 p6

1 155 2 190 276 2 1 1 87 8.54 4542 9.3 3 996 � 15

yyy (t) uuu (t) eee(t) �
 (t ) 
 ( t )

y1 (t ) y2 (t ) y3 (t ) u1 (t ) u2 (t ) u3 (t ) e1 (t ) e2 (t )
0.825 0.824

1 144 2 191 276 44 78 80 1 12

L 8 ç ¬ 3 9 : 00 ž � $ 1 ó ¹

Table 8 Work condition of the shaft furnace at 9 : 00 a.m.

yyy � (t ) B PPP

y �
1 (t ) y �

2 (t ) y �
3 (t ) B 1 B 2 B 3 p1 p2 p3 p4 p5 p6

1 155 2 190 276 2 1 2 134 1.16 4 791 10.3 4 008 9

yyy (t) uuu (t) eee(t) �
 ( t ) 
 (t )

y1 (t ) y2 (t ) y3 (t ) u1 (t ) u2 (t ) u3 (t ) e1 (t ) e2 (t )
0.798 0.799

1 170 2 196 276 44 64 68 � 12 2

L 9 ç ¬ 3 12 : 00 ž � $ 1 ó ¹

Table 9 Work condition of the shaft furnace at 12 : 00 a.m.

yyy � (t ) B (t) PPP

y �
1 (t ) y �

2 (t ) y �
3 (t ) B 1 (t ) B 2 (t ) B 3 (t ) p1 p2 p3 p4 p5 p6

1 102 2 366 283 2 1 2 91 11 4 822 1.9 3 991 � 5

yyy (t) uuu (t) eee(t) �
 (t ) 
 ( t )

y1 (t ) y2 (t ) y3 (t ) u1 (t ) u2 (t ) u3 (t ) e1 (t ) e2 (t )
0.824 0.824

1 104 2 365 283 46 82 80 � 1 � 1

d ž ^ À + £ Â Ç 
 (12 : 00) = 0.824> 
 � , Ù

¦ ˆ ‡ C þ þ 3 • ½ ‰ Œ S , þ ã � æ ó ¹ þ ® ü

Ø , ç ¬ ? u � ~ $ 1 ó ¹ .
T X Ú l 2003 c 10 � $ 1 – 8 , $ 1 ( J L

² , � ó ¹ u ) C z ½ Ñ y � æ ž , T • { U 
 ¢ ž

N � › › £ ´ � ½ Š , Ï L › › X Ú ‹ l N � � �

� ½ Š , ž Ø � æ ó ¹ , ¦ ^ À + £ Â Ç › › 3 8 I

‰ Œ S , ¿ ¦ Ù J p 
 2%. ¦ ˆ « � æ ó ¹ o u )

Ç ü $ 
 50% † m , ç ¬ � ž � Ç J p 
 0.7 T/h,
� � $ = Ç J p 
 2.98%, l 
 ¦ À ¶ L § � 7 á

£ Â Ç J p 2.01%, ° ¶ ¬   J p 0.57%.

4 ( Ø
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