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Temperature switching control integrated with
improved ELMAN network and Q learning
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Abstract: Because of the frequent change of the boundary conditions aswell as the large variation in the law meal flow

in calcination process, the process is often switching between the normal and abnormal working conditions. This causes

difficulties to maintain the calciner temperature and the outlet temperature of preheater C5 (i.e., the No. 5 preheater)within

their desired range of operations. Conventional control may even lead to operational failure, such as the clogging of feeding

tube C5. To deal with this problem, we develop an intelligenttemperature control scheme with feedforward compensation,

which consists of a T–S-based fuzzy controller, an abnormalcondition controller, an improved ELMAN network with Q

learning, and a switching mechanism. The application results show that the proposed approach can select a right controller

based on the current conditions to maintain the operation far from the faulty operation conditions.

Key words: raw meal calcination process; calciner temperature; improved ELMAN network; Q learning control; switch-

ing control
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���kc"Ö��§Ý�U�����{,dÄ

uT–S��
��ì!ÄuU?�ELMAN�ä�QÆ

SÉ~ó¹��ìÚ��Å�|¤. ¤J�{U�â

�có¹�CzÀJ�(���ì¿¦©)¬§Ý

�l�½�,Ó�ý9ìC5Ñ�§Ý$u���.

2 )))���©©©)))LLL§§§¯̄̄KKK£££ããã999ÄÄÄ���AAA555©©©ÛÛÛ

(Problem description of raw meal calcination
process and dynamic characteristics analysis)

2.1 )))���©©©)))LLL§§§¯̄̄KKK£££ããã(Problem description

of raw meal calcination process)

)�©)L§ó²6§Xã1¤«. XÚäk5?

ý9ì!1�©)¬Ú1�£=�.3p§ºÅÚüº

Å��^e,5g£=�Ú©)¬�¢í²L^ºÙ

C5��O�©. 5gþz¥�)�²LC1̂ ºÙ�

©)¬Ú��¢í?19��.,�,)�UYe1

?\e�?^ºÙ,ù�9��E?1. )�3e

üL§¥�_�c?�9í6\9,u®Ú9Ïº·

Ü¤í�ü�6�ngº�å�\©)¬,u®-�

�9þ¦)�3©)¬S�©)Ç��0.85%∼

0.94%.Ó��Þu®�5ge%ºÅ��gº�å

-���ëí?\©)¬S.

ã1¥�'Cþ9ÎÒ)ºXe: M�>Å, Ci�

1i�ý9ì, F (t)�)�6þ, TT�§ÝDaì,

C���ì, Tcsp�©)¬§Ý�½�, Tc5max�ý9

ìC5§Ý���, Fref�)�6þë��, Tc(t)Ú

Tc5(t)©O�©)¬§ÝÚý9ìC5§Ý��"�,

∆uc1(t), ∆uc2(t)Ú∆uf(t)©O���ìTC1, TC2

ÚFC� Ñ Ñ�, ∆uc(t)�t� �∆uc1(t)½∆uc2(t)

��,u(t)�∆uc(t)�∆uf(t)�Ú.

ã 1 )�©)L§ó²6§9��yG

Fig. 1 Process flow diagram and current control of the raw mealcalcination process

�Ï±5,)�©)L§§ÝÌ�dö�
Ï

L²�N��uþ,¦)�Åì�l�æó¹,d

u<ó�äÚ�äØ9�,~~���æó¹�u

),îK�)�©)Ç,$���ý9ìC5§Ý

puþ�Ê�.

)�©)L§���8I´ÏLN�©)¬�

uþu(t),¦©)¬§ÝTc(t)�l�½�Tcsp(t),Ó

��yý9ìC5Ñ�§ÝTc5(t)$uþ�Tc5max.

2.2 )))���©©©)))LLL§§§ÄÄÄ���AAA555©©©ÛÛÛ(Dynamic charac-

teristics analysis of raw meal calcination pro-

cess)

�â© [6–8]��,©)¬�uþu(t)�©)¬

§ÝTc(t)Úý9ìC5Ñ�§ÝTc5(t)�m�Ä�

�.:

Ṫc(t) =

(1/Cp,gmg){rcombgHcombg − σCp,cmc(t)Tc(t)+
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8.1× 109πr2c

w θ

0
exp(−

Ec

RTc(t)
)dθ −

Cp,rmr(t)Tc(t) + Cp,gmg,inTg,in −

6.3× 108ks,rπr
2
r

w ψ

0
exp(−

Er

RTc(t)
)dψ −

Cp,g(vT(t)

√

43

fTTg,T

+mg,s + 0.28F (t) +

0.64mc,k +mg,p + 0.18u(t))Tc(t)}, (1)

Tc5(t) = k0 · (1− σ) ·mc(t) · f1(Tc(t), rc), (2)

mc(t) = mc(t0) +
w t

t0
(
u(t)

α1

−
Cp,rmr(t)

Cp,c

)dt, (3)

mr(t) = mr(t0) +
w t

t0
(
F (t) −Gm(t)

α2

)dt, (4)

Gm(t) =
Gmaxmc(t)(2 −mc(t))f2

(Tc(t), rc)

m2
cmax

,

(5)

Ù¥: k0´'~Xê, 3gºzvT(t)�±��mÝ

(=100%), f1(Tc(t), rc)Úf2(Tc(t), rc)´ü���

5¼ê.ª(1)–(5)¥�ÎÒ�¹ÂXL1¤«.

L 1 ©)¬§Ý�.�Cþ�¹Â

Table 1 The meaning of variables in calciner

temperature model

Cþ ¹Â Cþ ¹Â

Cg,p íN'9 θ u®Ê3�m

Cp,c u®'9 ψ )�Ê3�m

Cp,r )�'9 ks,r ©)~ê

mg íN�þ R íN~ê

mc(t) u®�þ Ec ¹zU

mr(t) )��þ Er ©)¹zU

mg,s �gº�þ rc %âf�»

mc,k \�u®�þ rr )�âf�»

mg,p �gº�þ rcombg �u-��Ç

mg,in ?\íN�þ Hcombg í�-�9

F (t) )��þ Gm(t) ���U

vT(t) ngºzmÝ Gmax �U���

fT Ê¢Xê Tg,in íNÐ©§Ý

σ u®-��Ç Tg,T ngº§Ý

ª(1)–(5)L²,©)¬§ÝTc(t)�©)¬�u

þu(t)�mäk��5'X.�©æ^gap metric�

{[9–10]©ÛXÚ��5�rf,ò$1�mΩ©¤

Ngü�,½Âª(6)���5Ýþ:

v = max
i,j=1,··· ,Ng

{δ(Li, Lj)}, (6)

Ù¥LiÚLj©O�L$1�mΩ�1i�Ú1j��

�5$1:.½Â$1:

Ng = 150, Tc ∈ [850, 890], u ∈ [2.1, 6.5],

ù�©)¬§ÝTc(t)Ú�uþu(t)�m���5Ý

þ��u1.

ã2L²éu?¿�γ < 1,Ñkv > γ.ù�©

)¬§ÝTc(t)��uþu(t)�mäkr��5. ©

z [11]L²��ü���5��ìØU¦XÚ

½.Ïd,I�æ^����ì.

ã 2 ©)¬§ÝTc(t)Ú�uþu(t)�m�gap metric

Fig. 2 Gap metric between calciner temperatureTc(t)

and coal feederu(t)

Ïd,æ^®k����{J±ÏLN�©)

¬�uþu(t)ò©)¬§ÝTc(t)��3�½���

S,Ó�ý9ìC5Ñ�§Ý$uþ�Tc5max,÷v
{

Tcmin 6 Tc(t) 6 Tc max,

Tc5(t) 6 Tc5 max.
(7)

3 )))���©©©)))LLL§§§§§§ÝÝÝ���UUU���������������{{{(In-
telligence-based temperature switching con-
trol method for raw meal calcination process)

3.1 )))���©©©)))LLL§§§������üüüÑÑÑ(Control strategy for

raw meal calcination process)

�
¢yª(7)���¯K�ü$)�©)L§

�æó¹u)�VÇ,�©JÑ
���kc"Ö

��§Ý�U�����{,Xã3¤«.ã3¥,

ec(t)Úec5(t)©O�©)¬§Ý�½Úý9ìC5Ñ

�§Ý�½��g��"���,ã3¥Ù¦ÎÒ

�¹Â�L2.

L 2 ã3¥�Cþ�¹Â

Table 2 The meaning of variables in Fig. 3

Cþ ¹Â Cþ ¹Â

Tc(t) ©)¬§Ý ∆uc1(t) É~ó¹��ìÑÑ

Tc5(t) C5Ñ�§Ý ∆uc2(t) T–S�
��ìÑÑ

Tcsp ©)¬§Ý�½ ∆uf (t) c"��ìÑÑOþ

Tc5max C5§Ý��� ∆uc(t) ����ìÑÑOþ

F (t) )�6þ u(t) ©)¬�uþ

Fref )�6þë�� ∆F (t) )�6þ�ë���

Xã3¤«,)�©)L§§Ý�U����ì

d��Å�!T–S�
��ì!U?ELMAN�ä
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�QÆSÉ~ó¹��ìÚc"��ì|¤.Ù¥

��Å�!T–S�
��ìÚc"��ì�õUÚ

���{æ^©z [8]¤ã��{,�©�[0�U

?ELMAN�ä�QÆSÉ~ó¹��ì.

ã 3 )�©)L§§Ý�U����(�

Fig. 3 The proposed intelligence-based temperature switching control for raw meal calcination process

3.2 UUU???ELMAN���äää���QÆÆÆSSSÉÉÉ~~~óóó¹¹¹������ììì
(An abnormal condition controller integrated

with improved ELMAN network and Q learn-

ing)

)�©)L§¥,�ý9ìC5Ñ�§Ý�up

��,L²)�©)L§?uÉ~ó¹,=��Å

�¥C5Ñ�§ÝTc5(t) > Tc5 max.�XÚ?uÉ~

ó¹�,ö�
�âC5Ñ�§Ý9©)¬§ÝN�

©)¬�uþ,�3G�ÚÄ����éA'X.3

¢S)�¥,duu®[ÝLo½)�6þÅÄ�,

²~Ñyý9ìC5Ñ�§Ýpuþ�,�¦C5e�

+×ly�u).�é¤Ñy�É~ó¹,ö�


�âXÚ�cG�,æ��X�Ä�,*	Ù�J,

2ÆS���üÑ. ELMAN�ä´�«�kÛÜ

�"� ²�ä,§�±éÐ�¢y��5XÚ�

%C[12],§Ø
äkÑ\�!Û¹�!ÑÑ�	,�

k��AÏ�ü�–'é�. Ù(�ü��Ï~�

õ�c"�ä�Ó,Ñ\�ü�=å&ÒDÑ��

^,ÑÑ�ü�å�5\�Ú�^,Û¹�ü��

d�5½��5-u¼ê?1O�,'é�K^5

PÁÛ�ü�c����ÑÑ�,�@�´���

Ú�ò�f,§¦T�ääkÄ��PÁõU.ù

p�c"ë�Ü©�?1ë��?�,48Ü©

´�½�,=ØU?1ÆS?�,lELMAN�ä

=´Ü©48�.�
�Ð/Jp48(���^,

�©ÄkJÑòÑÑü��Û�?1��"ë�.

Ïd,�©JÑ�«U?�ELMAN�ä5?1

Q�¼êÆS��,Xã4¤«.

ã 4 U?ELMAN�ä�QÆS�ä(�

Fig. 4 Network structure integrated with improved ELMAN network and Q learning
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ã4¥,�ä�Ñ\�

x = [x1 x2 · · · xn]
T,

xc(t)Úxh(t)©OL«'é�ÚÛ¹��ÑÑ�þ,

�þ�m�. y(t)L«ÑÑ��ÑÑ,w1
ji(i=1, · · ·,

n, j = 1, · · · ,m)�Ñ\��Û¹��ë��,w2
jl

(j = 1, · · · ,m, l = 1, · · · ,m)�'é��Û¹��

ë��,w3
1j(j = 1, · · · ,m)�Û¹��ÑÑ��ë

��, wc�Û¹�ÑÑ�'é����(wc = 1),

wh�ÑÑ�ÑÑ�Û¹����(wh = 1).Û¹�

�-¹¼êf(x)�tansig¼ê,Xª(8)¤«.ÑÑ�

g(x)�purelin�5¼ê.

f(x) =
2

1 + e−2x
− 1. (8)

Ïd,���m�L�ªXe:

Q(st, at) = g(w3xh(t)), (9)

xh(t) = f(w1x(t− 1) + w2xc(t) +

Im×1y(t− 1)), (10)

xc(t) = xh(t− 1), (11)

Ù¥: Im×1�ü Ý
, w1, w2Úw3©O�Ñ\�

�Û¹��ë��Ý
,'é��Û¹��ë��

Ý
,Û¹��ÑÑ��ë��Ý
©OXª

(12)–(14)¤«:

w1 =









w1
11 w1

12 · · · w1
1n

...
... · · ·

...

w1
m1 w1

m2 · · · w
1
mn









, (12)

w2 =









w2
11 w2

12 · · · w2
1m

...
... · · ·

...

w2
m1 w2

m2 · · · w
2
mm









, (13)

w3 = [w3
11 w3

12 · · · w
3
1m]. (14)

duÑÑ�g(x)�purelin�5¼ê,¤±ª(9)

�±��

Q(st, at) = w3xh(t). (15)

É~ó¹��ì�Ñ\�ec(t)Úec5(t),ÑÑ�

©)¬�uþOþ∆uc1(t).duÆS��´G�Ú

Ä����éA,Ïd,ã4¥�x��x = [ec(t)

ec5(t) ∆uc1(t)]
T,Ù¥: ec(t)Úec5(t)�ÆS�G

�þ, ∆uc1(t)�ÆS��|Ä�.�
£ã�B,

�þxLã�x = [st at]
T ∈ R

3,L«3��t��

G�–Ä�é,Ù¥st = [s1 s2]
T ∈ R

2L«��X

ÚG�Cþ, at = a1 ∈ RL«��Ä��þ,�ä

ÑÑd1�!:|¤,�£ã�Q(st, at) ∈ R.

U?ELMAN�ä�QÆS�ä�ÑÑ�

Q(st, at) =
m
∑

j=1

w3
1jxhj(t) =

m
∑

j=1

w3
1jf(

n
∑

i=1

w1
jixi(t− 1) +

m
∑

l=1

w2
jlxhl(t− 1) + Ij×1w

3
1jxhj(t− 1)),

(16)

Ù¥: w1
ji, w

2
jlÚw

3
1j©OL«Ñ\��Û¹�!Û

¹��ë��±9Û¹��ÑÑ��m�ë��

�; xhl(t− 1)Úxhj(t− 1)©O�Û¹�1l�Ú1

j� ²�t− 1���ÑÑ,Û¹�!:ê�m�,

n = 3.

�éª(16)��,�XÚ?uG�st�,XÛÀ

JÄ�ak´UÄ¼��`üÑ�'�.Ïd,æ^

Cq�%�ëY���Boltzmann-Gibbs©Ù��

Ä�ÀJüÑ,KÄ�ak�ÀJ�VÇ�

P (at = ak|st) =
exp(Q(st, at)/Tt)

∑

a

exp(Q(st, a)/Tt)
, (17)

Ù¥Tt > 0�§Ýëê.�
JpÆS��Ý,æ^

ª(18)?1Ä�N�§Ý�[13],=3ÆS�ÐÏÀ

J���§Ý,±�yÄ�ÀJ��Å5��,O

\|¢Uå,3ÆS�L§¥Åìü$§Ý,�y

±c�ÆS�JØ�»�.
{

T0 = Tmax,

Tt+1 = Tmin + ξ(Tt − Tmin),
(18)

Ù¥: 0 6 ξ < 1�ò»Ïf, TminÚTmax©O�§

Ýëê����Ú���.

æ^Ä�8¥VÇ��Ä�ak�^uG�stþ,

7L��ELMAN�ä���âU�âª(16)O�

Q(st, at)�. Ïd�©æ^��eüFÝ{[14]é

ELMAN�ä���(�)Ñ\��Û¹��m�ë

���w1
ji(i = 1, · · · , n; j = 1, · · · ,m)!'é��

Û¹��m�ë���w2
jl(j = 1, · · · ,m; l = 1,

· · · ,m)±9Û¹��ÑÑ��m�ë���w3
1j

(j = 1, · · · ,m))?1ÆS.ÆS�{�ÆSL§´

Ì�/~�é��G�–Ä����O�m��É,

3ù�¿Âþ,ÆS´�2���m�©(temporal

difference, TD)�{¥�A~[15],½ÂTDØ�X

ª(19)¤«[16–17]:

δTD(t) = rt + γQ(st+1, at+1)−Q(st, at), (19)

Ù¥: δTD(t)L«TDØ�, rt�á=£�, 0 6 γ <

1�ò�Ïf,§(½
ò´£��á=£���é

'~.
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æ^Xª(20)¤«�TDØ��²�Ú���ä

���#�5K.

E(t) =
1

2
δ2TD(t). (20)

e¡±Ñ\��Û¹��më���w1
ji(i = 1,

· · · , n; j = 1, · · · ,m)�#�~,KÑ\��Û¹�

�m�ë���w1
ji(i = 1, · · · , n; j = 1, · · · ,m)L

«�

w1
ji(t+ 1) = w1

ji(t)−∆w1
ji(t), (21)

Ù¥∆w1
ji(t)�1i�Ñ\éÛ¹�1j� ²��

ä����#,Xª(22)¤«:

∆w1
ji(t) = −αg1

ji(t), (22)

Ù¥: α��ä���ÆS�Ç, g1
ji(t)�FÝ�þ,

Xª(23):

g1
ji(t) =

∂E(t)

∂w1
ji(t)

. (23)

�âª(19)–(20)Ú(23),ª(22)�±L��

∆w1
ji(t) = −α

∂E(t)

∂w1
ji(t)

=

α[rt + γQ(st+1, at+1)−Q(st, at)]
∂Q(st, at)

∂w1
ji(t)

,

(24)

Ù¥
∂Q(st, at)

∂w1
ji(t)

�dª(16)4í¦�.

Ón,�±¦)Ñ'é��Û¹��m�

ë�����#∆w2
jl(t)(j = 1, · · · ,m; l = 1, · · · ,

m)±9Û¹��ÑÑ��m�ë�����

#∆w3
1j(j = 1, · · · ,m),©OXª(25)–(26)¤«:

∆w2
jl(t) = −α

∂E(t)

∂w2
jl(t)

=

αδTD(t)
∂Q(st, at)

∂w2
jl(t)

=

α[rt + γQ(st+1, at+1)−Q(st, at)]
∂Q(st, at)

∂w2
jl(t)

,

(25)

∆w3
1j = −α

∂E(t)

∂w3
1j

=

αδTD(t)
∂Q(st, at)

∂w3
1j

=

α[rt + γQ(st+1, at+1)−Q(st, at)]
∂Q(st, at)

∂w3
1j

,

(26)

Ù¥:
∂Q(st, at)

∂w2
jl(t)

Ú
∂Q(st, at)

∂w3
1j

�dª(16)4í¦�.

K'é��Û¹��m�ë���w2
jl(t)(j =

1, · · · ,m; l = 1, · · · ,m)ÚÛ¹��ÑÑ��m�

ë���w3
1j(j = 1, · · · ,m)Xª(27)–(28)¤«:

w2
jl(t+ 1) = w2

jl(t)−∆w2
jl(t), (27)

w3
1j(t+ 1) = w3

1j(t)−∆w3
1j(t), (28)

Ù¥∆w2
jl(t)Ú∆w3

1jXª(25)–(26)¤«.

e¡�[0�U?Elam�ä�QÆSÉ~ó¹

��ì�{Ú½:

a) Ð©zXÚ�G�ÚÆS��ìëê,�)

�ä��w1(0), w2(0)Úw3(0)!ÆSÇα!ò�Ï

fγ!ò»Ïfξ!§ÝëêTminÚTmax;

b) uÿ�cG�st;

c) òG�–Ä�é(st, a)��ELMAN�ä�Ñ

\,dª(16)O��ä�ÑÑQ(st, a), ∀a ∈ A;

d) �âª(17)O�VÇ©Ù,ÀJ��Ä�at
�^uXÚ;

e) é�ÀJ�Ä�at�âª(16)O�

∂Q(st, at)

∂w1
ji(t)

,
∂Q(st, at)

∂w2
jl(t)

,
∂Q(st, at)

∂w3
1j

,

*	#G�st+1Úá=£�rt;

f) A^(st+1, a)��ELMAN�ä�Ñ\,dª

(16)O��ä�ÑÑQ(st+1, a), ∀a ∈ A;

g) �âª(17)O�VÇ©Ù,ÀJe�Ä�

at+1�^uXÚ;

h) �âª(24)–(26)�#�ä���;

i) e÷vÆS(å^�,(å;ÄK, t← t+ 1,

=�b).

4 óóó���AAA^̂̂(Industrial applications)

�©¤JÑ�U?ELMAN�ä�QÆS§Ý

�����{®²¤õA^u¥IËg÷�YY�

)�©)L§¥.d�{�M�²�´Ü�fS7-

400,^�²�´Step7 V5.4�WinCC V6.2.

4.1 ���{{{¢¢¢yyy(Algorithm realization)

�8�k1�ó§�ÕÚ3�ö�
Õ,Ù¥ó

§�ÕØ
CkStep 7ÚWinCC^�	,�SCVis-

ual Basic 6.0̂ �,�{3Visual Basic 6.0¥?§,Ï

LOPCÏÕ¢y�,�{¢y��6§ãXã5¤

«.

4.2 ëëëêêêÀÀÀJJJ(Parameters selection)

�â13!���üÑ,��ìëêUìXe?

1ÀJ: 1)��Å�!c"��ìÚT–S�
��ì

�ëêUì©z [8]ÀJ; 2)U?ELMAN�ä�Q

ÆSÉ~ó¹��ì�ä��w1(0), w2(0)±9
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w3(0)©O�

w1(0) =









w1
11(0) w

1
12(0) w1

13(0)
...

...
...

w1
91(0) w

1
92(0) w1

93(0)









,

w1
ij(0) ∈ [0, 1], i = 1, · · · , 9; j = 1, 2, 3,

w2(0) =









w2
11(0) w

2
12(0) · · · w

2
19(0)

...
... · · ·

...

w2
91(0) w

2
92(0) · · · w

2
99(0)









,

w2
ij(0) ∈ [0, 1], i = 1, · · · , 9; j = 1, · · · , 9,

w3(0) = [w3
11(0) w3

12(0) · · · w
3
19(0)],

w3
1j(0) ∈ [0, 1], j = 1, · · · , 9.

ÆSÇα = 1.2,ò�Ïfγ = 0.5,ò»Ïfξ =

0.3,§ÝëêTmin = 100, Tmax = 150.

4.3 AAA^̂̂(((JJJ(Application results)

ò§Ý�U����XÚA^u)�©)

L§,32014c5�2Fl10:00 AM�11:30 AMÚ

2014c5�1Fl12:30 PM�2:00 PM�$1¥�©

)¬§Ý�½Tcsp(t)!©)¬§ÝTc(t)!ý9ìC5

Ñ�§Ý���Tcmax!ý9ìC5Ñ�§ÝTc5(t)!

)�6þF (t)!©)¬�uu(t)�$1�,©O

Xã6–7¤«.��î�I��m¶,p�I��

Cþ�ê�¶.

ã6�)�©)L§32014c5�2Fl10:

00 AM�11:30 AM��$1�.310:00 AM�

10:10 AM910:20 AM�10:30 AM�,duý9ì

C5Ñ�§ÝTc5(t) > Tc5 max,¤±)�©)?uÉ

~ó¹,��Å�ÀJÄuU?ELMAN�ä�QÆ

S��ì.

ã7�)�©)L§32014c5�1Fl12:

30 PM�2:00 PM��$1�.312:30 PM�1:12

PM�,duý9ìC5Ñ�§ÝTc5(t) < Tc5 max,¤

±)�?u�~ó¹,��Å�ÀJÄuT–S��


��ì.

ã 5 �{¢y��6§ã

Fig. 5 The flow chart of algorithm realization

ã 6 æ^§Ý����l10:00 AM�11:30 AM�����J

Fig. 6 The control result of raw meal calcination process from 10:00 AM to 11:30 AM using the switching control
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ã 7 æ^§Ý����l12:30 PM�2:00 PM�����J

Fig. 7 Control result of raw meal calcination process from 12:30 PM to 2:00 PM using the switching control

5 (((ØØØ(Conclusions)

�©JÑ�U?ELMAN�ä�QÆS§Ý�

����{U
ò©)¬§Ý��3�½�þ,Ó

�¦ý9ìC5Ñ�§Ý$u���,¿�U
�â

�có¹�CzÀJ�(���ì.¤JÑ��{

®²¤õA^uËg÷�YY�YY)�©)L

§.
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