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Modeling and parameter identification of the flue gas purification
system of flue gas acid-making

CHEN Chun-hua, YU Feng†, MAO Zhi-zhong
(School of Information Science and Engineering, Northeastern University, Shenyang Liaoning 110819, China)

Abstract: As an essential factor, the flue gas pressure plays an important role in the industrial gas sulphuric acid
production. Before the transformation process, the flue gas purification system has a significant impact on the flue gas
pressure. However, modeling of the flue gas pressure in the purification system has been rarely mentioned in the related
literatures at present. In this paper, a mechanical system model is proposed to describe the relationship between the input
and output pressure of the subsystem drying tower, electric precipitation and dynamic wave in the flue gas purification
system in flue gas acid-making plant. Taking the time-invariant parameters as a special kind of system states, we combine
the three subsystem models into a special EKF model. Inspired by the EKF algorithm, we propose a recursive parameter
identification method to identify the model parameters online. The results of parameter identification and estimation of flue
gas pressure based on measurements show the validity of the proposed mechanistic model and the identification algorithm.
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1 ÚÚÚóóó(Introduction)
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2 ëëëííí������íííNNNÀÀÀzzzXXXÚÚÚïïï��� (Modeling
of the flue gas purification system in flue gas
acid-making)

2.1 ëëëííí������íííNNNÀÀÀzzzXXXÚÚÚ(Flue gas purification
system in flue gas acid-making)
,�ëí��íNÀzXÚ(�Xã1J�µ¥

¤«,Ù¥: O1, O2©O�1#, 2#Dººz�mÝ;
p1, p2, p3©O�ZH©!>Ø�!ÄåÅXÚÑÑë

íØå; p4�íNÀzXÚÑ\ëíØå.

ã 1 íNÀzXÚ

Fig. 1 Flue gas purification system

3�\·þ�Dºº�,¹kSO2��õëíd

ºÅÄ\íNÀzXÚ.�\�Dººþdü��Ó
�»�z�mÝ��.ëí�gÏLÄåÅ!>Ø
�!ZH©XÚ?1Ø,!LÈ!ZH,����'�
5íN�x\��=zì?11�)�. �!�8I
Ò´ÏL©ÛíNÀzXÚ�ó��n,�gïáZ
H©!>Ø�!ÄåÅXÚÑ\ÑÑëíØå'X�
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2.2 ZZZHHH©©©XXXÚÚÚïïï��� (Modeling of drying tower
system)
ZH©XÚdZH©�!6C�üÜ©|¤,(

�Xã2¤«,Ù¥: V1ÚV2©O�ZH©ÑÑÑ\ë

í�NÈ; p′1´¥mL§�ëíØå.

ã 2 ZH©XÚ

Fig. 2 Drying tower system

ZH©|^ØäÌ��ß1�áÂëí¥�Y©,
?1ëíZH[2]. duY�í�áÂ±9Dºº�\
\,ëíØåu)Cz.�â�õó²±9��y|�
²�,@�ëí¥Y�í�¹þ'~ð½,¿b�D
ººþ�'uDººz�mÝ,Ïd��eª:

V1 = V2(1− k1) + k2(O1 + O2), (1)

Ù¥k1, k2��½Xê. ª(1)mý11�L«duY�
í�áÂ���ëíNÈ~�;12�L«\\Dº
º�,ëíNÈ�O\.

�ân�íNG��§±9Y�í�áÂ¿(Ü

ª(1),k
p′1
p2

= k3

V2

V1

=
k3V1 − k3k2(O1 + O2)

V1(1− k1)
, (2)

Ù¥k3��½Xê,L«duY�í�áÂE¤�C
z,�Ä�Y�í¹þ'~ð½,�±@�k3�~ê.

duíNÀzXÚ¥ëí´dSO2ºÅVÚ,Ï
dZH©ü �mSÑÑëíNÈ�SO2ºÅ=�k

'. 3ùpb�ºÅ=��ü �mSÑÑëíNÈ
¤�',=k

V1 = k4n, (3)

Ù¥: n�ºÅ=�; k4��½Xê. òÙ�\ª(2)�
p′1
p2

= k3

V2

V1

=
k3k4n− k3k2(O1 + O2)

k4(1− k1)n
. (4)

éu!6C�,�â©z[7],C�c��Øå�
�ü �mÏL�ëíNÈ¥��'X,=

V1 = (p1 − p′1)
k5 , (5)

Ù¥k5��½Xê. Ó��Äª(3),k

p1 − p′1 = (k4n)1/k5 . (6)

òª(6)�\�ª(4),¿�Ä�XÚ¥�Z6Úÿþ
D(,±9ëê���5¯K,��ZH©�Ån�
.:

y1 =
k3k4n−k3k2(O1+O2)

k4(1− k1)n
p2+(k4n)1/k5 +ε1,t =

(θ1 − θ2

O1 + O2

n
)p2 + θ3n

θ4 + ε1,t, (7)

Ù¥: θ1 =k3/(1− k1); θ2 = k3k2/[k4(1−k1)]; θ3 =
k1/k5

4 ; θ4 = 1/k5; y1 = p1; ε1,t��ÅZ6.

2.3 >>>ØØØ���XXXÚÚÚïïï���(Modeling of electric precipit-
ation system)
>Ø�ì��^´ÏL·>áN�Øëí¥��

â!®��,�. >Ø�ì¥�ëí6þ�uSO2º

Å\�ëí6þ�ZH©¤\\�Dººþ��. �
âc¡b�,Dººþ�Dººz�mÝ¥�''X;
ëíþ�SO2ºÅ=�¤�''X,Kkeª:

Q1 = k6n− k7(O1 + O2), (8)

Ù¥: Q1�>Ø�ì¥�ëí6þ; k6, k7��½X

ê.

�â©z[8],>Ø�ì\�!Ñ�ëíØå��
ëí6þ¥��'X,Ïdk
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p3 − p2 = [k6n− k7(O1 + O2)]k8 , (9)

Ù¥k8��½Xê. �Ä�XÚ¥�Z6ÚÿþD(,
��>Ø�ìÑ\ÑÑëíØå�.:

y2 = −θ5[n− θ6(O1 + O2)]θ7 + ε2,t, (10)

Ù¥: θ5 = kk8
6 ; θ6 = k7/k6; θ7 = k8; y2 = p2 − p3;

ε2,t��ÅZ6.

2.4 ÄÄÄåååÅÅÅXXXÚÚÚïïï��� (Modeling of dynamic wave
system)
ÄåÅW*ìXÚÌ�^u�Øëí¥���ó

²Ã'�¢í. ÄåÅW*ìSëí6þ�'X�>
Ø�ì�q,�uSO2ºÅ\�ëí6þ�ZH©¤

\\�Dººþ��. aqu>Ø�ì,keª:

Q2 = k9n− k10(O1 + O2), (11)

Ù¥: Q2�ÄåÅW*ì¥�ëí6þ; k9, k10��

½Xê.

�â©z[9],ÄåÅW*ì\�!Ñ�ëíØå
�Ó�Úëí6þ¥��'X,Ïdk

p4 − p3 = [k9n− k10(O1 + O2)−Q]k11 , (12)

Ù¥k11��½Xê. �Ä�XÚ¥�Z6±9ÿþ
D(,��ÄåÅW*ìÑ\ÑÑëíØå�.:

y3 = −θ8[n− θ9(O1 + O2)]θ10 + ε3,t, (13)

Ù¥: θ8 =kk11
9 ; θ9 =k10/k9; θ10 =k11; y3 =p3− p4;

ε3,t��ÅZ6.

3 ��� ... ëëë êêê EEE £££ ��� {{{ (Model parameter
identification algorithm)
3��y|,�XÚÑ\ÑÑëíØåp1, p2, p3

Úp4,Dººz�mÝO1ÚO2±9ºÅ=�n�ÿ.
ÏdI�(½�´�.(7)(10)Ú(13)¥��½Xêθi,
i = 1, · · · , 10. �!�Ì�ó�Ò´JÑ�«E
£θi�48�{.

�â12!����XÚÅn�.,ª(7)(10)Ú
(13)¥ëê�ÿþþ¥��5'X.ÏdÏ~¦^�
48���¦{(recursive least squares, RLS)3ùp
Ø2·^. �Ä�EKF�{Ï~^u��5XÚ�G
��lÚëêE£,3ùp¦^ù��{. éuD
ÚEKF�{,3ëêE£�¡õA^ué��5XÚ
�Cëê��l[10–11],�©¤ï�.¥,ëê�½
~�,Ïdk7�éDÚEKF�{?1U?,±·^
ué��5XÚ½~ëê�E£[12–14].

éu�XÚÅn�.,ª(7)(10)Ú(13)�±Ú�
L«�Xe/ª:

yi = hi(n,O1, O2, Θi) + εi,t = hi(Θi) + εi,t,

(14)

Ù¥: i = 1, 2, 3; hi(Θi, ut)�hi(n,O1, O2, Θi)�{
z/ª; Θi��.Xê�þ; ΘT

1 = [θ1 θ2 θ3 θ4];
ΘT

2 = [θ5 θ6 θ7]; ΘT
3 = [θ8 θ9 θ10].

du3��íNÀzXÚ$1L§¥¿vkÉ�

AÏ5�Z6��^,ÏdéuZ6��±b�L«
���xD(L§[15–16],¿k±e5�:

E[εi,t|Ft−1] = 0, (15)

E[ε2
i,t|Ft−1] = δi 6 δ̄ < ∞, (16)

Ù¥: Ft−1´d�.Ñ\ÑÑþ3t− 1���)�
σ¼êS�; δi�D(��¿kþ�δ̄;

éu±þ��5�.,�±¦^Xe�EKF�.
?1£ã:

Θt+1 = Θt, (17)

Yt = g(Θt, Ut) + εt, (18)

Ù¥:

Θt = [ΘT
1,t ΘT

2,t ΘT
3,t]

T = [θ1,t · · · θ10,t]T,

g(Θt Ut) = [h1(Θ1,t) h2(Θ2,t) h3(Θ3,t)]T,

Y T
t = [y1,t y2,t y3,t], UT

t = [nt O1,t O2,t],

εT
t = [ε1,t ε2,t ε3,t].

ª¥\\e�I t±L«�.ëê3�mþ�=£'

X.

�âª(17)−(18)�±ò�.¥½~�ëêÀ�
EKF�.¥ð½ØC�G�,ò�ê�§(14)À�
EKF�.¥XÚ�ÑÑ.ddª(17)−(18)©O�du
EKF�.¥�G��§ÚÑÑ�§.

�âEKF�{�í�L§,¦^���VÐmª
éª(18)?1CqL«,k

Yt = HtΘt + εt, (19)

Ù¥Ht =
∂(Θt, Ut)

∂ΘT
t

.

ª(17)Ú(19)|¤���5G��§|,éuÙ¥
���ëê�¦^Xe�KalmanÈÅ{?1E£[17]:

Θ̂t+1 = Θ̂t + Kt[Yt −HtΘ̂t], (20)

Kt = −PtH
T
t (HtPtH

T
t + R)−1, (21)

Pt+1 = Pt − PtH
T
t HtPt(HtPtH

T
t + R)−1, (22)

Ù¥: Θ̂t´Θt3t����O; Kt�ëê�#�þ;Ï
~RÚPt©O���¢êÚ�½Ý
.

4 ëëëêêêEEE£££(Parameter identification)
3�!,¦^��y|ÿþ�êâé�.ëê?

1E£. E£�{Ð©z�: ΘT
1,0 = [0 0 0 0]; ΘT

2,0

= [2 2 2]; ΘT
3,0 = [2 2 2]; P0 = 104;�
O\�{

�Âñ5,�R = 10HT
t Pt−1Ht + 1[18]. E£L§²

{500æ�:. éuZH©XÚ,E£(JXã3¤«.
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ã 3 ZH©XÚëêE£(J

Fig. 3 Identification results of drying tower system

éu>Ø�XÚ,E£(JXã4¤«.

ã 4 >Ø�XÚëêE£(J

Fig. 4 Identification results of electric precipitation system

éuÄåÅXÚ,E£(JXã5¤«.

ã 5 ÄåÅXÚëêE£(J

Fig. 5 Identification results of dynamic wave system

dE£(J�±wÑ,¤k�ëêÑ¢y
Âñ,
¿�ÑÂñu,�ð�.ù�y
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JÑ�{�k�5.

¦^¤ïÅn�.±9E£���ëêéXÚÑ

ÑØå?1�O,�O��ÿþ�é'Xã6−8¤«.

ã 6 ZH©XÚÑÑëíØåé'
Fig. 6 Estimates of output flue gas pressure of drying tower

ã 7 >Ø�XÚÑÑëíØåé'
Fig. 7 Estimates of output flue gas pressure of electric

precipitation

ã 8 ÄåÅXÚÑÑëíØåé'
Fig. 8 Estimates of output flue gas pressure of dynamic wave

d�O(J��,�O��ÿþ�Ä���,L²

¤ïÅn�.��(5±9ëêE£�O(5.
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é�XÚëíØå�?1[Ü,¿��©���(
J?1é'. lsqcurvefit¼ê±���¦�OK,é�
.¥�ëê?1S�O�±���.ÑÑ��O

�[19]. ü«�{é�XÚëíØå�O�þ�Ø�X
L1¤«.
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L 1 Øå�Oþ�Ø�
Table 1 RMS of pressure estimation errors

RMS �©�{ ©z�{

ZH© 60.48 56.03
>Ø� 74.47 67.80
ÄåÅ 34.95 40.39

��,�©�Ñ�48�{�©z¦^�S��
{���(J¿vk²w��É,S��{I��
þ�ÿþêâ,Ã{3�A^,dd?�Ú�y
�
©ó��k�5.

5 (((ØØØ(Conclusions)
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Oïá
ZH©!>Ø�ì!ÄåÅXÚëíØåÑ

\ÑÑ'X�Ån�.;¿ÄuEKF�{JÑ�«ë
êE£�{,¦^y|ÿþêâé�.¥���ëê
?148E£. ëêE£±9ëíØå�O(J�y

�.��(5±9�{�k�5.

ëëë���©©©zzz(References):

[1] CHEN C, YU F, CUI B. Modeling of SO2 conversion in the process
of acid-making [C] //The 23rd Chinese Control and Decision Confer-
ence. Mianyang: IEEE, 2011, 5: 4017 – 4022.

[2] ¶V�.�õëí��=zó²6§&? [J].¥IkÚ�7, 2010,
5(10): 50 – 51.
(DING Shuangyu. Discussion on conversion process of acid-making
with smelting gas [J]. China Nonferrous Metallurgy, 2010, 5(10): 50
– 51.)

[3] ALI M, MAHMUD T, HEGGS P J, et al. A one-dimensional plug-
flow model of a counter-current spray drying tower [J]. Chemical En-
gineering Research and Design, 2014, 92(5): 826 – 841.

[4] WAWRZYNIAK P, PODYMA M, ZBICINSKI I, et al. Modeling of
air flow in an industrial countercurrent spray-drying tower [J]. Drying
Technology, 2012, 30(2): 217 – 224.

[5] �Su,Üd,u´,�.�ëí���?ÄåÅ\�Øå��XÚ
ï� [J].kÚ7á(�õÜ©), 2011, 11(11): 1 – 5, 20.
(CHEN Chunhua, ZHANG Jun, YU Feng, et al. Modeling for in-
let pressure of primary dynamic wave in sulfuric acid production
from waste gas [J]. Nonferrous Metals (Extractive Metallurgy), 2011,
11(11): 1 – 5, 20.)

[6] VOROS J. Parameter identification of Wiener systems with multiseg-
ment piecewise-linear nonlinearities [J]. Systems & Control Letters,
2007, 56(2): 99 – 105.

[7] Ün,Æ�_,�S).�A«!6C�6NÄåA5�¢�ï
Ä [J].¢�Eâ�+n, 2007, 24(7): 44 – 47.
(ZHANG Li, ZHU Zhaoxia, XIAO Chunsheng. Research on fluid dy-
namical characterof several differential throttling equipment [J]. Ex-
perimental Technology and Management, 2007, 24(7): 44 – 47.)

[8] 
��,oÊo,�¬,,�.>Ø�ìí6©Ùê�O��{ï
Ä [J].�¸ó§, 2009, 27(3): 103 – 107.

(DANG Xiaoqing, LI Qianqian, PAN Minxing, et al. Study on numer-
ical calculation method for gas flow distribution of electrostatic pre-
cipitation [J]. Environmental Engineering, 2009, 27(3): 103 – 107.)

[9] o+),oDr.ÄåÅáÂÅ�ó�ÅnïÄ9ÙA^ [J].��
��OEâ, 2004, 25(1): 11 – 14.
(LI Qunsheng, LI Xiumei. Mechanism research and application of
power wave absorption machine [J]. Nitrogenous Fertilizer Technol-
ogy, 2004, 25(1): 11 – 14.)

[10] GUO L, LJUNG L. Exponential stability of general tracking algo-
rithms [J]. IEEE Transactions on Automatic Control, 1995, 40(8):
1376 – 1387.

[11] GUO L, LJUNG L. Performance analysis of general tracking algo-
rithms [J]. IEEE Transactions on Automatic Control, 1995, 40(8):
1388 – 1402.

[12] 4ý�,¶¹.�þ!±Ïæ�XÚ�4����¦E£�{ [J].
���ûü, 2011, 26(3): 453 – 456.
(LIU Yanjun, DING Feng. Hierarchical least squares identification
method for periodically non-uniformly sampled systems [J]. Control
and Decision, 2011, 26(3): 453 – 456.)

[13] ¶',�s,¶¹.�þ!æ�XÚõ#E�ÅFÝE£5U©
Û [J].���ûü, 2011, 26(9): 1338 – 1342.
(DING Jie, XIE Li, DING Feng. Performance analysis of multi-
innovation stochastic gradient identification for non-uniformly sam-
pled systems [J]. Control and Decision, 2011, 26(9): 1338 – 1342.)

[14] ¶¹,ê,�.5�G��mXÚE£�{ [J].H®&Eó§�Æ
Æ�: g,�Æ�, 2014, 6(6): 481 – 504.
(DING Feng, MA Xingyun. Identification methods for canonical state
space systems [J]. Journal of Nanjing University of Information Sci-
ence and Technology: Natural Science Edition, 2014, 6(4): 289 –
305.)

[15] àI�,�Or,�Í�.��5XÚ�UG��OïÄ?Ð�Ð
" [J].��nØ�A^, 2003, 20(6): 813 – 818.
(QI Guoyuan, CHEN Zengqiang, YUAN Zhuzhi. Evolution and
prospect of intelligent state estimation for nonlinear system [J]. Con-
trol Theory & Applications, 2003, 20(6): 813 – 818.)

[16] �Á�.Äu9Ï�.�4íO2���¦E£�{ [J].��nØ
�A^, 2009, 26(1): 51 – 56.
(WANG Dongqing. Recursive extended least squares identification
method based on auxiliary models [J]. Control Theory & Applica-
tions, 2009, 26(1): 51 – 56.)

[17] ¶¹.XÚE£#Ø [M].�®: �ÆÑ��, 2013.

[18] YU F, MAO Z, JIA M. Recursive identification for Hammerstein-
Wiener systems with dead-zone input nonlinearity [J]. Journal of Pro-
cess Control, 2013, 23(8): 1108 – 1115.

[19] Å½�,���.p�A^êÆ¯K�MATLAB¦) [M].�®: �
u�ÆÑ��, 2005.

�ö{0:
���SSSuuu (1967–),I,ù�,Ì�ïÄ���E,ó�L§�ï�

`z���, E-mail: chenchunhua@ise.neu.edu.cn;

uuu ´́́ (1984–),I,Æ¬ïÄ),Ì�ïÄ�����5XÚï

�`z���, E-mail: neu yufeng@hotmail.com;

fff���§§§ (1961–),I,Æ¬)��,À��Æ&EÆ�gÄz¤¤

�,Ì�ïÄ���E,ó�L§�ï�`z���, E-mail:

maozhizhong@ise.neu.edu.cn.


