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Simultaneous Series Hybrid Modeling for Fermentation Process Based on

Improved Particle Swarm Optimization

YANG Qiang-Da' ZHANG Wei-Jun' NIU Da-Peng?

Abstract An accurate and reliable model is the basis and premise for achieving fermentation process optimization. Series
hybrid modeling is a relatively more effective method for fermentation process with complex reaction mechanisms, but
it needs data obtained from interpolation to develop the black-box models of intermediate variables, which considerably
influences the generalization performance of the final hybrid model. Therefore, in this paper, we present a simultaneous
series hybrid modeling method, which can transform the black-box model development problem into a dynamic model
parameter identification problem, and thus overcome the shortage that existing methods need interpolation data for the
development of black-box models. By introducing multi-elite learning and adaptive inertia weight adjustment strategies,
an improved particle swarm optimization (PSO) called adaptive multi-elite learning PSO (AMLPSO) is constructed to
determine the parameters of black-box models. Uniform design method is used to select the structure of black-box models.
Experimental study is carried out based on the practical production data from nosiheptide batch fermentation process,
and the results show the effectiveness of the proposed method.
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Table 1  The uniform design table of U20(203) and

experimental results

M wEARERKGE JEmEREE MERE MMREV

RMEBUY  RBEBUY ORAGOY (%)

] 6 14 20 19.71
9 7 29 13 15.33
3 3 S 9 20.15
4 9 20 24 13.36
5 10 12 16 4.73
6 11 17 6 17.94
. 19 7 29 14.78
s 13 25 17 11.27
9 14 10 11 3.69
10 15 18 19 8.16
1 16 24 8 12.49
12 17 11 25 11.83
" 18 15 12 4.08

14 19 19 15 6.65

15 2 6 14 18.56
16 21 23 21 9.44
17 99 13 7 13.69
18 23 16 23 10.34
19 o4 21 10 11.02
20 25 9 18 14.43

E—4 MMREV f/MUKFALE, I8 A pr s
KIS, AR 1 ATLLE ], 35 5. 9. 13 4K
PG T R R, U 9 AKF
A I A BRI B o BEAR, DR R i 4K P AL A 1
h PR R R R s B B R AL A, R R A L
AT TR T LG YRR RN ) L AR O 2R TR AR
FRETRY 1 D0 258 254 3 il 5 X 14 x 1. 6 x 10 x 1
4 x11x 1. 754, HE1IETLIEH, 255, 9. 13
HACP AL A 2 10 A 5 T 25 55, IH 25 BE A A

M2 TR GEAN LR 10, P DUR I [R) 20 5 0BG TR 5 A At
JTER A I I R I, W 2 £ 2% 18 % A TR A
PR AR RS o 1 s B S B )

o T A% B T RS AR ) I 4 2 A 2 2 ), R 6
A s I RE AR (1 S 56 Bl A I gk, IF A
5 3 TR A5 R A v R AR B TR AR R 1) ) 45
ZH, 30 5 T PG IR At e e R R IBCTR 45 R R
ihp e

423 HERES

1 WU bt 0 S0 S (IR S AR A fE R4
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A5E IR0 U VG K 23 4H A P i A v BRI BE L R TR
R EE 3 MRS B THR G OL, W 5 Frow.

BHIEL 5 o B R B2 L 8 JoT Ak B FH 7 A 9 i 1)
A 508 5 Hp TOC VR 5 A5 2R 1 i b it e vl g0, BT
AMLPSO ¥ [F] 25 83 6 W A fdE 455 J7 25 T /) S 1) o
VU IR 23 b A 1 ok R 4SS 2R LA s R B i B
() Bk 3 AR AR B AT Wik, TR 45 1 -
BIM TR % (Mean relative error, MRE) 43 34
3.16 %+ 3.28 % F1 4.06 %, ¥ Hilix % (Root mean
square error, RMSE) 4374 0.2105 g/L. 0.6106
g/L #10.0147 g/L, 7] LG 2 ek B A5 22 i |
RSLEG A W LR ), 2T AMLPSO ) & Bt 72
() 245 B3 T VR 5 AR A .
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Fig.5 The estimation results of state variables

H) FAMLPSO HJSRRCR, Ik — 0% H iRl
PSO (Chaotic PSO, CPSO)'". & 1474 PSO
(Quantum-behaved PSO, QPSO)P9. #k & &
(Tabu search, TS)BY. st {47k (Genetic algo-
rithm, GA) Al AMLPSO #3434 H.

4.3.1 BEREHIRAIITLE
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() H A O 2808 Al 500 U7 v R4S, TR X H mp

LUK I H R BP 428 I 266 Y1l 5 S0k 0 il 4% A PR
FRCRL . (HIE R SR AL, AMLPSO SEAH
R FLI) BP MR 2l R 50, F T it R A
IPEfRE AL, DA SO A R AMLPSO $53%
P I RERR I TR A5 R, 58 et T DUAT SR KR 5
SR VA R VU TR R IR I R R PR R 2.

Bl 5 i R R 2 ol g th T A2

T AT R GRS V% F) U VG Ik 2 e A T e R A
R AR U e MR I R B PRI JEE S R A =)

WREE 3 MIREBA RIS EE R, £ 2 2wl TV L
I P A S IR S AT VR PRI 3 AN T G Ik 4t

R FEAR T[] 20 IR A e ABE g ¥k T A e 1) ok
TR Modely; F8F = RAE SR IR 22 T3

BRI | R B A 7V P ) 22 ) e R A 20 5 31
1c 8 Model, Fi1 Models) FI - f v SE 56 20k v i
PRRE L TR BERT WK JEE 3 AR AL S TR K
SEIFENT R ZE (Mean relative error, MRE) Fl3475
%2 (Root mean square error, RMSE).
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STARTERLBUAT J7 7R 34.9 45 (45 18I 4h RIEA 1_% ——
AART). J34b, i U WA, W AUk [F) 20 HR TR w14 -~ APSO
AR R0, WATLUEE M mB s =, | T AMLISO
KR IT VLRSI (HET7 Ui 20 (AR R B A AR R ol
JUBING 4 £, AL R BR A EBOEI S g -
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Table 2  The estimation errors of state variables 0 P— -,\‘"'*""*"H"ﬂ_q'_@ x10?
0 2 4 6 8 10 12 14 16 18 20
Ll BRI FE Bk g PRI R ) AT
6 PRI R B S 2
MRE RMSE  MRE RMSE - MRE RMSE Fig.6 The convergence curves of mean best fitness
(%) (/L) (%) (g/L) (%) (g/L) function values
Modely 3.16 0.2105 3.28 0.6106 4.06 0.0147 j'g T iﬁ*i'ﬁi fﬂ AMLPSO ﬁ‘/zﬁﬂ?ﬁ@
Model, 6.66 0.5096 6.91 1.1305 7.92 0.0279 r%— éﬁ E %15 ’ﬁE ’Hﬁ ]EJ iE@ HTJL E[':] /VEE ﬁlé’ ﬁ_: % a: Sphere
Model; 814 0.7455 845 1.4243  9.31 0.0391 (f1)~ Rastrigrin (fy) Al Griewank (f3) 3 4~ H

g bprik, HEA REGE A B R, R
H IR A T VR R B iz et g, (HILHE
IS Ta) 27— R S AR R 0. SR ox T i e g ke gt e
15, AR AL VT S TR AR 3 F 2 DRk
TR TR [ PT LA iy 48.7 % LA L R
5, ZAEWANERL 10 min 1TE IR R A1)

4.3.2 SMBEHIXTLE

H T ARIL AMLPSO Sk PERE M % PSO &
R SRR, 43 A H SPSO. APSO. MLPSO
A1 AMLPSO F#3EF Bk 6 ik o Fe A 7Y 1) sk
L 7 i) ) A1 - a - SN S G oD S QIR g e
B 3 A v ) AR SR A AR R 1) M 4% S 4. Horp e
KB VEE TS0 3 A SEFE BT (1 ) 4% 45 4 [
5 4.2.2 15 SPSO. APSO. MLPSO 1 AMLPSO
PYRhELvkh, SPSO At MLPSO f 48 1 A B 70 34X
SRR ORER 0.729 AR TLA VL S 500 e R 2R
4.2.2 5. BRI IEIS AT AR IEAT 20 IR, HoP
4 B U3 N R B E T St 26 1) 6 o

& 6 7T LLE ), APSO 534 e SPSO 4%
R R SIGE B, H SO0 A BT
MLPSO 5iEAHE SPSO Sk LA ¥ i S0 ks
JE, AH W S FE A X 18 AMLPSO #0348 SPSO
L RA LB SRS UL SRR SO 2 i Sl
JE. LIRS 25 F AR W TR [ 3 N S SR T
DLHE i S04 R ASCR TS SIOH 55 22 K 0 2% 3] SR
AL m LA R R BE D), B R SE BN R R
s 1 AMLPSO SykiE L5 N LR W smg, w LA
FEHE = B4 R A 2R 6 ) 11 TR I SR A e By i SI0
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benchmark &Y DL 75 74 ik o0 ik A B 2o 72 A 20
IR A B 3 /> TRAR AL 1Y 109 2% 2 4501 5K L ]
B BE s CPSOMT, QPSORI, TSEY F1 GA U
P EVERAT SRR IR L. AH DR S 40 1) 5 A
A benchmark B8 #4EE RS 100 A1 500 PF
O, HARFZEE W 3 Fror; SRAARIRL I [ 2% 454 7]
%5 4.2.2 71, CPSO. QPSO M1 TS =F&ikd, 4
T ORP R RS B A AR L R RIEAR IR EL LA AR, 3L
At 2 50 v TR R SR, GA BEVESR F B AL A2 4]
BRPHE . SRS BEHLAR S R e A i 7 Uk R T
SR ARATE S W 5 8 B A o d 22 AN 1, SLAT O E 2R
WEN 0.95, M2 B E N 0.05; XF T-4E50h 500
(1) benchmark BR%L, FoAhSE PO a5 1k 5
PR ¥ B0 200, S KIEARRE i B O 5000, HAb
TR 43 ) 2 B 100 A 2000, BEFMILAL FvE 38 Ml
NLERIEAT 20 IR, HAP B ARIE Y B R AE (Mean
best fitness function value, MBFFV) Flik 2|45 &
ARG 2 P i ARE I A7 {8 (Median iteration
requested, MIR) WK 4 ~6 Jfi7x.
*3 M

Table 3  The benchmark functions
[EaRAd Fikal RN MA /R E
3 S a3 [~100,100]%  0/(0,- - ,0)
d=1
f2 f (22 — 10cos (2mrz4) + 10) [-5.12,5.12]P  0/(0,--- ,0)
2 =3 i rd 1 [-600,600]° 0/(0 0
fo &, ks — 1L cos () +1 [-600,6001”  0/(0,---,0)

R 4~ 6 7 LLAE H, X ik 3 /4N H bench-
mark BRI /N o) FERT R 2% 22 550K B n) 3, [ T
100 4Ef Sphere pRE{LLAL, AMLPSO 57k 4 R
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Table 4 The MBFFV of AMLPSO, CPSO, QPSO, TS

and GA on three benchmark functions

L 4% AMLPSO  CPSO QPSO TS GA

f1 100 3.77TE—07 2.94E—06 1.89E—07 8.68E—05 9.53E—06
f1 500 1.39E—-06 1.11E—05 8.84E—05 9.21E—03 1.03E—03
f2 100 4.87E—01 7.88E—01 9.26E—01 1.22E+02 9.69E+401
f2 500 7.15E400 1.43E4+01 4.93E+01 1.55E+4-03 9.72E4-02
fs 100 8.48E—06 2.14E—05 1.53E—05 5.38E—03 9.17TE—04
fs 500 1.29E—-05 2.91E—04 9.95E—-05 3.69E—02 1.12E—02

#5 XT3 A benchmark p&%, TIFEVER MIR
Table 5 The MIR of AMLPSO, CPSO, QPSO, TS and
GA on three benchmark functions

R 4% M AMLPSO CPSO QPSO TS GA

fi 100 8.0E—05 1452 1654 1388 1963 1875
fi 500 1.0E—03 2780 3371 3778 oo 4896
f2 100 1.0E+00 1193 1584 1836 oo 00
f2 500 5.0E4+01 3354 4062 4729 oo 0o
fs 100 1.0E—03 1336 1476 1605 oo 1883
fs 500 5.0E—02 3281 3720 3979 4731 4484

R6 AT MESHCRI R, HAER MBFFV AT MIR
Table 6 The MBFFV and MIR of AMLPSO, CPSO,
QPSO, TS and GA on the problem of determining

network parameters

izt ¥ AMLPSO CPSO QPSO TS GA

MBFFV — 0.0127 0.0333 0.0194 0.0897 0.0685
MIR 0.095 1107 1189 1272 1626 1469
5 %
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Frz A P REL T BT S TR 5 ik, Al i A fiA
BT RAF R AL, AMLPSO Hykidid 5] N2 K

S 3] SR GE R AT [ 3 N R A SR, e Ak
GSEBN R IR I, IF3RAG AR (K A . AL
JIT4 HE I AR o AR A SR AR T e R £ 7
BT —E 2B E X

References

1 Shi Zhong-Ping, Pan Feng. Fermentation Process Analysis,
Control and Detection Technology (2nd Edition). Beijing:
Chemical Industry Press, 2010. 1—-10
(SLAhr, W= Al ﬁﬁﬂ‘)’ PR AR (3 2 k). Jbnt: b
22Tl AR, 2010. 1-10)

2 Sharma V, Mishra H N. Unstructured kinetic modeling
of growth and lactic acid production by Lactobacillus
plantarum NCDC 414 during fermentation of vegetable
juices. LWT-Food Science and Technology, 2014, 59(2):
1123—-1128

3 Wang R F, Koppram R, Olsson L, Franzén C J. Kinetic
modeling of multi-feed simultaneous saccharification and
co-fermentation of pretreated birch to ethanol. Bioresource
Technology, 2014, 172: 303—-311

4 Dragoi E N, Curteanu S, Galaction A I, Cascaval D. Op-
timization methodology based on neural networks and self-
adaptive differential evolution algorithm applied to an aer-
obic fermentation process. Applied Soft Computing, 2013,
13(1): 222-238

5 Wang J L, Feng X Y, Yu T. A geometric approach to sup-
port vector regression and its application to fermentation
process fast modeling. Chinese Journal of Chemical Engi-
neering, 2012, 20(4): 715-722

6 Setoodeh P, Jahanmiri A, Eslamloueyan R. Hybrid neu-
ral modeling framework for simulation and optimization of
diauxie-involved fed-batch fermentative succinate produc-
tion. Chemical Engineering Science, 2012, 81: 57—76

7 Chen Jin-Dong, Pan Feng. Hybrid modeling for penicillin
fermentation process. CIESC J, 2010, 61(8): 2092—2096
(BREER, W F. Fa R b a8 (L), 2010,
61(8): 2092—2096)

8 James S, Legge R, Budman H. Comparative study of black-
box and hybrid estimation methods in fed-batch fermenta-
tion. Journal of Process Control, 2002, 12(1): 113—121

9 Wang X F, Chen J D, Liu C B, Pan F. Hybrid modeling
of penicillin fermentation process based on least square sup-
port vector machine. Chemical Engineering Research and
Design, 2010, 88(4): 415—420

10 Zorzetto L F M, Filho R M, Wolf-Maciel M R. Processing
modelling development through artificial neural networks
and hybrid models. Computers and Chemical Engineering,
2000, 24(2—7): 1355—1360

11 Laursen S O, Webb D, Ramirez W F. Dynamic hybrid neu-
ral network model of an industrial fed-batch fermentation
process to produce foreign protein. Computers and Chemi-
cal Engineering, 2007, 31(3): 163—170

12 Saraceno A, Curcio S, Calabré V, Iorio G. A hybrid neu-
ral approach to model batch fermentation of “ricotta cheese
whey” to ethanol. Computers and Chemical Engineering,
2010, 34(10): 1590—1596



630

H Zl)

(4

{4 41 %

13

14

15

16

17

18

19

20

21

22

23

24

25

Beluhan D, Beluhan S. Hybrid modeling approach to on-
line estimation of yeast biomass concentration in industrial
bioreactor. Biotechnology Letters, 2000, 22(8): 631—635

Birol G, Undey C, Cinar A. A modular simulation package
for fed-batch fermentation: penicillin production. Comput-
ers and Chemical Engineering, 2002, 26(11): 1553—1565

Shukla R, Chand S, Srivastava A K. Batch kinetics and mod-
eling of gibberellic acid production by Gibberella fujikuroi.
Enzyme and Microbial Technology, 2005, 36(4): 492—497

Kennedy J, Eberhart R C. Particle swarm optimization. In:
Proceedings of the 1995 IEEE International Conference on
Neural Networks. Perth, WA: IEEE, 1995. 1942—1948

Yang C H, Tsai S W, Chuang L' Y, Yang C H. An improved
particle swarm optimization with double-bottom chaotic
maps for numerical optimization. Applied Mathematics and
Computation, 2012, 219(1): 260—279

Liu Gang, Lao Song-Yang, Yuan Can, Hou Lv-Lin, Tan
Dong-Feng. OACRR-PSO algorithm for anti-ship missile
path planning. Acta Automatica Sinica, 2012, 38(9):
1528—-1537

(XU, Ziats, Zh, BEZAk, BRSO S o T K BRI
OACRR-PSO #Hik. Hahifk24R, 2012, 38(9): 1528—1537)

Li M S, Huang X Y, Liu H S, Liu B X, Wu Y, Xiong
A H, Dong T W. Prediction of gas solubility in polymers
by back propagation artificial neural network based on self-
adaptive particle swarm optimization algorithm and chaos
theory. Fluid Phase Equilibria, 2013, 356(25): 11—17

Li Yong, Wu Min, Cao Wei-Hua, Lai Xu-Zhi, Wang Chun-
Sheng. PSO-BP control algorithm of granulation process
based on evaluation and optimization of granularity distri-
bution. Acta Automatica Sinica, 2012, 38(6): 1007—1016
(F3, R, 0B, BB, EARAE. TR A0 AL 5L
ek i PSO-BP il 4k, A3k, 2012, 38(6):
1007—1016)

Sheng Yang, Lai Xu-Zhi, Wu Min. Position control of a
planar three-link underactuated mechanical system based
on model reduction. Acta Automatica Sinica, 2014, 40(7):
1303—1310

(HEVE, WU, SEHC KL TR B (01 T = SE AT RS WL R 5t
REEYEH. AEME%R, 2014, 40(7): 1303—1310)

Jia D L, Zheng G X, Qu BY, Khan M K. A hybrid particle
swarm optimization algorithm for high-dimensional prob-
lems. Computers and Industrial Engineering, 2011, 61(4):
1117—-1122

Sedki A, Ouazar D. Hybrid particle swarm optimization and
differential evolution for optimal design of water distribution
systems. Advanced Engineering Informatics, 2012, 26(3):
582—591

Hornik K, Stinchcombe M, White H. Multilayer feedfor-
ward networks are universal approximators. Neural Net-
works, 1989, 2(5): 359—366

Fang Kai-Tai, Ma Chang-Xing. Orthogonal and Uniform
Experimental Design. Beijing: Science Press, 2001. 241—247
(548, TR IEA S Hss vt Jbat: BRE AL, 2001
241-247)

26

27

28

29

30

31

Benazet F, Cartier M, Florent J, Godard C, Jung G, Lunel
J, Mancy D, Pascal C, Renaut J, Tarridec P, Theilleux
J, Tissier R, Dubost M, Ninet L. Nosiheptide, a sulfur-
containing peptide antibiotic isolated from Streptomyces ac-
tuosus 40037. Experrentia, 1980, 36(4): 414—416

Koutinas A A, Wang R, Kookos I K, Webb C. Kinetic pa-
rameters of Aspergillus awamori in submerged cultivations
on whole wheat flour under oxygen limiting conditions. Bio-
chemical Engineering Journal, 2003, 16(1): 23—34

Khan N S, Mishra I M, Singh R P, Prasad B. Modeling
the growth of Corynebacterium glutamicum under product
inhibition in L-glutamic acid fermentation. Biochemical En-
gineering Journal, 2005, 25(2): 173—178

Sun J, Fang W, Palade V, Wu X J, Xu W B. Quantum-
behaved particle swarm optimization with Gaussian dis-
tributed local attractor point. Applied Mathematics and
Computation, 2011, 218(7): 3763—3775

Cvijovi¢ D, Klinowski J. Taboo Search: an approach to
the multiple minima problem. Science, 1995, 267(5198):
664—666

Yao X, Liu Y, Lin G M. Evolutionary programming made
faster. IEEE Transactions on Evolutionary Computation,
1999, 3(2): 82—102

L2780 NI | N S 2 ) S
R 2% TV R 5 Ak, AR 3
AR ASCEFAEE.

E-mail: yanggd@smm.neu.edu.cn
(YANG Qiang-Da Lecturer at
Northeastern University. His research
interest covers modeling and optimiza-
tion of complex industrial processes,

and soft sensing technology. Corresponding author of this
paper.)

KIDE  RACRYFER. TEFGT
LR, Ak S P, RERe
B -5 R A

E-mail: zhangwj@smm.neu.edu.cn
(ZHANG Wei-Jun
Northeastern University. His research
interest covers modeling, optimization
and control of thermal processes, the-

Professor at

ory and application of system energy saving.)

GRME ARIERFRI R EERTT
7]k B 5 TP R @ S Ak

E-mail: niudapeng@ise.neu.edu.cn
(NIU Da-Peng  Associate professor
at Northeastern University. His re-
search interest covers modeling and op-
timization of complex industrial pro-
cesses.)



