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Abstract: In nonferrous metallurgical processes, due to the variety of raw materials, changing working conditions and the
unstable material quality, there are a lot of uncertainties, which seriously affect the stability and reliability of the smelting
production. In this paper, the description method of the optimization problems under different types of uncertainties are
summarized, including the probability uncertain optimization problems, the fuzzy uncertain optimization problems, and
the interval uncertain optimization problems. Based on the characteristics and requirements of actual industrial processes,
the uncertain optimization methods of some typical nonferrous metallurgical processes are presented. In the optimization
problem under probability uncertainty for blending process of alumina production, the method based on Hammersley
sequence sampling(HSS) is used to transform the uncertain model to a deterministic model. In the optimization problem
under fuzzy uncertainty for the copper removal process of zinc hydrometallurgy, the method based on fuzzy rules is used to
estimate the process conditions. In the optimization problem under interval uncertainty for the power-dispatching control
system in the electrochemical process of zinc, min-max based method is used to search for robust solution. Industrial
results verify the effectiveness of these methods.
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il - IS AR LTS A, ] 00 R A 7 DX TR AR A R AN E 40

T ORAUEANE & DUAL e A3 1) A 28k E SR EUAS
Tl 58 25 01 X TA) INF 235 2 DA PN B 1) XA g
w5 AN E ZHN PG vl ReAE; 2) XA RE RS ]
RE/IN, DL AT A TS5 52 2% B AR AN 2 2401
e, X AR E 7 V7T 43 BA R 2K

1) BT HdE G vk (1 X TR) SR U7 . 6T [ i 1]
A AR PR K 2 8, W] R 2 T 204 Gk 07 vk

SREUCANH A 25000 XA 38 3o MBI P R B —
I ) 8 PRI S 23501 73 S D500 K A2 00 B
B ABAE AN E S50 bR Hos MEVE A &
ZHH T G A, N ORIE BAS X A REUE 78 i 2 2 8
AR AT BT T RE, F X I8 )32 S EAT R B SE .
T BHEAAR N TR, B R G I AT R S 1 5
AN E S AU X R 2 T 1E e, HLIX DA 98 AN 22
KK

2) HET TN AL (4 X (IR E V. S A E S
KU T 160 28 A0 B R FSE AR, 25475 S FH 3 T S 4 i
(¥ 77 VE R B B A X 1), G DX T B H 3 0 oK, AN 48
TR A I SRR A 1) 52 4 B, BRItk T AR 2 F A A6
R X TR SR T V. 1% 0TV I HE AR AR I R 8 5, A
FH E AN S8 2500 13 S B 2L B e 8 P 31, S A
T € Z B A 35 ) 1) 7 ) TS AL SR ), DA T
255 Ol AME — NG E AR B, T R R
FLUA /N X ) K B ) A 3 A5 IX (). 35 T T4 A5
TR DX B SR EX 5 v, AN 7 X [6) Fr) 4 B P e T
ARSI (RS 1 B8 5, X T 2 ek 1 T IR) P 41 TR
B VAR W 2 P AL L [ [l R B P A A A %
e GE T T8) 5 5 FIOIASE AL AT T, 3 <l vk v e
B8] F7 21, ] K FH 25 P 2 X 5% VR B 5 7 VR AT
filiit.

R4 bR 7732, 83 73 ao, aq, bo, by, ba, by, by
(¥ 17 S 0L 200, PR AR A X TR 7E DRAE £ 7
(9 820 7= B AT AR T, AR AL ELIAL P 9, 45 5 B Y
SHUN AN B REAE, G ST AR R b A 23 e Al AR
BB FfrR:

4
@nﬂ%mziﬁwmnxa+%;

=1
4 7

s.t. g(x,u) = ZZq x Dl;; x n;; x T; = G,

i=1 j=1

7
PVVYZ = ZV;] X DZZJ X Nj,
j=1

Dl;; = DK,; x B; x Sy,
Vij = ap + a1 x Dk,
1ij = bo + by X Dkij + by x Dk;+
by x Dk}, + by x Dk,
u = [ag, a1, bo, b1, b, b3, ba),
u € [u] = [u,u] = u. £ Au,
<z < (16)

z
A (16) T, B 1555 LT
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& AL AR Ty KR T 863

@ PR RN IR

w: AN E S RN G S AL

[w]: RN E S E AR AL X ]

PW,: 1255 B B R B4 (kW)

T 565 4 B B P 1) HEL AR (1]

P2 25 i I BT HLAY (2 /KWh);

Vi 508 i B BEE 5 AR = R BB R (V), ap Al ay
R VA BN IR RS ) R B

Dl,j: 55 i B j A2 R B FL AR FLIAL (A);

N, 58 A= R 5 B RS ANELG

Bj: 5 5 A7 R IR AR EL

So: FEHLBARAR LTI A (m?);

Go: Hil I & (v);

nige 5B B BEE 5 AR R B B LT AR, b, by,
ba, bs 1 by R 38 VA B/ — IR IRAF (1 R AL

q: FET R & (g/Ah);

a2 N TR G [ B T B T R, R BT RV

i /ME (A/m?);
T AR 2% A 5N AR P LR, HL I B BT fe VR
1B R AE (A/m?);

Jo: MR EE F g AR v () A e 9t

H T B R R R ok 1 R R B T AR H
HA TR 0 EE R, AR b X R AN Ak 1) A
JIT SR AT B0 88 S DR IR AE B IR A L (worst case) T KSR
A DA R A 7 R, B R AL T RO SR R T
min max ) 5 0E K F IR n) 71 DR, B W i 2 i)t
R PR AN 7 DI A Il R RT ARG 6 Dyt 7% 3K

4

min f(x,u) :ZPWZ- x T; X Py + Jo;

=1
s.t. Mg < Gtolerance)

ny < ftolerancea
z<T<T,

Ty = max l9(z, u) — Gol,

ng = gé?ﬁ(] |f(ill,’LL) - J(wauc)la

[u] = u, + Au. (17

Hoerfng NLARGEAT BB ETER, np 0 H AR E
EHENEIRIR: groterance JYEFFME L) & HX A2 P R
B BTETEHT, froterance NEFHLME L) HH XS HIHL 2%
s B AR, d1 3K (17) "R, Bl iR Uy ik
PEAK i) 8, BYAR 38 5 min 1)@, H 9 7E TR Ak P 532
&, W max A8, H T TR BRI A
T e ZHUHE.

SR AR IR A A 1] L SR 2 T 2R ) Je 42
1) 77 54 A max i 78115 44, IR — o B 1 4
JRARAL R —— RS T B SR 1344 3t A A A 1) 7t
(min 7] @) FEAT 3K AE

SIS EE R EOR, MR R S HUFAE A E X
1ETV5 %) i g 2l B W N ekl R e il S R I R
SRRT DA AR 2 AR P R, B H A R ORI 24 R 2% A
RSN K t=p A e w70 | A 2 E (| =P b 2 W el
DA 5 7 i R R 1, B AN I 7 TR 3 SR S

+®2 KRR

s . H b ek K L) FkAE
Bt Irik ik IR /% 9395 B /o
it STA 78.62 88.05
AHfENAL  STA+Taylor expansion 99.39 96.01

5 RgERHE

A a4t B 2 e R BRI T
SRR, AT T A E PRS2 br T R AL I
AT 1 EE R, B T R H E T OB R B R, IF
S AN S DA I R HEAT T 3, I DUEAR A R
BRIt RR L IR B A LA A e AR 4 B e
TR ORI (38 4 1 R A BEAT EA M HT AE T AR
IR AE IS B 52 PR A . AT, T a4
PR ARG G — . RO BEAL M5 B R G A7
TERRR 015 B 25 IR 5 4% 110 i B, 3o 1 AR B o A
PRI S0 S B A7 T — 7 M 22, AR e A v
AT LA 58 A ARAIE A = 1 i R s B 4T

I 25 %8 B R 3 O R T HE 8, KRR . &L
B ) S e AR B R T R el P e L A
R IR 55 S5 450, v S R R AT S Ak Dok
SR T AR AT 1 ST QUS40 E KRR TS B, e
AR HAEER  AE E SSRRR HE ) s b
I 5 AR B S A 7 99, 26 (v e AR o 1 At —
SEVRNBFGC. 1% i) 530 i 8 e A0 5 E— 2B (R E G 30
S R I o R T BT € R R R 1 5

N

=}

it
2 3 Hk (References)

(11 JAkeE, HEE, EDE 2R MA T GG

SRR AR P (0], 4 E R 5 R, 2015, 32(9):
1158-1169.
(Zhou X J, Yang C H, Gui W H. Modeling and control of
nonferrous metallurgical processes on the perspective of
global optimization[J]. Control Theory & Applications,
2015, 32(9): 1158-1169.)

[2] Pistikopoulos E N. Uncertainty in process design and
operations[J]. Computers & Chemical Engineering, 1995,



864 # % 5 Xk K %#33%
19(1): 553-563. on Parallel Problem Solving From Nature: PPSN X.

[3] Li Z K, Ierapetritou M. Process scheduling under Dortmund: Springer-Verlag, 2008: 144-153.
uncertainty: Review and challenges[J]. Computers & [16] Deb K, Gupta H. Introducing robustness in
Chemical Engineering, 2008, 32(4/5): 715-727. multi-objective optimization[J]. Evolutionary

[4] M5, KR, PHEFEE, & FOBSTFIEEEKR Computation, 2014, 14(4): 463-494.

5 A a1 @R (7], B B4 AR, 2017, 43(6): (17] FApdd. AR LA A LR (M), Jbxt: JERiTE R
880-892. AL, 2007: 37-42.

(Sun B, Zhang B, Yang C H, et al. Discussion on (Wang Z K. Probability theory and its application[M].
modeling and optimal control of nonferrous metallurgical Beijing: Beijing Normal University Publishing Group,
purification process[J]. Acta Automatica Sinica, 2017, 2007: 37-42.)

43(6): 880-892.) [18] Lim D, OngY S, Lim M H, et al. Single/multi-objective

[5] HELAE, FHEEHE, WRRTT, & AOmed BEERs inverse robust evolutionary design methodology in the
PEA IR T 0] 8 S B % ], E B4k 24, 2013, 39(3): presence of uncertainty[C]. Evolutionary Computation in
197-207. Dynamic and Uncertain Environments. Berlin: Springer,
(Gui W H, Yang C H, Chen X F, et al. Modeling 2007: 437-456.
and optimization problems and challenges arising in [19] XUEAE. ANHh T IR B M. db 5T iE K H
nonferrous metallurgical processes[J]. Acta Automatica 4, 2003: 138-163.

Sinica, 2013, 39(3): 197-207.) (Liu B D. Uncertain programming and application[M].

[6] FETAE, BHEE. Bah CIG e A = AR e, 3% Beijing: Tsinghua University Press, 2003: 138-163.)

Hil 54k M. db 5t B2 H R, 2010: 1-6. [20] Balasubramanian J, Grossmann 1 E. Scheduling
(Gui W H, Yang C H. Intelligent modeling, control optimization under uncertainty — An  alternative
and optimization of complex nonferrous metallurgical approach[J]. Computers & Chemical Engineering, 2003,
Process[M]. Beijing: Science Press, 2010: 1-6.) 27(4): 469-490.

[7]1 L9, BiEZE, ML KESEAHE REmem [21] OngY S, Nair P B, Lum K Y. Max-min surrogate-assisted
AIAT IS4 (7). B 365, 2004, 30(3): 455-459. evolutionary algorithm for robust design[J]. IEEE Trans
(Cheng Z Q, Dai L K, Sun Y X. Feasibiliy analysis on Evolutionary Computation, 2006, 10(4): 392-404.
for optimization of uncertain systems with interval [22] Yang C H, Gui W H, Kong L S, et al. Modeling
parameters[J]. Acta Automatica Sinica, 2004, 30(3): and optimal-setting control of blending process in
455-459.) a metallurgical industry[J]. Computers & Chemical

[8] Dantzig G B. Linear programming under uncertainty[J]. Engineering, 2009, 33(7): 1289-1297.

Management Science, 1955, 1(12S): 197-206. (23] FLESHE, PHARAE, MRk, 25 — M vz & N uf 2 b

[91 Bellman R. Dynamic programming[M]. Oxford: Oxford = BRI BRI A ) B Be A AL TV (). FE S
University Press, 1957: 1-50. 5N, 2009, 26(9): 1051-1055.

[10] Charnes A, Cooper W W. Chance-constrained (Kong L' S, Yang C H, Wang Y L, et al. Intelligent

[11]

[12]

[13]

[14]

[15]

programming[J]. Management Science, 1959, 6(6): 73-
79.

Taguchi G. Performance analysis design[J]. Int J of
Production Research, 2007, 16(6): 521-530.

Bellman R E, Zadeh L A. Decision-making in a
fuzzy environment[J]. Management Science, 1970, 17(4):
B141-B164.

Gen M, Cheng R. Optimal design of system reliability
using interval programming and genetic algorithms[J].
Computers & Industrial Engineering, 1996, 31(1/2):
237-240.

Greiner H. Robust optical
evolutionary strategies[J]. Applied Optics, 1996, 35(28):
5477-5483.

Branke J, Rosenbusch J.

coevolutionary worst-case optimization[C]. Int Conf

coating design with

New approaches to

[24]

[25]

(26]

optimization of raw material blending for alumina
production with infromation uncertainty[J]. Control
Theory & Applications, 2009, 26(9): 1051-1055.)

Yang C H, Gui W H, Kong L S, et al. Modeling
and optimal-setting control of blending process in
a metallurgical industry[J]. Computers & Chemical
Engineering, 2009, 33(7): 1289-1297.

fLEF, FHFE, KRR, 55 BT MR 7 i
Fe LA PR 75 1 S AL R D). P S TR, 2000,
24(12): 1909-1911.

(Kong L S, Yang C H, Zhu H Q, et al
Expert-knowledge-based lexicographic order optimal
decision method and its industrial application[J]. Control
and Decision, 2009, 24(12): 1909-1911.)

Paenke I, Branke J, Jin Y. Efficient search for robust

solutions by means of evolutionary algorithms and



%58

A G % AT ok A AR R R AR AL kAR i

865

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

(36]

fitness approximation[J]. IEEE Trans on Evolutionary
Computation, 2006, 10(4): 405-420.

Branke J. Creating robust solutions by means of
evolutionary algorithms[J]. Lecture Notes in Computer
Science, 1998, 1498: 119-128.

Wiesmann D, Hammel U, Back T. Robust design of
multilayer optical coatings by means of evolutionary
algorithms[J]. IEEE Trans on Evolutionary Computation,
1998, 2(4): 162-167.

FLFE . F A A O Rk R AN 1 E AR Ak 7 VA B
Fo S [D]. Kb g KAE BR A S TR R,
2010.

(Kong L S. Optimization under uncertainty for the
blending process of alumina production and its
application[D]. Changsha:  School of Information
Science and Engineering, Central South University,
2010.)

Zhang B, Yang C H, Zhu H Q, et al. Kinetic modeling
and parameter estimation for competing reactions in
copper removal process from zinc sulfate solution[J].
Industrial & Engineering Chemistry Research, 2013,
52(48): 17074-17086.

Zhang B, Yang C H, Li Y G, et al. Additive requirement
ratio prediction using trend distribution features for
hydrometallurgical purification processes[J]. Control
Engineering Practice, 2016, 46(1): 10-25.

TR, AN E A5 BT R B R R AR AR S 4
i [D]. Kb R B R S TR AR, 2016.
(Zhang B. Modeling and control of copper removal
process of zinc hydrometallurgy with uncertainty[D].
Changsha: School of Information Science and
Engineering, Central South University, 2016.)

Zhang B, Yang C H, Zhu H Q, et al. Evaluation strategy
for the control of the copper removal process based on
oxidation-reduction potential[J]. Chemical Engineering
J, 2016, 284(1): 294-304.

Zhang B, Yang C H, Zhu H Q, et al
Controllable-domain-based fuzzy rule extraction for
copper removal process control[J]. IEEE Trans on Fuzzy
Systems, 2017, DOI: 10.1109/TFUZZ.2017.2751000.
R, FHER, BHF T, &5, TR K L e
fige ek e o3 i AR R DAL R P2 (0], P B 5 N, 2001,
18(1): 127-130.

(Gui W H, Wang Y L, Yang C H, et al. Optimal
dispatching system of time-sharing power supply for
electrolytic zinc process based on sumulated annealing
algorithm[J]. Control Theory & Applications, 2001,
18(1): 127-130.)

Yang C H, Deconinck G, Gui W H. An optimal

[37]

(38]

(39]

(40]

[41]

[42]

[43]

(44]

[45]

[46]

power-dispatching control system for the electrochemical
process of zinc based on backpropagation and Hopfield
neural networks[J]. IEEE Trans on Industrial Electronics,
2003, 50(5): 953-961.

Han J, Yang C H, Zhou X J, et al. A two-stage
state transition algorithm for constrained engineering
optimization problems[J]. Int J of Control, Automation
and Systems, 2017, 16(X): 1-13.

WulJ L, Luo Z, Zhang N, et al. A new interval uncertain
optimization method for structures using Chebyshev
surrogate models[J]. Computers & Structures, 2015,
146(C): 185-196.

WulJ L, LuoZ, Zhang N, et al. A Chebyshev meta-model
for uncertain optimization of vehicle suspensions[J].
Applied Mathematical Modelling, 2012, 38(15/16):
3706-3723.

S U, Langelaar M. Efficient

optimization  of

Rehman global

robust unconstrained ~ problems
affected by parametric uncertainties[J]. Structural &
Multidisciplinary Optimization, 2015, 52(2): 319-336.
Zhou J, Li M. Advanced robust optimization with interval
uncertainty using a single-looped structure and sequential
quadratic programming[J]. J of Mechanical Design, 2014,
136(2): 021008.

Li M. Robust optimization using hybrid differential
evolution and sequential quadratic programming[J].
Engineering Optimization, 2015, 47(1): 87-106.

Zhou X J, Yang C H, Gui W H. State transition
algorithm[J]. J of
Optimization, 2012, 8(4): 1039-1056.
HRE, B, RE, 5 — MR Mg 7 TR
I L) 1 HOCIR A 56 42 50K 0. #2255 ML, 2016,
33(10): 1378-1388.

(Dong T X, Yang C H, Zhou X J, et al. A novel
discrete state transition algorithm for staff assignment
2016,

Industrial & Management

problem[J]. Control Theory & Applications,
33(10): 1378-1388.)

SeRM, DI, B ML A5 BN 24 Tl 2
RS P [J]. B 34, 2013, 39(5): 469-470.
(Chai T Y, Li S Y, Wang H. Modeling and
control for complex industrial processes in networked
information[J]. Acta Automatica Sinica, 2013, 39(5):
469-470.)

Tr A B, A G R Tk AR (2016-2020
). A i £1TRE, 2016, 32(6): 1-10.

(Ministry of Industry and Information Technology of
the People’s Republic of China. Development plan
of nonferrous metals industry[J]. Energy Saving of
Nonferrous Metallurgy, 2016, 32(6): 1-10.)

(FAEHE: ARF)



