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锌浸出过程的专家控制和故障诊断方法 
吴 敏 桂卫华 

(中南大学信息科学与工程学院·长沙。410(~3) 

摘要：针对锌浸出过程，提出一个专家控制和故障诊断方案．它涉及到决定和跟踪提出溢流的最优口H值，以 

及确保过程的安全运行 这个方案的实际应用显示。它不仅提高了控制性能。而且也排腙了故障． 
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1 Inlroduefion 

Leachingisthefirst pl'O~SSin zinc hydrometallurgy， 

which involves dissolving zinc·bearing material in dilute 

sulfuric acidtofolm a五nc sulfate s0】ud0 nI ·引．To 0b． 

rain high-purity~ tal[ic zinc and reduce cosl~，the com— 

position ofthe zinc sulfate~lutionmust rilectthe given 

standards，and the soluble zinc in zinc·bearing material 

must be dissolved as much as possible．On the other 

hand．because even a small fault in the leaching equip— 

m t may lead to changes in flow rates and temperd· 

nl ．which can be quite hazardolJS，it is important to 

preventtheinfluence offaultsthat occ1．1r and ei1Siil'ethat 

me processmns safely．This requires amethod not only 

of effective contml，but also of fault diagnosis for the 

leaching process． 

Conventional methods are mainly based On manual 

operation andmathematicalmodels、Itis difficult to 0b— 

tainthe desired performance with suchmethods becallsc 

of the complexity of吐le chemical reactions involved． 

Fal,ert systems are growingrapidly andtheir applications 

to engineering problems have provided effective mcltns 

of process contm]and fault diagnosis【 
． They have 

recentlybeen appliedto contml ahydrometallurgical zinc 

process，and disuibuted andmode1．based expert conta,ol 

ech J口Iles have been developedthat achievethe contml 

objectives of hi曲 quality andlow costs[ ’ ．However， 

that system did notinclude anyfault dj艇 ． 

Tnis paper proposes an expert control andfault ctiag- 

nosis 9dx∞ for the leaclaing zinc process．which is 

based Onthemodel-based experttechnique~veloped in 

l8 J．．Empirical knowledge and dataOilthe process show 

thatthe key contmlproblemsin the control areto d r- 

mine andtrackthe optimal pI-Is oftheleach overflows， 

andthatthe keyfault diagnosis problem isto providein· 

fon'nafion aboutthe Ca1．1~ andlocation of anyfaultthat 

OOCU／'S，and the appropriate coun~ against the 

fault．The s~lcnlc eraploys an expert contmnerto d．c~lr- 

minethe opamal pHs and a fault diagnosis module that 

pe m璐 011·lira 越d ~ff-linefa~llt diagl~ $．This pape~ 

mainly describesthe scheme and a real·world application． 

0IIitem：钠 删  the Scieztce＆Ted~ology ∞ of (99TZY"z079) 
R0竦 耐 d斯 ：2OOO一∞ 一31：Revised d如 ：2001—06—04 
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2 Basic scheme 

Theleaching process consideredinthis paperis shown 

in F ．1．It consists of 0ne series of neaWalleaches and 

t 。iden血 se血 s of acid leaches[21
．
Each se6es has 

fbⅢ 切n1【s and athickener． 

Fig l Leaching process 

The zinc-bear~ material js mixed with∞ oxidized 

iron solution and spent electrolyte．The so1ution is deliv— 

ered to four wlltl~-powexed classifiers．n1e overflow is 

pe mpedto thel stneuralleachtank，madthe undcrnow 

ismilled and pumped tothe1 sttank of cach acidicach 

series．n1e SlX~t elec~bae is also added to the neu'a'al 

and acidleaches． 

1tle chemical t'~ictiolxq are carried out in the tanks 

n1e solution is then sent to thickeners to s~tle．n1e 

overflow from the neutral leach is sent to the next pro· 

cessin the form of a neu Wal zinc sulfate solution，and 

the uildc~ ow is addedt0the lsttank of cach acid1each 

series ．n1e overflowsfrom the acidleaches are pumped 

to thelsttank ofthe neutralleach．andthe residues &re 

senttothe residue U'eatmellt pmcess． 

An expert control andfault diagnosis sc} Ⅱle basedon 

Ⅱle hier~chical configuration shown  in F ．2 was dc— 

rivedto solvethe key problemsinthe control andfault 

diagnosis ofthe process．111e scheil~ employs arI expert 

controller，a fault diagnosis IIKX~ e，three single·loop 

controllers and raCaSLtt'Ca'l~Ilt equipment． 

n1e expert controllerperformsthefunctions oftI1c。p— 

timizationmad cAxlrd~ on ofthe processcontro1．It de— 

termines the optimal co nditionsforthe chca~cal reactions 

and obtainsthe opamal values ofthe control paranlctel~． 

1tleobjective ofthe optimiza6on and coordination is to 

obtain the maximum leaching rate under the c~ ．pesi- 

tions ofthe neural zinc sulfate so~fionraectsthe giw  

standards． 

Fig 2 Hierarchical configurafion 

The pHs of the overflows of the neutral and acid 

leaches．the mare control pararaeters．Ⅲe aaj~ted by 

adding spent clectrulytct0theleaches．The expert∞n— 

troller ernploys a reasoning strategy that combines 

steady-state mathematical models and rule models and 

uscs forward chaining[ mad mode1．based c~iningE ]to 

determinethe oFamal pHs and computes the target flow 

rates ofthe spent elec trolyte． 

The fault diagnosis module is used 幻 resWaint the 

control actions ，so that the pI-Is of the leach overflows 

a not too lligh oYtoo low．It employs au expert Iea． 

sorting sffategy based on rulemodelswith catalntyf ‘ 

tols and a Bayes I芒租瑶sen on，mad combines forward 

and backward ch0iulng to perform on-line and off-line 

fault diagnosis． 

In Fig．2，the e】 crt controller receives the process 

data and control commands from the fault di 

modulet0 perform the control optimization andfaultIe- 

cover']．The fault diagnosis module receives the data 

from the expertcontroller fbr吐1efault diagnosis． 

The single-loop controllers track the target flow “峨  

ofⅡle spent clectrolyteto be addedto thelsttank ofthe 

BeUtl~ and acid leaches by means of PI control algo- 

ri~ ns to cns1 that tIle actual pHs match the 

values． 

Theme；IsI】Ielnmt equipmentis appliedto 删 asuIe曲Ie 

pHs，conc~nU'ations，t~nperalxn'es，flow  ra1．2s，咖 ． 

3 Design of唧 ert controller 

The expert controller consists of a characteristics-cap- 

tunng mechanism，a database，aknow ledgebase，au in‘ 

fereace engine，and a user interface．The knowledge 

base st0∞s the rule models．steady-state mafl~ tical 

models，envifical data，calctdationlaws，ctc．Tbc c0l1- 
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troller detemaines the op~ml pI-Is tbm 血nile models 

and“∞pIl妇 thetargetflow rates by a combi~ on of 

steady-sta~ mathematical models卸nd rolemodels． 

3．1 DeI ∞ n如g the opa,,~ql ptIs 

Itis difficultto obtainthe op~ml pI-Is byma~emati— 

cal models．We c面 Ilse production rule models ofthe 

If-Th~ f~-m[ 
． which 缸e used瓤ld ass~gaed aumbers 

likeR ． 

TheIfpart containsthe zinc content( )013 a SCa]．e of 

1to10mdthel~tiele size(允 )Oil a sca]．e of1to 8 of 

the zinc-bearingmaterial，thetenlperatureofthe solution 

( =high，ii~ unl orl w)，andt co c∞协 0Ils of 

五nc and ira~rities in the leach overflows．The Then 

part o。呲ai】口s instn~fions to select and adjust the initial 

and I涮 pin． 

The olI pin aIe de n。d in two steps．The 

胁 isto selecttheinitial pin ∞ ，c， and ． 

The secondisto adjusttheinitial and 0l删 pitskIs甜 

0n the c0ncen咖 oIls of五nc and imps-tries．The nile 

models ford蛐eIInini the 01)d|1la1 pin construc'~l 

based OilⅡ10sc two steps and en~ifieal knowledge and 

data．S0枷 typicalmlem~lelsfortll neutralleach are 

listed as follows= 

RECl=If凡=8∞d ：4 and ft=ii~ um． 

Then CN = Cw  ； 

啦 ：If，c=10md，瑚=1 md =high， 

Then CN CN101h； 

昭 ：If，c=1 md =8 and = ， 

Then CN= CN1BI； 

Bo．：If 妇 =laI 
，
Then c = CN—ACNzj； 

：If，_Nd=la瑁e，Then cN叩t=cN哪 +AC NjI． 

Where，_№ Ⅲ ／ki denote the o0nc∞嘶 ∞ levels 

(1aIge，med o1"鲫aⅡ)of五nc and．mIpI】li cs，砧- 

spe~vely，inthe overflow 疗0rrIthe neutralleach；CM  

is吐leoptimal DH ofthe overflow theneutralleach； 

CN is吐le initial value of CN i and CN阱Ⅱl，CNa0t~，CN1B【， 

△CNd and△C咖 are empirir~ y de岫mi11ed values． 

The mle models for the acid 1e锄：}tes are similar to 

Ⅱ10scforthe∞呻 leach．1hefollowing aIg 廿IITl de— 

ter~inesthe 01)d|1la1 pin． 

Step 1 Computef。| |tfrom the _I￡content 

m size of the h觚  mak~ial，and the 

m 髓nⅡe ofthe~elution，respectively． 

Step 2 D吐el】niⅡe the initial pin，sI】cb as CH，by 

mk models B。
． 

Step 3 0Ⅻ忡 the concentrationlevels of五nc and 

irat~itiesinthe删 a ( and̂  )． 

Step 4 D吐elmiⅡe the 0l血ma1 pin，sucb as C№ ， 

bymlem~lels such as and ． 

3．2 I u血1g血etltrl~tnaw r吣  

L翰蛐 g can be c(m red to be a s艟a state them- 

iealF~Cess．To曲 ta．m nletargetflow rates corn nd- 

iⅡg to the q rnal pin，s艟ad sta伦 m砒 础 tical Tm)d— 

els aIefirst ca瞰 咖删 ． arebased onthe assump— 

fi~ns that the 五nc—b∞IiI培 material卸nd the solution in 

the tanks are a 州 and completely mixed， mm 

thetem ∞ ofthe solutionisllni~rll1．Forthe sulfu- 

fie acidin the s s诅船 ~ atrall曲 ch，tbemass bal 

ance~ ciple[10]yields 

rNh ： 

0̂( ̂h一 )+Fc．( 0I一 ) 

(1) 

where Nh，XCh和ld Êh arethe concentrations of sl1lf【ldc 

acidinthe solution afkrthe n目删 leach．tll classifiers 

m the f血 acid leach series，respectively； Nh isthe 

conc∞ 0n of sIllfl~C acid in the spent dectmlyte； 

Fe．and，f̂。aretheflow rates ofthe 01删 0ws白0rnthe 

classifiersm 吐lef血 acid1曲c}I series；F istheflow 

rate ofthe spent elee~ lyte；VNistIIe洲 volumeofthe 

leachtanks；and 埘listheIeac rate of sulfuric acid． 

Suppose／ denotesthe particleRactim rate of五nc 

oxidew油 圈n c acid anditis es血na d based 0nthe 

e~'npirieal knowledge and data．ThisINgt~ is deI删  

bŷ  ．The n balance of zinc oxide and a simple 

calml 0n蛐啪 

=  [ 一妻 ～ 一 
F c口( oI一蜥m)]， (2) 

where 

Nh： ‰  ％ N． (3) ‰  ％ N· ( ) 

ls nle ratio ofuqLlidto solidin nle overflce~frDrrIthe 

classifiers； sq and Mzm the ecIl i 

of sulfuric acidm 五nc o~de；m 寸‰ 孤 arethe 

五nc oxide~ tent and the印 gm~ty of the 

：

∑ 

+ 
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bearingmateria1． 

Let dense the t,~get con~'ltrations corresponding 

tothe optimal ．From empirical knowledge，thetar- 

getflow rates ( )ofthe spent electrolyte duringthe 

klla p od are given by 

F )：。 ( ) ( )+∑风(2)[ 一 (z)]， 

(4a) 

1

)_ 
I )一 

∑Fîo( )[ ̂b( )一 ]一 

Fc。( )[ 。L(k)一 ]1， (4b) 

where N( )and风(z)ate empirical c~efficients． 

1he nile models for detemlinmg ^ 口N( )and 

(z)are consmlcted by a method simil~to those for 

theoptimal pI-Is．Thefollowing algorithm comput~ the 

targetflow ratefor the neutral leach． 

Stepl Select ，aN( )aad风( )based∞ ， 

andthe concenlzations of sulfuric acidintheoverflow 

ofthe neutral leach and in the solu~ons added to the 

neutral leach by nilemodels． 

Step 2 Ot~tain m( )， 。L( )， ，Ah( )，kc。( )， 

Fco( )and Ao( ) the measurement equitnnent． 

Step 3 Comtmte ‰correspollding to the Optimal 

pH，and Nh( )based On process data． 

Step 4 Compute the tat,get flow rate (k)from 

steady-state mathea~tical model(4)．If the value is 

outsidethe allowable range．itis setto_皿 allowable va1- 

ue byflrtag suitable rulemodels． 

An algorithm similar to the one of the neuwal leach 

computesthetargetflow rates forthe acidleaches． 

4 Design of fault diagnosis module 

ThefaultdiagnosislllC~ eis designedtO provide sup— 

p0lnforthe saferim ing oftheprocess．Based013 unllsil— 

al states，faultfacts and dataonthe process，the module 

perfomls Oil-line or off-linefault diagnosis． 

4．1 Fault d~Jmlosis procedure 

The procedureis as follows： 

Step l abtain dataofttheprocessto capture any un- 

usual process states，and acceptfaultfacts and datainput 

by operators．Then store the unusual states，fault facts 

柚d datain database． 

Step 3 Based oft datainthe database，select either a 

faultmodefor Oil-linefault diagnosis usillg nilemodels 

and aforward chaining strategy．oi"lx~sible faultnlodes 

for off-linefault diagnosis using aBayes representadon． 

Step 4 For off-linefault diagnosis，select one ofthe 

l~ssiblefaultmodesusing a backwarddlKinillg strategy． 

Step 5 Display the reasoniag results with certainty 

factors．and／oI"give off _皿 alarm． 

Based oftthe diagnosis，the operatorsfind the cause 

andlocation ofthefault bydH她 the site，'andtake 

suitable cotml~measmesto conl~tthefault．Aceording 

to the type of the fault，operators Call also send 12O133一 

mands也 lhe user interfaceto the expert con~'oller 

to c0Ⅱ鳅 it． 

4．2 Rule models and reasoning strategy design 

Animpor~ t aspect ofthefault diagnosismodule de— 

signisthe construction of nilemodels．It containsfour 

steps． 

Step l Collect all unusual states．which ate repre- 

sented by -I-l(within the allowable range)and — l 

(beyond the allowable range)，e．g．flow valves and 

pumps by +l(closed for a valve and stoppea for a 

pump)． 

Step 2 Establishfaultmodes using afaulttree analy· 

sismethod[6,7 J
．
Usingfaultt]'ecs corinect unusual stat~ 

oi1 the bottom to b．ypo~．ses in the midd1．e and fault 

causes atthetop．111efaultmodes am captured the 

hypottleses．The cause and location of afault aswell as 

suitable cotmtemleasuxes arc contained in a fault mode 

extracted from empirical knowledge 蛳d statisdcal data 

On pastfault countemleasures． 

Step 3 Detemainethe certaintyfactorsthat represent 

file probability offault causes and depend Onthefailure 

rate of the equipment，and empirical lmowledge and sta— 

dsfical data 0n past safe recovery． 

step4 Constructthe rulem~lelsintheIf-Thenform 

based on the unusual states，fault rllOd~ and certainty 

factors．Twotypical rulemodels atelisted asfollows： 

月 ：Ifthe llnd~ ow from the classifiel"is —l and 

file overflow from 血e elassitieris 4-1． 

ThenthefaultmodeiS JlOl(O．95) 

月 ：Ifthefaultmodeis JlO1． 

Thenthereistoomuch residue atthebottom of 

the classifiP-I"(0．85)，orthe classLfieris bro— 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No 6 AnF~tmxControl andFatllt Di姆 岫 Schemefc~theL~ AlingZinc o。∞ 865 

ken(0．1O)． 

A two-step forward chaining sWategy is used for Oil— 

line fault di ：First，select the fault mode based 

0nthe UlUlSUal slate；andthen eXll'actfile caHse andlo— 

cation ofthe fault and a suitable counte~ ． 

A backward chaining strategyis usedfor off-linefault 

diag ．Theinference ：e【luIe contai~ four steps． 

Step 1 Select possible fault modes from the fault 

facts by using aBayes representation 

P(X )： L
， (5) 

∑P(y／葺)P( ) 
J=1 

where Y and Xi de口o a fault fact and the ith fault 

mode；P(Xi)and P(Y／XI)denote the a皿Oli proba— 

bility of置 andthe conditional probability of Ywith re— 

spect to Xi；P(置／Y)is the a posteriori probability of 

． with ~spect to Y．The l~Ssible fault mt3~ s a the 

ones mat Sads句P( ／l )≥ ，where is．皿empirical 

coefficient． 

Step 2 Test each fault TI1ode by checking the data 

and states oftheprocess． 

Step 3 Ifthetestis successmI．thefaultmodeis se— 

lected，andthe cause andlocationofthefault and a smt— 

able config ureⅢe displayed as reas0fIi]唱 results 0n 

a screen．Ifnot，gotothe next step． 

Step4 See if allpossiblefaultmodl~have been s 

。d．If yes．selectthemostprobablefaultmode and dis· 

flaythe associated reasoning results．If not．select the 

nextfaultmode andl~tllrllto Step 2． 

5 Re~-world appli~fion 

The designed e] con~-ol and fault diagnosis 

schemeweIe usedinthe1each process ofa norffermus 

metals sTne1嘧y．Itis animportant partforthe con~'ol of 

the overall bydI。lnetaⅡ1】 cal zinc tm：~ess． 

A distributed colnl~tcr con~'ol system was eonstracted 

based Oil an IPC 810 in出】s研缸 c~m)l eOml~ter and 

血 761 series single-loop con~'ollers．Thefunctions of 

the expert cx~ 'oller irnplerrn1 ed by an application 

written 血 C ++ language．while the nm ons of the 

761 eot~tmllers bythe configuratic~ The ap donfor 

the eXp~l'l con~-olis specially developedfortheleaching 

process．o呻[1pamd wim the appficatic~ designed 0n the 

expert system d clopment platform，it has the advan一 

~ages of q clc execution speed and hi曲 nⅡl efficiency， 

but alsothe dis~lvamage oflong development dJI1e
．  

Specialimma~ Ⅲe usedto aecu_rale．1y nlcasIⅡ dif- 

ferent垃 l出 ofprocess data．More specitieal~y，the p如  

a measured with indus~-ial pH meters．。Dl】c翱ltradons 

wi血 anX flu 蹲cenoe a~alyzer，flow ral：e~wi血 E+H 

eleetmmag~ticflow meters，如 ． data唧 dr。d for 

the con~'ol system aIe n 矗sI删 peri~lieally andⅢe eol- 

leeted by a local area ne ．T} fault facts a Ie— 

qui同 for off-linefault diagnose,is． 

n l乜 of acmalIuIIs show thatthe pin Ⅲe kept 

in theq ranges of4．8—5．2forthe neIm leach 

and 2．5—3．0 for the acid leaches．n final n~lltsⅢe 

sIlownin Figs．3 and 4．where the dotted lines indicate 

the standardlimitsoil血e concentrations．田 血1 that 

the c~w．entration of zinc is kept iII the range of 140— 

170 g／1，andmm ofCa，Cd andCoⅢelessthan 450 

m ， 1000 mg／1 and 25 mg／1，respectively，which 

mee【the given s诅ndaIds and I 翻1s that抽gh- ly 

metallic五ncis ob曲砌 ． 

H~,vever，the conventional c0nl叫 stl哪 thatthe D如  

we inthe ranges of4．0—5．8forthe neutralleach and 

2．0—3．5 for the achi leaches．and the c0n0曲 吼 of 

zinc WaSiIIthe raHge of120—150 g／l，andmat ofCa， 

Cd and CoⅢe less than 550 mg／1．1100 mg／1 and 35 

mg／1，ms vdy．It clearthatthe pl-Is can n0t be 

keptinthe o1)timal ranges，andthe concentration of痂 c 

WaS s0 low and Ⅱlat ofthe impurities were s0 high for 

the conventional c0n删 ． 

Statistical data s1 w血atcosts considerablylower． 

Compared with conventional con~'ol，the leach rate of 

the zinc·bcaIil1gmaterialis 4．8％ higher，and the c∞ 一 

sum on of zinc—bearing material is dran~tieally lower． 

n 哪 that much Ⅱl。re of山e soluble zinc in the 

-bearing mm砌 is dissolved． 

w 曲 re tofaultdiagnosis，a(1加al彻 1s show mat 

thel~ ntage of}li协 is 0v盯 9O％ for Oil—line di罐 唧 

and over95％ for off-line diagnosis．FaultdiagnosisIe— 

duces the frequency of 0ccIⅡn舶 e of acmal faults to 

qI1jte alow level becauseitpillf~intsthe cause and】Oca- 

tion of faults and sm~ble coun nnea吼Ⅱt嚣卸【e诅 be． 
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Time，h 

Fig 4 Concentrations ofmajor impurities in overflows 

6 Conclusions 

An expert conuol and fault diagnosis s(：helll~for the 

leaching zinc processwag descdbcd．The expert control 

based 0II steady-gate mathematical models and rule 

models c∞ detennir~ the optimal pHs and the target 

flow f批 ．The convmtiou~ si le—lo0p conuoller can 

trackthetm'getflow fa ．Thefault diagnosis employ— 

ing rulemodelswith∞m曲峥 factors and aBayes rupm— 

scntati~ cm d1 lre the safe naming ofthe process．A 

real-world application demonstrates the~ffcctiveaess of 

the scheme． 
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