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Abstract: This paper proposes an expert control and fault diagnosis scheme for the leaching zinc process, which conoems
determining and tracking the optimal pHs of the leach overflows, and ensuring the safe nunning of the process. A real-world ap-
plication of this scheme shows that it not only improves the control performance but. zlso correctly diagnoses faults.
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1 Introeduction

Leaching is the first process in zinc hydrometallhurgy,
which involves dissolving zinc-bearing material in dilute
sulfuric acid to form a zinc sulfate solution!" 2. To ob-
tain high-purity metallic zinc and reduce costs, the com-
position of the zinc sulfate solution must meet the 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 fanlt in the leaching equip-
ment may lead to changes in flow rates and tempera-
tures, which can be quite hazardous, it is important to
prevent the influence of faults that occur and ensure that
the process runs safely. This requires a method not only
of effective control, but also of fanlt diagnosis for the
leaching process.

Conventional methods are mainly based on manual
operation and mathematical models. It is difficult to ob-
tain the desired performance with such methods because
of the complexity of the chemical reactions involved.

Expert systems are growing rapidly and their applications

o engineering problems have provided effective means
of process control and fault diagnosis'>~5. They have
recently been applied to control a hydrometallurgical zinc
process, and distributed and model-based expert control
techniques have been developed that achieve the control
objectives of high quality and low costs”- * . However,
that system did not include any fanlt diagnosis,

This paper proposes an expert control and fault diag-
nosis scheme for the leaching zinc process, which is
based on the model-based expert technique developed in
(8]. Empirical kmowledge and data on the process show
that the key control problems in the control are to deter-
mine and track the optimal pHs of the leach overflows,
and that the key fanlt diagnosis problem is to provide in-
formation about the cause and location of any fault that
occurs, and the appropriate countermeasure against the
fault. The scheme employs an expert controller to deter-
mine the optimal pHs and a fanlt diagnosis module that
performs on-line and off-line fault diagnosis. This paper
mainly describes the scheme and a real-world application.
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2 Basic scheme

The leaching process considered in this paper is shown
in Fig.1. It consists of one series of neutral leaches and
two identical series of acid leaches' . Each series has
four tanks and a thickener.
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Fig. | Leaching process

The zinc-bearing material is mixed with an oxidized
iron solution and spent electrolyte. The solution is deliv-
ered to four water-powered classifiers. The overflow is
pumped to the 1st neutral leach tank, and the underflow
is milled and pumped to the st tank of each acid leach
series. The spent electrolyte is also added to the neutral
and acid leaches.

The chemical reactions are carmried out in the tanks.
The solution is then sent to thickeners to settle. The
overflow from the neutral leach is sent to the next pro-
cess in the form of a neutral zinc sulfate solution. and
the underflow is added to the 1st tank of each acid leach
series. The overflows fiom the acid leaches are pumped
to the st tank of the neutral leach, and the residues are
sent to the residue treatment process.

An expert control and fault diagnosis scheme based on
the hierarchical configuration shown in Fig. 2 was de-
rived to solve the key problems in the control and fault
diagnosis of the process. The scheme employs an expert
controller, a fault diagnosis module, three single-loop
controllers and measurement equipment .

The expert controller performs the functions of the op-
timization and coordination of the process control. It de-
tetmines the optimal conditions for the chemical reactions
and obtains the optimal values of the control parameters.
The objective of the optimization and coordination is to

obtain the maximum leaching rate under the composi-
tions of the neutral zinc sulfate sohition meets the given
standards .

Expert controller Fault diagnosis module

[

Single-loop controflers Measurement equipment

R

Leaching process

Fig. 2 Hierarchical configuration

The pHs of the overflows of the neutral and acid
leaches, the main control parameters, are adjusted by
adding spent electrolyte to the leaches. The expert con-
troller employs a reasoning strategy that combines
steady-state mathematical models and mile models and
uses forward chaining’® and model-based chaining™ to
determine the optimal pHs and computes the target flow
rates of the spent electrolyte.

The fault diagnosis module is used to restraint the
control actions, so that the pHs of the leach overflows
are not too high or too low. It employs an expert rea-
soning strategy based on rule models with certainty fac-
tors and a Bayes representation, and combines forward
and backward chaining to perform on-line and off-line
fault diagnosis.

In Fig. 2, the expert controller receives the process
data and control commands from the fault diagnosis
module to perform the control optimization and fault re-
covery. The fault diagnosis module receives the data
from the expert controller for the fault diagnosis.

The single-loop controllers track the target flow rates
of the spent electrolyte to be added to the Ist tank of the
neutral and acid leaches by means of PI control algo-
rithms 0 ensure that the actial pHs match the optimal
values.

The measurement equipment is applied to measure the
pHs, concentrations, temperatures, flow rates, etc.

3 Design of expert controller

The expert controller consists of a characteristics-cap-
taring mechanism, a database, a knowledge base, an in-
ference engine, and a user interface. The kmowledge
base stores the rule models, steady-state mathematical
models, empirical data, calculation laws, etc. The con-
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troller determines the optimal pHs through mule models
and computes the target flow rates by a combination of
steady-state mathematical models and rule models.

3.1 Determining the optimal pHs

It is difficult to obtain the optimal pHs by mathemati-
cal models. We can use production rule models of the
If-Then fmn[3], which are used and assigned numbers
like R*.

The If part contains the zinc content {f.) on a scale of
1 to 10 and the particle size (f,,) on a scale of 1 10 8 of
the zinc-bearing material, the temperature of the solution
(f, = high, medium or low), and the concentrations of
zinc and impurities in the leach overflows. The Then
part contains instructions to select and adjust the initial
and optimal pHs.

The optimal pHs are determined in two steps. The
first is to select the initial pHs based on f,fp, and f..
The second is to adjust the imitial and optimal pHs based
on the concentrations of zinc and impurities. The rule
models for determining the optimal pHs are constructed
based on those two steps and empirical knowledge and
data. Some typical rule models for the neutral leach are
listed as follows:

RE: If £, =8 and f, =4 and f; = medium,

Then Cy = Cruams
RE2: If f.= 10 and f,, = 1 and f, = high,
Then Cy = Caons
R 1 fi=1 and f=8 and f, = low,
Then Cy = Cyis
R5%: If fre = large, Then Cyyy = Cy - ACyy;

RP: If fyq = large, Then Crgy = Croge + ACy;.

Where fu., and fy; denote the concentration levels
{large, medium or small) of zinc and impurities, re-
spectively, in the overflow from the neutral leach; Cyoy
is the optimal pH of the overflow from the neutral leach:
Cy is the initial value of Ciyes and Crgams Ciorns Covigt s
ACyy and ACy; are empirically determined values.,

The nile models for the acid leaches are similar to
those for the neutral leach. The following algorithm de-
termines the optimal pHs.

Step 1 Compute f, f,, and f; from the zinc content
and particle size of the zinc-bearing material, and the
temperature of the solution, respectively.

Step 2 Determine the initial pHs, such as Cy, by
rule models RE! ~ RECG,

Step 3 Compute the concentration levels of zinc and
impurities in the overflows ( fy.. and fi.).

Step 4 Determine the optimal pHs, such as Cy,,,
by rule models such as R™ and REC.
3.2 Computing the target flow rates

Leaching can be considered to be a steady-state chem-
ical process. To obtain the target flow rates correspond-
ing to the optimal pHs, stzady-state mathematical mod-
els are first constructed, which are based on the assamp-
tions that the zinc-bearing material and the solution in
the tanks are agitated and completely mixed, and that
the temperature of the sclution is uniform. For the sulfu-
ric acid in the steady-state peutral leach, the mass bal-
ancepﬁnsiplc[m]yields

fmVn =

2
Fm(xme-xm)+2 Firo(®mn — 2p) + Feo(mg-20)

i=l

(1)
where xyp, 2¢, and x;,;, are the concentrations of sulfurie
acid in the solution after the neutral leach, the classifiers
and the 7th acid leach series, respectively; xn,. is the
concentration of sulfuric acid in the spent electrolyte;
Fo,and F;, are the flow rates of the overflows from the
classifiers and the ith acid leach series; Fw, is the flow
rate of the spent electrolyte; Vy is the total volume of the
leach tanks; and ry, is the reaction rate of sulfuric acid.
Suppost fx,, denotes the particle reaction rate of zinc
oxide with sulfuric acid and it is estimated based on the
empirical knowledge and data. This estimate is denoted
by /.. The mass balance of zinc oxide and a simple

calculation yiekd

Fr = 1 [KN}'FC“ 21) Foo (2 —%pg)
MNe —xNhe-xNh 1+ k& Nm-i=1 iAo *idh Nh/—
Felxg - 2], (2)
where
Muso
KNh = ﬁ?ﬂmﬂﬂﬂ)v’?‘ (3)

kc,1s the ratio of liquid to sohid in the overflow from the
classifiers; Mstgd and Mzn are the molecular weights
of sulfuric acid and zinc oxide; and 7c,, and gy, are the
zZinc oxide content and the specific gravity of the zinc-
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Let 4y, denote the target concentrations corresponding
to the optimal pH. From empirical knowledge, the tar-
get flow rates F%.( k) of the spent electrolyte during the
kth period are given by

k
FGUR) = aw(h) Frelk) + 5 By — 2 (D],

I=0

(d4a)

Puk) = KB el peuth -
S} FuoB) k) - ] -

Feo(k) xg (k) - &)1, (4b)

where (k) and Sy(!) are empirical coefficients.

The rule models for determining fx,,, ay(k) and
(%(1) are constructed by a method similar to those for
the optimal pHs. The following algorithm computes the
target flow rate for the nentral leach.

Step 1 Select Frar anCk) and 3y(1) based on f.,
fre and the concentrations of sulfuric acid in the overflow
of the neutral leach and in the solutions added to the
neutral leach by rule models.

Step 2 Obtain xm,.( k), 2xcn (k) 2an(k) kel k),
Fe(k) and F,5, (k) from the measurement equipment.

Step 3 Compute x% corresponding to the optimal
pH. and Ky, (k) based on process data.

Step 4 Compute the target flow rate F§. (%) from
steady-state mathematical model (4). If the value is
outside the allowable range, it is set to an allowable val-
ue by firing svitable rule models.

An algorithm similar to the one of the neutal leach
computes the target flow rates for the acid leaches.

4 Design of fault diagnosis module

The fault diagnosis module is designed to provide sup-
port for the safe running of the process. Basad on unusu-
al states, fault facts and data on the process, the module
performs on-line or off-line fault diagnosis.

4.1 Fault diagnosis procedure

The procedure is as follows:

Step 1 Obtain data on the process to capture any un-
usual process states, and accept fault facts and data input
by operators. Then store the unusual states, fanlt facts
and data in the database.

Step 3 Based on data in the datgbase, select either a
fault mode for on-line fault diagnosis using rule models
and a forward chaining strategy, or possible fault modes
for off-line fanit diagnosis using a Bayes representation.

Step 4 For off-line fault diagnosis, select one of the
possible fanlt modes using a backward chaining strategy .

Step 5 Display the reasoning results with certainty
factors, and/or give off an alamm.

Based on the diagnesis, the operators find the cause
and location of the fault by checking the site, amd take
suitable countermeasures to correct the fault. According
to the type of the fault, operators can also send com-
mands through the user interface to the expert controller
to correct it.

4.2 Rule models and reasoning strategy design

An important aspect of the fault diagnosis module de-
sign is the construction of nile models. It contains four
Steps.

Step 1 Collect all unusual states, which are repre-
sented by + 1 { within the allowable range) and - 1
(beyond the allowable range), e.g. flow valves and
pumps by + 1 {closed for a valve and stopped for a
pump) .

Step 2  Establish fault modes using a fault tree analy-
sis method!5-"! . Using fault trees connect urmsual states
on the bottom to hypotheses in the middle and fault
causes at the top. The fanlt modes are captured from the
hypotheses. The cause and location of a fault as well as
suitable countermeasures arc contained in a fault mode
extracted from empirical knowledge and statistical data
on past fanlt countermeasures .

Step 3 Determine the centainty factors that represent
the probability of fault causes and depend on the failure
rate of the equipment, and empirical knowledge and sta-
tistical data on past safe recovery.

Step 4 Construct the rule modeis in the If-Then form
based on the unusual states, fault modes and certainty
factors. Two typical mle models are listed as follows:

R™ . If the underflow from the classifier is - 1 and

the overflow from the classifier is + 1,
Then the fanlt mode is J101 (0.95).

R™2: If the fault mode is J101,

Then there is too much residue at the bottom of
the classifier (0.85), or the classifier is bro-
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ken (0.10).

A two-step forward chaining strategy is used for on-
line fault diagnosis: First, select the fault mode basad
ot the unusual state; and then extract the cause and lo-
cation of the fanlt and a suitable countermeasure.

A backward chaining strategy is used for off-line fault
diagnosis. The inference procedure contains four steps.

Step 1  Select possible fault modes from the fault
facts by using a Bayes representation

nP( Y/XIPLX) ' (s)

N P(Y/X)PX,)

p=1

where ¥ and X, denote a fault fact and the ith fault
mode; P(X,) and P(Y/X;) denote the a priori proba-
bility of X; and the conditional probability of ¥ with re-
spect to X,3 P{X,/Y) is the a posteriori probability of
X, with respect to Y. The possible fault modes are the
ones that satisfy P(X,/Y} = 8, where 3 is an empirical
coefficient.

Step 2 Test each fault mode by checking the data
and states of the process.

Step3 If the test is successful, the fanlt mode is se-
lected , and the cause and location of the fault and a suit-
able countermeasure are displayed as reasoning results on

P(X /Y] =

a screen. If not, go to the pext step.

Step4  See if all possible fault modes have been test-
ed. If yes, select the most probable fault mode and dis-
play the associated reasoning results. If not, select the
next fault mode and return to Step 2.

5 Real-world application

The designed expert control and fault diagmosis
scheme were used in the leaching process of a nonferrous
metals smeltery. It is an important part for the control of
the overall hydrometallurgical zinc process.

A distributed computer control system was constructed
based on an TPC 810 industrial control computer and
three 761 series single-loop controllers. The functions of
the expert controller were implemented by an application
written in C ++ language, while the functions of the
761 controllers by the configuration. The application for
the expert control is specially developed for the leaching
process, Compared with the application designed on the
expert sysiem development platform, it has the advan-

tages of quick execution speed and high nm efficiency,
but also the disadvantage of long development time.

Special instruments are used to accurately measure dif-
ferent kinds of process data. More specifically, the pHs
are measured with industrial pH meters, concentrations
with an X fluorescence analyzer, flow rates with E+ H
electromagnetic flow meters, etc. The data required for
the control system are measured periodically and are col-
lected by a local area network. The fault facts are re-
quired for off-line fault diagnosis.

The results of actual runs show that the pHs are kept
in the optimal ranges of 4.8 — 5.2 for the neutral leach
and 2.5 - 3.0 for the acid leaches. The final results are
shown in Figs.3 and 4, where the doted lines indicate
the standard limits on the concentrations. They show that
the concentration of zin¢ is kept in the range of 140 -
170 g/1, and that of Cu, Cd and Co are less than 450
mg/l, 1000 mg/1 and 25 mg/l, mespectively, which
meet the piven standards and means that high- purity
metallic zinc is obtained .

However, the conventional control shows that the pHs
were in the ranges of 4.0 - 5.8 for the neutral leach and
2.0-3.5 for the acid leaches, and the concentration of
zinc was in the range of 120 - 150 g/1, and that of Cu,
Cd and Co are less than 550 mg/1, 1100 mg/1 and 35
mg/1, respectively. It is clear that the pHs can not be
kept in the optimal ranges, and the concentration of zinc
was so low and that of the impurities were so high for
the conventional control.

Statistical data show that costs are considerably lower,
Compared with conventional control, the leach rate of
the zinc-bearing material is 4. 8% higher, and the con-
sumption of zinc-bearing material is dramatically lower.
This means that much more of the soluble zinc in the
zinc-bearing material is dissolved.

With regards to fault diagnosis, actual nms show that
the percentage of hits is over %% for on-line diagnosis
and over 95% for off-line diagnosis. Fault diagnosis re-
duces the frequency of occurrence of acmal faults to
quite a low level because it pinpoints the cause and loca-
tion of faults and suitable countermeasures are taken be-
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fore the fault occurs.
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Fig. 3 Concentration of zinc in overflows
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Fig. 4 Concentrations of major impuritics in overflows
6 Conclusions

An expert control and fanlt diagnosis scheme for the
leaching zinc process was described. The expert control
based on steady-state mathematical models and rule
models can determine the optimal pHs and the target
flow rates. The conventional single-loop controller can

track the target flow rates. The fault diagnosis employ-

ing

rule models with centainty factors and a Bayes repre-

sentation can ensure the safe nmning of the process. A
real-world application demonstrates the effectiveness of

the
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