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Abstract: In aluminum electrolytic process, the variables affect the current efficiency and the stability of electrolysis cells. AlF;
addition and aluminum tapping volume are two important factors that affect economic benefits of aluminum electrolytic production.
Fuzzy logic provides a suitable mechanism to describe the relationship between the process variables and the current efficiency.
Fuzzy expert system based on Mamdani fuzzy inference process for aluminum electrolysis was adopted to adjust AlF; addition and
aluminum tapping volume. A novel variable universe approach was applied in the system to solve the problem that different
electrolysis cells have different universes of variables. The system was applied to 300 kA aluminum electrolysis cells in a aluminum
plant. Experimental results showed that the electrolyte temperature was kept stably between 945 and 955 °C, the current efficiency
reached 93.5%, and the DC power consumption was 13 000 kW-h per ton aluminum.
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1 Introduction

In the aluminum electrolysis production, alumina is
usually dissolved into molten cryolite, which reduces its
melting temperature significantly. Objectives of the
workers are to maximize the current efficiency, and to
maintain the stability of the electrolytic cells during
electrolysis. process of
aluminum electrolysis a nonlinear,
multivariable, and strong coupling process due to the

aluminum However, the

production is

influence of process parameters and environmental
factors. The relationship between the current efficiency
and process parameters is very complex and difficult to
describe through a mathematical model. However, the
relationship can be constructed using fuzzy logic
approach[1].

As a qualitative approach, fuzzy logic provides a
methodology to mimic human expert and allow the use
of data and information from expert knowledge. Fuzzy
expert system has been widely used in the production
process control and optimization since MAMDANI and
ASSILIAN developed fuzzy logic controller model for a

steam engine[2]. Mamdani fuzzy expert system has been
applied in the field of production control in many
industries, for example, the application of fuzzy expert
system for the early warning of accidents due to driver
hypo-vigilance[3], the determination of coronary heart
disease risk[4], and operating room air condition control
systems[5]. Despite the wide application of fuzzy expert
system, the technique hasn’t been applied in aluminum
electrolysis production still.

Each electrolytic cell has its own unique range of
universe of parameters. So, for different electrolytic cells,
we can’t get very good results even if we use the fuzzy
logic control. To settle this question, the variable
universe fuzzy controller was presented in Refs.[6—10].
In the premise that the number of control rules is fixed,
the universe is changed with the changing error. Thus,
the contraction of universe is equal to the control rules
added, and the precision of the controlled system will be
improved. So it was widely used in various controlled
fields.

Recently, low cryolite ratio and low temperature
technology are regarded as the main process operation
conditions in the aluminum electrolysis process. Modern
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control theory and new method to control the alumina
concentration are widely used, and a fuzzy expert control
method has been developed based on on-line intelligent
identification[11—14]. However, the research on other
parameters such as temperature, aluminum tapping
volume and AlF; is very limited. So in this work a
variable universe fuzzy expert system was developed for
aluminum electrolysis to control aluminum tapping
volume and AlF;.

2 Aluminum electrolysis process

Aluminum is produced from alumina by an
electrolysis process that uses large quantities of electrical

energy to separate aluminum from oxygen in the alumina.

For this process, in a modern smelter about 13 500 kW-h
of electricity is required to produce 1 t aluminum. The
schematic of aluminum electrolytic cell is shown in

Fig.1[15].
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Fig.1 Aluminum electrolytic cell

Alumina is a compound of aluminum and oxygen.
To obtain metal Al from alumina, oxygen must be
separated by electricity in the smelting process. This
reaction takes place in large, carbon-lined steel cells, or
pots, through which a direct electrical current is passed.
The bottom of each pot acts as a cathode, or negative
electrode. Carbon blocks are suspended in the pot to
serve as an anode, or positive electrode. Inside the pot,
alumina is dissolved in a molten electrolyte composed
mainly of the cryolite. The electrical current passing
from the anode to the cathode causes oxygen in the
compound to react with the carbon anode to form carbon
dioxide, while the produced aluminum settles to the
bottom of the pot to be siphoned off to casting and
fabricating.

In aluminum electrolysis production, aluminum
tapping volume and AlF; addition are two important
factors that affect the current efficiency and the stability
of the electrolytic cell[16]. Meanwhile, aluminum
tapping volume and AlF; addition are influenced by
electrolyte temperature and superheat degree and
aluminum level.

3 Variable universe fuzzy logic control

Fuzzy system consists of few inputs, outputs, set of
predefined rules and a defuzzification method with
respect to the selected fuzzy inference system.

3.1 Variable universe

Let X=[E axi> Emini] (=1, 2, +*+, n) be the universe
of the input variable x; (=1, 2, ***, n) and let Y=[Uyn,
Unax] be the universe of output variable y. ¥={4;} (=1,
2, -+, m) stand for the fuzzy sets X;and @;={B;} stand
for the fuzzy sets Y. ¥; and @; are regarded as the
linguistic variables, so that {R;} (s=1, 2, **, p), fuzzy
inference rule set, is formed as follows:

Ry If xyis 4y, >+, and x, is 4,; then y is B, (1)

The so-called variable universe means that some
universes, such as X; and Y, can change along with
changing variables x;and y. In Refs.[6—10], the details of
variable universe method were described. However, the
method is not appropriate to multiple electrolysis cells in
aluminum electrolysis. So we present a novel variable
universe approach for aluminum electrolysis. In the novel
approach, Eq.(1) is still used. In addition, let Xl-(k) =
(E® JEL 1 (=1, 2, ==, n; k=1, 2, =, 1) be the
universe of the input variable x® (=1, 2, ++, n) of the
kth electrolytic cell and let Y,-(k) = [Ur(fizli,Ur(Qx ;1be the
universe of output variable y® of the kth electrolytic cell.
In order to use the same set of rules {R,} in fuzzy expert
system, x and y(k) will be converted into X; and Y

respectively:
k k)
_ (xz( ) _Er(nini)(Emaxi _Emini) E 2
X = (k) (k) * Lmini ( )
Eaxi ~ Emini
k k
(y( - Ur(nil ) Umax =Ymin) 3
- " _yH *Unin 3)
Unax ~Unin

The relationship between x; and x* is shown in
Fig.2.
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Fig.2 Relationship between x; and x®

3.2 Fuzzy inference system
The most commonly used fuzzy inference technique
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is the so-called Mamdani method. The Mamdani-style
fuzzy inference process is performed in three steps:

1) Fuzzification of the input variables;

2) Fuzzy inference;

3) Defuzzification of the output variables.

The structure of the fuzzy inference system is
shown in Fig.3.

Input Output
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inference
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=
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Fuzzy rule base
membership function

Fig.3 Structure of fuzzy inference system

For example, a simple two-input and one-output
problem includes three rules:

431

Ry:if x; is A3 or x; is 4,1, then y is By;

Ry: if x; is Ap and x; is Ay, then y is By;

Ry if x; is Ay, then y is Bs.

The first step is to take the inputs, x; and x,, and
determine the degree to which these inputs belong to
each of the appropriate fuzzy sets, as shown in Fig.4.

In the second step, the system is to take the
fuzzified inputs, and apply them to the antecedents of the
fuzzy rules. If a given fuzzy rule has multiple
antecedents, the fuzzy operator (AND or OR) is used to
obtain a single number that represents the result of the
antecedent evaluation, as shown in Fig.5.

4)
)

Mg, (X) =min[zy (x), f1, (X))
Mgy a, (X) = max[py (X), p (X)]

Now, the result of the antecedent evaluation can be
applied to the membership function of the consequent.
Then, aggregation is the process of unification of the

Crisp input Crisp input
X X
1.0
A E
0.5 A
0.2
( X, X, )

Hix=a,) =0.5 Hixy=a,) = 0.1
Hix=a,) =02 Hixmiyyy =07

Fig.4 Membership function and fuzzy sets
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Fig.5 Rule evaluation
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outputs of all rules. We take the membership functions of
all rule consequents and combine them into a single
fuzzy set. The input of the aggregation process is the list
of consequent membership functions, and the output is
one fuzzy set for each output variable, as shown in Fig.6.

The last step in the fuzzy inference process is
defuzzification. Fuzziness helps us to evaluate the rules,
but the final output of a fuzzy system has to be a crisp
number. The input for the defuzzification process is the
aggregate output fuzzy set and the output is a single
number. There are several defuzzification methods, but
the most popular one is the centroid technique. It finds
the point where a vertical line would slice the aggregate
set into two equal masses. Mathematically this centre of
gravity (COQG) can be expressed as:

[ sayxde

COG =%
[ a0

(6)

4 Design of variable universe fuzzy expert
system for aluminum electrolysis

4.1 Fuzzification

In the variable universe fuzzy expert system, four
parameters were chosen as input, two parameters were
chosen as output, and the linguistic expressions are given
in Table 1. The system assesses electrolyte temperature
(x1), superheat degree (x;), and aluminum level (x3) all
together in the electrolytic cell and adjusts aluminum
tapping volume (y;) and AlF; addition (),) in order to
enhance the current efficiency and the stability of the
electrolytic cell [16]. The universes of the input and
output variables are listed in Table 2.

The development of membership functions is also
based on discussion with the aluminum electrolytic
production experts in the aluminum electrolytic plants.
All the membership functions of fuzzy input and output
variables are of linear form, such as triangular and
trapezium. The linear membership functions are simple,
easy to calculate and appropriate in describing the fuzzy
input and output variables in the aluminum electrolytic
production. As the membership functions of parameters
are taken in triangle and trapezium, their mathematical

CAO Dan-yang, et al/Trans. Nonferrous Met. Soc. China 21(2011) 429-436

Table 1 Fuzzy input and output variables

Parameter Type Linguistic expression
Electrolyte Input Very l.ow, low, medium,
temperature (x;) high, very high
Superheat degree (x;) Input Low, medium, high
Aluminum level (x3) Input Low, medium, high
Al“inoilrl‘l‘r‘r'lt t('“‘y‘?‘)’ing Output  Low, medium, high
AlF; addition (y,) Output Low, medium, high

Table 2 Universe of input and output variables

Parameter Min. Max.
Electrolyte temperature (x;)/°C 925 980
Superheat degree (x,)/°C 0 35
Aluminum level (x3)/cm 22 27
Aluminum tapping volume (y,)/kg 2 880 3100
AlF; addition (y,)/kg 0 70

formulas are gathered in a suitable way. The
memberships of input and output are shown in Fig.7.
For electrolyte temperature (x;) the fuzzy

membership functions will be
1, 925 < x; <933

X)) = -
rarytow () =1939-31 33 g3

07933 93345 <939
/uLow (xl) = 19 939 < xl < 944
93070 944 < <950

079 g4h< v <950
Hngedium (X1) =11, 950 < x; <955
90174 955« 1 <961

17955 gs55<x <961
Higign (%) =11, 961 < x; <966

9270 966 < x, <972

1.0 1.0 1.0 1.0
B, / B,
0.5 0.5
0.2 /
0.1 0.2 / 0.1
Y 0 Y Y
yis B, (0.1) EXx yvisB,(02) = »yisB;(05) /—+ &

Fig.6 Aggregation of rule outputs
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u
Very low Low Medium High Very high
925 933 939 944 950 955 96l 9%6 972 980
Electrolyte temperature (x,)/°C
(a)
H H
Medium High Medium High
0 22 25
Supcrhcat dcgl‘cc (x_}f C Aluminum level (Y;];'{CITI
(b) (c)
u u
Medium High Low Medium High
2910 2980 3020 3080 3100 0 5 35 65 70 2
Aluminum tapping volume (y,)/kg AlF; addition (y,)/'kg
(d) (e)
Fig.7 Membership for five fuzzy variables
-966 —23,23<x;<24
ai ,966 < x, <972 ’
Hyery high (X1) = Hntedium (X3) =11, 24 < x3 <25
1,972 < x;, <980 26—, 25< x, < 26
. - <
For superheat degree (x;), the fuzzy membership Hygig (x3) = {x3 25, 25<x, <26
functions will be 1, 26 <x, <27
1,0<x,<6 For aluminum tapping volume (y,), the fuzzy
Ly ow(X2) =4 8—x membership functions will be
-2, 6<x,<8
1, 2880<y, <2910
X2~ =12980—
,6<x)<8 Hrow (1) Tyl,29103y1<2980

:uMedium(XZ) = 1, 8< Xy < 12
14—x

2 12<x,<14

Xy —12

, 12<x, <14
Hyiigh (X2) =

1,14 < x, <35

For aluminum level (x;), the fuzzy membership
functions will be

1, 22<x; <23

x =
Hiow (X3) {24—x3’23SX3 <24

272910 5 910< ), <2980

Htedium (V1) =11, 2980 < y; <3020
3080y,

60
¥, —3020

Hygigh (V1) = 60
1, 3080 <y, <3100

, 3020< y, <3080

, 3020<y, <3080

For AIlF; addition (y»),

functions will be

the fuzzy membership
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L0<y,<5
ﬂLow(J’z) = 35—)/2

, 5<y,<35
30 Y2

Y25
30
65—y,
30

, 3<y, <35
HMedium (y2) =

, 355y, <65

Y, =35
Hyigh (V2) =1 30
1, 65<y, <70

, 35<y, <65

For each electrolytic cell, it has own universes of
input and output variables. So we translate input variable
x " into x;, and output variable y* into y through Eqs.(2)
and (3), where =1, 2, ***, n; k=1, 2, *=*, t; n is the
number of variables; ¢ is the number of cells. Thus we
can only use a set of fuzzy rules to infer for each cell.

4.2 Fuzzy inference

The relationship between fuzzy input and fuzzy
output variables in the system is developed using
Mamdani fuzzy if-then rules. The fuzzy rules are
developed based on interviews with experienced
production personnel in aluminum electrolytic plants.
The fuzzy rules are also developed based on industrial
data and literatures.

According to fuzzification, electrolyte temperature
(x)) is divided into five fuzzy sets, superheat degree (x,)
and aluminum level (x;) are respectively divided into
three fuzzy sets. We can obtain 45 rules for decision of
aluminum tapping volume (y,) and AlF; addition (),)
based on Eq.(1). The fuzzy rules can be seen in Table 3.

The Mamdani fuzzy inference is based on an
implication function minimum (Min) and aggregation

Table 3 Fuzzy rules of aluminum electrolysis

function maximum (Max). Therefore, it is also known as
Min-Max rule. We can make use of the 45 rules, as
shown in Fig.4 and Fig.5.

4.3 Defuzzification

The centroid of gravity (COG) method is the most
widely adopted deffuzification method. The centroid
defuzzification method finds a point representing the
centre of gravity of the aggregated fuzzy sets according
to Eq.(6) and Fig.6.

5 Experimental results

The variable universe fuzzy expert system has been
applied to 300 kA aluminum electrolysis cells in a
aluminum electrolysis plant for one year. The system
makes use of electrolyte temperature, superheat degree,
and aluminum level to control aluminum tapping volume
and AIF; addition of electrolysis cell according to 45
fuzzy rules. Fig.8 shows the the average current
efficiency of 4 test cells is increased to 93.5% in 12
months. Compared with the whole plant, the current
efficiency is enhanced by 0.8%. Fig.9 shows that the
average DC consumption per ton aluminum for 4 test
cells is reduced to 13 000 kW-h in 12 months, which is
reduced by 135 kW-h.

The results show that the current efficiency is
improved and DC power consumption is reduced after
the system runs normally. This system maintains the
electrolyte temperature between 945 and 955 °C, so the
current efficiency is greater than 93.5%, and DC power
consumption per ton aluminum is less than 13 100 kW-h.

The fuzzy expert system makes use of 45 fuzzy
rules which are adaptive to give decisions for different
cells. However, the system cannot update the standard

Input variable

Output variable

No. Electrolyte Superheat degree Aluminum level Aluminum tapping AlF; addition
temperature (x;) (x2) (x3) volume (y;) ()
1 Very Low High High High Low
2 Very Low High Medium High Low
3 Very Low High Low Medium Low
4 Very Low Medium High High Low
40 Very High Medium Low Low High
41 Very High Medium Medium Low High
42 Very High Medium High Medium High
43 Very High Low Low Low High
44 Very High Low Medium Low High
45 Very High Low High Medium High
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Fig.8 Comparison of current efficiency of electrolysis cells
with fuzzy expert system in 12 months
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Fig.9 Comparison of DC consumption of electrolysis cells with
fuzzy expert system in 12 months

values of parameters of cells automatically according to
historical data of electrolytic cells. This will be the next
target.

6 Conclusions

1) Variable universe fuzzy expert system provides a
greater flexibility to model aluminum electrolysis
production by acquiring human expert knowledge. Using
aluminum electrolysis expert knowledge from plants, a
Mamdani fuzzy expert model is developed and 45 fuzzy
rules are generated.

2) The rules in the fuzzy expert system describe the
relationship between electrolyte temperature, superheat
degree, and aluminum level in the electrolysis cell, and
adjust aluminum tapping volume and AlF; addition in
order to improve the current efficiency and the stability
of the electrolytic cell. A novel variable universe

approach resolves the problem that different cells have
different universes of parameters. In practice, the system
obtains obvious effects.

3) The system has been applied to 300 kA
aluminum electrolysis cell in aluminum plant for 12
months. The current efficiency is enhanced by 0.8%, and
the DC power consumption per ton aluminum is reduced
by 135 kW-h.
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