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The most common indicator of the aluminium production process managing efficiency is the cost of the metal pro-

duction, but this concept includes a lot of components. First, this is the cost of raw materials and electricity in this re-
gion, as well as the labour cost per ton of products, consumption coefficients of raw materials and energy, capital costs 
for construction and repairs, waste disposal cost, environmental payments, etc. At the same time, there is no single 
functional of the process quality, depending on technological parameters, that is, the problem of complete and rela-
tively strict mathematical process optimization as a whole is currently not solvable, not only because of its volume, but 
because of the lack of a complete efficiency model. In this study, particular efficiency criteria are considered, the im-
provement of which is aimed at the optimization model of control actions developed by the authors, which are selected 
based on the possible levers of the current automated process control system (APCS) for aluminium electrolysis. All 
tests were carried out on Virtual cell software without transfer to a real control object. 

 
Keyword: aluminium production, process parameter optimization, automated process control system (APCS),  
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Наиболее общим показателем эффективности управления процессом получения алюминия является себе-

стоимость произведенного металла, но это понятие включает в себя много составляющих. Прежде всего это 
стоимость сырья и электроэнергии в данном регионе, а также стоимость трудозатрат на тонну продукции, 
расходные коэффициенты сырья и энергии, капитальные затраты на строительство и ремонт, стоимость 
утилизации отходов, экологические выплаты и т.д. При этом отсутствует единый функционал качества 
процесса, зависящий от технологических параметров, то есть задача полной и относительно строгой мате-
матической оптимизации процесса в целом в настоящее время представляется не решаемой не только из-за ее 
объемности, а из-за отсутствия полной модели эффективности. В рамках данного исследования рассмотрены 
частные критерии эффективности, на улучшение которых направлена разработанная авторами оптимизаци-
онная модель управляющих воздействий, которые выбраны исходя из возможных рычагов действующей авто-
матизированной системы управления технологическим процессом (АСУТП) электролиза алюминия. Все испы-
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тания проводились на программном обеспечении «Виртуальный электролизер» без передачи на реальный  
объект управления. 

 
Ключевые слова: получение алюминия, оптимизация параметров процесса, управляющие воздействия 

АСУТП, Виртуальный электролизер. 
 
Introduction. Mathematical optimization procedures 

are used in control systems to select the best one or more 
actions from the range of their admissible values. The best 
impacts are understood as allowing achieving the 
minimum or maximum of the objective function, that is, 
when choosing the best complex impact on the process, it 
is necessary to consider three components: 

– selection of specific impacts and restrictions on 
them; 

– optimization method; 
– target function. 
There are a huge number of optimization methods, 

ranging from simple methods – brute force, coordinate 
descent, passing to methods of medium complexity – gra-
dient, simplex and ending with genetic algorithms [1; 2]. 
It should be noted that this study does not provide an ac-
cepted scientific classification of methods, but only talks 
about methods that can be applied to the current task – 
optimization of control actions in the electrolytic method 
of aluminium production. 

The technical and economic indicators of the elec-
trolysis process efficiency are the power consumption per 
ton of aluminium produced the specific consumption of 
carbon and fluorides, as well as the current efficiency [3–
7]. Consumption factors are related to the current effi-
ciency – the closer the amount of actually obtained metal 
to the theoretically possible, the lower the consumption of 
raw materials and energy in conditions of the same design 
and technology, but there may be some peculiarities, for 
example, the design may have a high current efficiency 
with good MHD index, but a large energy consumption 
due to increased heat loss. 

We can consider such goals to achieve as a given melt 
temperature and cryolite ratio (CR) – an indicator of the 
electrolyte chemical composition, assuming that the tech-
nological personnel have already determined the effec-
tiveness of the assigned values, and the optimization goal 
can be set to reduce the CR root-mean-square deviation 
(RMSD) and the electrolyte temperature from these target 
values. 

Based on the foregoing, groups of criteria have been 
identified, according to which optimization is possible: 

– RMSD of electrolyte temperature from a given tar-
get value; 

– CR RMSD from a given target value; 
– technological parameter target value achievement at 

the end of the optimization period; 
– specific energy consumption for aluminium produc-

tion minimization; 
– current output maximization. 
There is a division into multi-criteria and single-

criteria optimization with different methods of finding a 
local or global extremum, but we will assume that the 
objective function is composed in such a way that it has 
one minimum or maximum and includes our requirements 
for the technological process. 

Description of the optimization method. To search 
for optimal influences, a gradient optimization method 
was chosen – the Cauchy method [8], which is based on 
the formula: 

 

( 1) ( ) ( )α ( )k k kx x f x    , (1) 
 

where the descent step α is a given positive parameter. 
Descent direction is determined by the components of the 

gradient vector ( )( )kf x . Formula (1) assumes descent in 

the case of an n-dimensional vector of actions: 
 

( )
1 2 3( , , )k k k kx x x x , (2) 

 

where xi
k – various control actions, at each descent step or 

when finding a gradient. The gradient for the case of three 
variables (in our case, three influences) is written as fol-
lows: 

 

1 2 3

( )
f f f

f x i j k
x x x

  
      

  
. (3) 

 

The method has two disadvantages: it becomes neces-
sary to choose a suitable descent step, and the method is 
also characterized by slow convergence to the minimum 
point due to the smallness of the gradient in the vicinity of 
this point. 

The main advantage of this method is its stability – 
with a sufficiently small length of the iteration step, the 

inequality ( 1) ( )( ) ( )k kf x f x  . There is a theorem on suf-

ficient conditions for the convergence of the method  
with a constant step [9]. Taking this property into ac-
count, the Cauchy method can significantly reduce the 
value of the objective function when moving from points 
located at significant distances from the minimum point. 

In our case, the advantage of this method prevails over 
its disadvantages. The optimization model based on the 
coordinate descent method was implemented earlier, the 
operation of which revealed drawbacks: low search speed 
and going to the local extremum, in addition, with an in-
crease in the number of impacts, the speed of work sig-
nificantly slows down, since the method goes through 
steps separately for each impact, therefore the gradient 
method is more appropriate. 

The step was chosen experimentally according to the 
sensitivity of the objective function, and a very close ap-
proach to the minimum point is not needed – the calcula-
tion accuracy should not significantly exceed the meas-
urement accuracy. Often, one descent (in the direction of 
the initial gradient) is sufficient to obtain the minimum of 
the objective function with sufficient accuracy. 

Formula (1) assumes that the gradient can be calcu-
lated at each step of descent, but the following method is 
practically implemented – the gradient is calculated on the 
multidimensional initial cross of actions and then descent 
is carried out in the direction of the calculated antigradi-
ent vector until the optimized technological parameter 
reaches the goal, or until the RMSD of this parameter 
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from the target stops decreasing. In the first case, the pro-
cedure is exited, and the optimization is considered to be 
successfully completed; in the second case, at the last 
point of descent, where there was a minimum RMSD, a 
new cross for all influences is built and a search for a new 
gradient is performed. 

The control actions, on the basis of which the optimi-
zation procedure can be performed, are as follows: 

– aluminium fluoride addition; 
– set voltage; 
– series current; 
– metal level; 
– electrolyte level. 
The first three actions can be carried out by the auto-

mated process control system; the levels of melts are 
regulated by the technological personnel on the APCS 
instructions. 

Virtual cell software method implementation. 
Virtual cell software is a physical and mathematical 
model that simulates the operation of an electrolytic cell 
for the aluminium production and is designed to study the 
dynamics of processes occurring in it [10–13]. This pro-
gram is intended for process support personnel in order to 
assess the reaction of the reduction cell to control actions 
adequately. 

The developed optimization procedure implementa-
tion was carried out in Virtual cell software in order not to 
harm the real control object, to evaluate all transient proc-
esses of technological parameters under complex influ-
ences and to eliminate all possible shortcomings before 
the implementation of this model in APCS. 

At the moment, the control system already has an 
Electrolyte composition stabilization module [14; 15], 
which includes optimization for controlling the cryolite 
ratio (CR), but we want to expand the functionality with 
additional control actions and parameters for optimiza-
tion, as well as target functions. 

Let us describe the practical implementation of the 
method in Virtual cell software in terms of two influences – 
the addition of AlF3 and the specified voltage; the calcula-
tion of the remaining effects in the software implementa-
tion is carried out similarly. 

Fig. 1 shows a menu of initial conditions for the calcu-
lation which are requested from the APCS database for a 
specific reduction cell. After all calculations, the recom-
mendations will also be transferred for the same reduction 
cell to the upper APCS level. 

In the optimization interface (fig. 2) there is a choice 
between two methods – Coordinate method and Gradient 
method. The electrolyte temperature was chosen as the 
optimized parameter. The initial control actions values  
for fluorine and voltage additions, as well as the criterion 
for the completion of the optimization, are also set by the 
user in the interface. In this case, the following additives 
were selected: 5 kg of AlF3 and 50 mV of the set voltage, 
as well as the criterion for exiting the optimization – 
reaching the minimum RMSD temperature from the tar-
get, respectively. 

The calculation begins with the construction of a cross 
(fig. 3), on the vertices of which are the selected impacts 
with a given value. During the descent, the steps in the 
directions will change, but the cross always counts with 

the initially specified additions. Next, the root-mean-
square deviation of the electrolyte temperature from the 
target (RMSD T) is calculated at cross four points, as well 
as in its middle. 

Then, we calculate the gradient consisting of partial 
derivatives numerically (using the finite difference 
method): 

 

3 3_ ( (Т1)- (Т2)) / (2 )DIF AlF RMSD RMSD AlF  ;  (4) 
 

_ ( (Т3)- (Т4)) / (2 )DIF U RMSD RMSD U  .     (5) 
 

We check the difference of the gradient from zero 
with the specified accuracy. The vector length must be 
nonzero 

2 2
3( _ ) ( _ )Modgrad DIF AlF DIF U  . 

 

If it is not zero, we calculate the direction of descent 
to the minimum in the inner loop, otherwise, exit from 
optimization. Inner loop: 

 

1
3 3 3 3step _k kAlF AlF DIF AlF AlF       ;    (6) 

 

1 step _k kU U DIF U U       .           (7) 
 

ΔΔAlF3, ΔΔU are the steps of the internal descent, at 
the first descent step they are equal to ΔΔAlF3 and ΔU, or 
zero, then they are recalculated. Deltas of actions, found 
by formulas (6)–(7), are added to the current values of 
raw materials and stress addition 

 

0
3 3 3

k kAlF AlF AlF   ; (8) 

  
0k kU U U    (9) 

 

and we calculate RMSD T, working out these actions 
during the set optimization days in Virtual cell software. 
RMSD T should decrease and during the first calculation 
using formulas (8) – (9) it should be less than RMSD T0. 
Compare with the previous value in this inner loop, it 
should be done: 

 

1( ) ( )k kRMSD Т RMSD Т  . (10) 
 

We set Step to 1 / Modgrad. Further, during debug-
ging for use in the control system algorithms, the step for 
each action can be set separately. 

There are two ways to exit the inner loop: 
– RMSD has ceased to decrease, then we need to turn 

to formulas (4) and (5) and recalculate the cross, gradient, 
and start the inner cycle again, but the cross will be in a 
new place, that is, in the middle of the cross, point T0 is 
now the initial values of AlF3

0 and U0 will be assigned to 
the last values found by formulas (8) and (9); 

– the temperature deviation from the target value is 
within the specified accuracy, for example, less than 0.5 
degrees, then the optimization are completed. 

There should be an exit from the loop optimization 
procedure: the RMSD in the middle of the last crosses are 
compared, or the last three RMSD in the descent, if they 
are equal, then it is necessary to exit the optimization and 
stop at the last effect calculation. The looping is associ-
ated with the fact that the procedure, when choosing the 
actions, reaches the imposed restrictions, for example, the 
addition of aluminium fluoride cannot be less than zero, 
and this is required to increase the calculated CR. 
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Visualization of the optimization block in Virtual 
cell software. When optimization is activated, a new 
implemented method: the gradient method (fig. 4) and the 
Optimization tab with two graphs become available in the 
results display interface window. 

The optimization progress is shown on the left  
graph: the magnitudes of impacts and the achieved values 
of the optimized parameter for each experiment  
are displayed. On this graph, we can observe which side 
the optimization is moving, calculating the impact 
magnitude to achieve the target value of the optimized 
parameter. 

For example, according to fig. 2, the optimized 
parameter was chosen: electrolyte temperature (target 
952 С), and the effects: AlF3 addition and voltage 
setting. In experiment No. 1 (according to fig. 4), the 
impact values were as follows: AlF3 addition = 35 kg and 
voltage setting = 4.23 V, while the optimized parameter 
(electrolyte temperature) reached 958 С; in experiment 
No. 2, the values of the actions were: AlF3 addition = 35 kg 
and voltage setting = 4.28 V, the optimized parameter 
reached 960 С, etc. The cross calculation ended in 
experiment 5, and experiments 6 and 7 were steps towards 
the descent.  

 
 

 
 

Fig. 1. Initial conditions interface 
 

Рис. 1. Интерфейс начальных условий 
 
 

 
 

Fig. 2. Optimization interface in the Virtual cell software 
 

Рис. 2. Интерфейс оптимизации в ПО «Виртуальный электролизёр» 
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Fig. 3. Cross impacts for optimization 
 

Рис. 3. Крест воздействий для оптимизации 
 
 

 
 

Fig. 4. Optimization tab 
 

Рис. 4. Вкладка «Оптимизация» 
 
 
 

 
 

Fig. 5. Optimization conditions in the test No. 2 
 

Рис. 5. Условия оптимизации в тесте № 2 
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The graph is drawn and supplemented until the 
optimization reaches the goal, while in the case of 
gradient optimization, the goal can be achieved, for 
example, in experiment No. 7, but the optimization will 
continue a few more steps forward. If the optimization 
indicators do not improve, all subsequent experiments 
after the 7th will be removed from the graph and the 
optimal values of the parameters for achieving the goal 
will be seen in the last experiment No. 7. 

The right graph displays the transient process of the 
optimized parameter (fig. 4). The graph is redrawn for 
each experiment, and at the end of the optimization, a 
transient process is displayed on it, corresponding to the 
experiment in which the optimization goal was achieved. 
We can see in detail the value of the graph at any time 
point in virtual time by hovering the mouse cursor over 
the desired location. 

All subsequent tests are performed under the initial 
conditions indicated in fig. 5–7, the goals and optimiza-
tion parameters change. In the next test No. 2, we will 
perform the optimal increase in the electrolyte tempera-

ture only due to the AlF3 addition. Fig. 5 shows optimiza-
tion conditions. 

In fig. 6 and 7 shows the choice of reducing the daily 
AlF3 addition from 35 to 15 kg to increase the electrolyte 
temperature from 956 to 962 degrees. In contrast to test 
No. 1, the daily consumption and daily supplement at the 
beginning of the calculation was 35 kg. On the left graph 
in fig. 4, in experiments 1 and 2, the algorithm determined 
where to go, and then, in 3 steps of descent, we reached 
the set temperature. 

Test No. 3 represents optimization with three control 
actions. In fig. 8 shows the selected effects to reduce the 
electrolyte temperature from 956 to 950 degrees. Unlike 
test No. 1, the program here reduced the dose of alumin-
ium fluoride, reduced the voltage and raised the height of 
the metal by 4 cm, which can be seen in the results output 
in fig. 9. In fig. 10 the first seven calculations (experi-
ments) made a three-dimensional cross, and then down to 
point 11 were carried out, then the program began to build 
a new cross, and at one of the new cross points it reached 
the specified accuracy. 

 

 
 

Fig. 6. Optimization results for the test No. 2 
 

Рис. 6. Результаты оптимизации по тесту № 2 
 
 

 
 

Fig. 7. Optimization procedure visualization in the calculation No. 2 
 

Рис. 7. Визуализация процедуры оптимизации при расчете № 2 
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Fig. 8. Optimization conditions in the test No. 3 
 

Рис. 8. Условия оптимизации в тесте № 3 
 

 
 

Fig. 9. Optimization result for three control actions 
 

Рис. 9. Результат оптимизации при трех управляющих воздействиях 
 

 
 

Fig. 10. Interface of optimization results with three influences, test No. 3 
 

Рис. 10. Интерфейс результатов оптимизации при трех воздействиях, тест № 3  
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Conclusion. In the study, the new algorithm for 
calculating the complex control action by the gradient 
descent method was developed, software implemented 
and tested to improve the speed and accuracy of 
calculations in Virtual cell software. An interface for 
visualizing the operation of the optimization unit and its 
settings was developed. The progress of the optimization 
calculations is visible to the user, as well as the optimized 
parameter behaviour. 

The developed optimization model, when introduced 
into the control system, will improve the control quality 
of the technological process of aluminium production by 
the electrolytic method, reduce the specific power con-
sumption and reduce the number of electrolysers with a 
disturbed technological operation mode. The group of the 
described target functions adds variability in possible 
ways to optimize certain technological parameters, but for 
practical use in the control system algorithms, it is more 
important to achieve the target parameter and this will be 
taken into account during implementation. 
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