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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),
Virtual cell.
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Haubonee obwum noxasamenem 3¢h@exkmusHocmu ynpagieHus npoyeccom NOLYHeHUs. aMoMUHUS A8asAemcs cebe-
CMOUMOCHb NPOU3BEOEHHO20 MEMALId, HO MO NOHAMUE 6KII04aem 8 cebs MHo20 cocmasnsiowux. Ipesxcoe 6ce2o amo
CMOUMOCb CbIPbSL U INEKMPOIHEP2UU 8 OAHHOM PecuoHe, a MaKice CIouMocms mpyoo3ampam Ha MOHHY NPOOYKYulU,
PAcxo0Hble Ko duyuenmsl colpbs U 3Hepeul, KanumaibHvle 3ampamsl Had CMPOUMENbCMBO U PEMOHM, CIMOUMOCHb
VMUIU3AYUY 0mxo008, dKoao2uyeckue guinaamel u m.o. Ilpu smom omcymcmeyem eOuHwvlil (YHKYUOHAN Kayecmed
npoyecca, 3a8UcAUl OM MEeXHOI0SUYeCKUX NApamempos, mo eciv 3a0ayd NOIHOU U OMHOCUMETbHO CINPO2Ol Mame-
MaAmuyeckol ONMUMU3AYUY NPOYecca 8 Yeiom 8 Hacmosuee 8peMs NPeoCMAasIAemcs He peulaemoll He MoJIbKo U3-3d ee
00beMHOCUL, A U3-3a OMCYMCMEUsL NOJIHOU MOOenU dh@ekmusHocmu. B pamkax 0annozo uccnedo8anus paccmompenvl
yacmuvle Kpumepuu 3PHeKMmueHOCmU, HA YIyuueHUe KOMOPbIX HANPAGIEHA pA3pPAbOMAantds A8MOPAMU ORMUMUZAYU-
OHHAsL MOOEb YRPABTAIOWUX B030€liCBUL, KOMOopble 8blOPANbL UCX005L U3 BO3MOICHBIX PbId208 delicmeyloujell asmo-
MAMu3upoBanHol cucmemsl ynpasienust mexronozudeckum npoyeccom (ACYTII) snexmponusza anomunus. Bece ucnoi-
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ACYTII, BupmyanvHulii 31ekmponu3zep.

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.
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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:

XED 0 o g0y (1

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

gradient vector V£ (x'*)) . Formula (1) assumes descent in
the case of an n-dimensional vector of actions:

x(k) :(xlk»xésxé()s (2)

where x;* — 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:

o . of of
Vi(x)=i ox, +J o, +k o, 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 7/ (x*™) < £(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 AlF; 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 AlF; 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
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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):

DIF _ AIF, = (RMSD(T1)-RMSD(T2)) / (2- AAIF,); (4)
(%)

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

Modgrad =\[(DIF _ AIF,)* +(DIF _U)* .

DIF _U = (RMSD(T3)-RMSD(T4))/ (2-AU).

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

AMIFY = ANIF™ —step- DIF _ AIF; - AAIFy;  (6)

(7

AAAIF;, AAU are the steps of the internal descent, at
the first descent step they are equal to AAAIF; and AU, 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

AIFF = AIF) + AMIF)

AAU* = AAU —step-DIF_ U -AU .

®)

U* =U° + AAU* ©)

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 TO.
Compare with the previous value in this inner loop, it
should be done:

RMSD(T*) < RMSD(T* ™) .

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 TO is
now the initial values of AIF;’ and U° 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.

(10)
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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 °C), and the effects: AlF; addition and voltage
setting. In experiment No. 1 (according to fig. 4), the
impact values were as follows: AlF; addition = 35 kg and
voltage setting = 4.23 V, while the optimized parameter
(electrolyte temperature) reached 958 °C; in experiment
No. 2, the values of the actions were: AlF; addition = 35 kg
and voltage setting = 4.28 V, the optimized parameter
reached 960 °C, etc. The cross calculation ended in
experiment 5, and experiments 6 and 7 were steps towards
the descent.
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Fig. 2. Optimization interface in the Virtual cell software
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Fig. 3. Cross impacts for optimization

Puc. 3. Kpect Bo3aelicTBuil U1 ONTUMHU3AUU

[FETER T - o x
nDlI"I’uUlehﬂ.n 1 e |a‘o~u¢mM lh&mlﬁ
Inecpomer 8PN o Ao
[Ein =30

Temn. sn-1a, °C
853888 FSENORGEREREISIERINEHIERT
Temn. 3n-1a, °C
EEEA9EEIAIEI0AFHEAEHEIIIIIENE

Fig. 4. Optimization tab

Puc. 4. Bknaaka «OnruMusanusy

|| Ynpagnerwme 3nextponaepont - o x

| MMP Murarme AI203 MuTanme AIF3 Maccel pacnnasos ONTHMU3aA

[~] OnTumusaLyn
Tin

Kon-Bo aveil

Uenestie 3auqeHna

TennepaTypa 3n-Ta, rpan.C

KO

Buixon Mo TaKy, %
VANHuI PACKOA SMEKTPOSHEpMAM, KBT sac/k
KpuTEpWii Beixona

CTSRRR——
CKO TeMnepaTypsl 3n-Ta

®

O CKOKO

PaspewTs yerswaTs aemTel []

I (|

Fig. 5. Optimization conditions in the test No. 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 AlF;addition. Fig. 5 shows optimiza-
tion conditions.

In fig. 6 and 7 shows the choice of reducing the daily
AIF3 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.
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Fig. 6. Optimization results for the test No. 2
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Fig. 9. Optimization result for three control actions
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HquopMamuKa, eblduciumenlbHas mexunuKka u ynpaejienue

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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