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1. A process for controlling the operation of an

aluminium smelting cell, comprising the steps of:

(1) continuously monitoring cell voltage and
current,
(ii) calculating the resistance of the cell from

the monitored cell voltage and current,

(iii) calculating the rate of change of cell
resistance (resistance slope) and a smoothed
value of said resistance slope,

(iv) utilizing the smoothed resistance slope values
to maintain mass balance in the cell,

(v) monitoring cell process operations including
alumina additions, electrolyte bath additions,
anode changes, tapping, beam raising and anode
beam movement,

(vi) delaying the calculation of resistance slope

and smoothed resistance slope for a
/2
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(vii)

predetermined time when any one of said
monitored cell process operations occurs, and
recalculating said cell resistance slope and
smoothed resistance slope after said
predetermined time delay so that the smoothed
slope is unaffected by process changes with

the exception of alumina depletion.

9. A system for controlling the operation of an

aluminium smelting cell comprising:

(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

means for continuously monitoring cell voltage
and current,

means for calculating the resistance of the
cell from the monitored cell voltage and
current,

means for calculating the rate of change of
cell resistance (resistance slope) and a
smoothed value of said resistance slope,
means for utilizing the smoothed resistance
slope values to maintain mass balance in the
cell,

means for monitoring cell process operations
including alumina additions, electrolyte bath
additions, anode changes, tapping, beam
raising and anode beam movement,

means for delaying the calculation of
resistance slope and smoothed resistance slope
for a predetermined time when any one of said
monitored cell process operations occurs, and
means for recalculating said cell resistance

slope and smoothed resistance slope after said

/3
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predetermined time delay so that the smoothed
slope is unaffected by prbcess changes with

the exception of alumina depletion.
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performing it known to us:
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TITLE : PROCESS FOR CONTROLLING ALUMINIUM SMELTING CELLS

Field of the Invention :

This invention relates to improvements in the automated
control of electrolytic smelting cells for the production of
aluminium.

Background of the Invention:

The control of electrolytic cells in the production of
aluminium is influenced by both short term and long term
process parameter changes. In the short term, bath
superheat, alumina concentration and anode to cathode
distance (ACD) need constant monitoring, while longer term
control is required for metal depth and the composition and
volume of the electrolyte in the cell. Operating
abnormalities also require attention, such as sludging,
anode effects and their frequency, and the short circuiting
of the current between the anodes and the metal pad.

The complexity of the interrelationships between the
dependent and independent variables in the smelting process
are illustrated in Chapter 9 of "Aluminium Smelter
Technology" - Grjotheim and Welch - Aluminium - Verlag,
1988, and this chapter provides a useful summary of the
currently utilised control strategies. This summary and the
proliferation of literature on the subject further
illustrate the complexity of the problem and the absence of
a strategy that provides a satisfactory level of control
resulting in constautly high efficiency levels.

Numerous examples of control strategy proposals are
also to be found in the patent literature. Recent examples
include U.S. Patent No. 4,654,129 Leroy which describes a
process involving periods of over supply and under supply to
maintain the alumina concentration in the cell within a
narrow range by monitoring the rate of change of the
resistance of the cell. This process relies for its success
on the use of point feeding of alumina to the cell, and it
is not therefore useful for cells without point feeders.
Also, since in this strategy it is critical to maintain the
alumina concentration within a narrow range, the strategy

suf fers if the concentration moves outside that range and it
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is often difficult to restore the system to its optimum
operating conditions.

A similar control strategy 1s. described 1in
International Patent Application PCT/NO86/00017
(W086/050008) Aalbu et al. In common with the above U.S.
patent, the strategy relies heavily on the rate of change of
the resistance of the cell to monitor alumina concentration
and does not have regard to other important parameters to
control the heat and mass balance of the cell. The
disclosure similarly does not address the strategy to be
adopted during process events, such as alumina feeding,
anode movements, anode setting and tapping.

U.S. Patents 4,008,142 and 4,024,034 Doring et al,
uses the concept of constant anode-cathode distance to
ad just cell resistance according to the known or assumed
electrochemical voltage breakdown. Anode-cathode distance
ad justment is made in cases where current efficiency (by
metal production measurement) is less than expected
theoretically. Automatic adjustment of voltage/cell
resistance in response to noise on the signal 1is also
indicated. However, no attempt is made to calculate the heat
or alumina balances or to make furnace adjustments on this
basis, with the exception of adjustment of cell resistance
on the basis of long term running metal production figures.
This does not constitute a calculation of the energy balance
or process energy requirement.

In U.S. Patent 4,766,552 Aalbu et al, the
resistance/alumina concentration curve is used to control
alumina concentration on point feed cells. A linear model of
the cell resistance variation is set up using the
resistance slope as a parameter. By fitting the model to
continuous resistance measurements, the slope is estimated.
However, this strategy does not ensure that the resulting
slope is related only to alumina concentration, in fact it
assumes this one to one relationship. Anode movement is
included in the fitted algorithm and other disturbances are
filtered by reducing the gain of the fitting functions when

they occur. This procedure is very complex and could be
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prone to error. In additiun, the strategy does not attempt to maintain
heat balance within the cell.

In U.S. Patent 4,333,803 Seger and Haupin, a heat flux sensor is
used to measure sidewall heat flow. Cell resistance is adjusted to
maintain this at a predetermined value. However, this strategy:

1. does not guarantee that heat losses from other portions of the cell
are under control (top, bottom);

2. does not react to changes inside the cell on a useful time scale
(hours or within a day) - the cell can be significantly out of heat balance
before an adjustment is made, and

3. does not provide information about the events/operations
occurring in the electrolyte. These events are needed to close the
overall energy balance - including the continuous changing process
requirements - and to sense the condition of the liquid electrolyte which
is where electrolysis is taking place.

Other control strategies are described in U.S. Patents 3,969,669
Brault and Lacroise, 3,829,365 Chandhuri et al, 4,431,491 Bonny et al,
4,654,129 Leroy, 4,654,130 Tabereaux et al, 3,622,475 Shiver, 3,878,070
Murphy, 3,573,179 Dirth et al, 4,035,251 Shiver and 4,488,117 Seo.
This list is by no means intended to be exhaustive.

A primary factor in reduction cell efficiency is the thermal state
of the materials in the cell cavity. A control strategy directed at
optimizing efficiency should therefore aim to maintain a thermal steady
state in the cell. That is, the rate of heat dissipation from the cell

cavity should be kept cuonstant. If this is achieved in concert with

#9107 tbspe.comaleoDiv 91 10 21
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stable bath and metal inventories, operational stability can be
enhanced. The bath superheat will be constant; hence bath volume,
chemistry and temperature will be stable due to the absence of ledge
freezing or melting. Improved operational stability may allow a cell to
be operated with better alumina feed control, at a lower bath ration,
and at a lower time averaged rate of heat loss. This will improve the
process productivity.

A major difficulty in maintaining thermal steady state in a
reduction cell is the discontinuous nature of various operations. The
energy requirements of alumina feeding and dissolution can vary from
minute-to-minute, particularly on breaker-bar cells. This is further
exacerbated by the deliberate changes in feed rate required by many
feed control techniques. Anode setting in pre-baked cells also
introduces a large cyclic energy requirement. Other processes, such as
bath additions, anode effects and amperage fluctuations further alter
the short-term thermal balance of a cell. Currently available control
systems do not address these fluctuating thermal requirements in a
comprehensive way. For example, target voltage control has allowed
for alumina feeding in some systems. Similarly, anode effects have
been used to control the power input. However, the complete range of
variable energy requirements are not treated systematically or
quantitatively to maintain a constant rate of heat supply available for
dissipation through the cell

Summary of the Invention and Obijects:

It is an object of the present invention to provide an improved

#9107 tbspe.comalcoDiv 91 10 21
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process for controlling aluminium smelting cells in
which the electrolyte/alumina mass balance of the cell
is comprehensively controlled.

In a first aspect, the invention provides a process
5 for controlling the operation cf an aluminium smelting

cell, comprising the steps of:

(1) continuously monitoring cell voltage and
current,
(ii) calculating the resistance of the cell from
10 the monitored cell voltage and current,
(iii) calculating the rate of change of cell

resistance (resistance slope) and providing a

smoothed value of said resistance slope,

(iv) utilizing the smcothed resistance slope values
) 15 to maintain mass balance in the cell,
e (v) monitoring cell process operations including

f‘“ alumina additions, electrolyte bath additions,
IR anode changes, tapping, beam raising and anode
IR beam movement,
20 (vi) delaying the calculation of resistance slope
and smoothed resistance slope for a
0% predetermined time when any one of said
monitored cell process operations occurs, and
(vii) recalculating said cell resistance slope and
25 smoothed resistance slope after said
predetermined time delay so that the smoothed
slope is unaffected by process changes with
the exception of alumina depletion.

It will be appreciated that the monitored cell

#9107 coma 92 9 21
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process operations cause significant variations in the
calculated resistance and the resultant resistance slope

such that the latter parameter no longer

#9107 coma 92 9 22
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provides an accurate reflection of the alumina concentration in the cell.
By delaying calculation during the process event for a predetermined
time sufficient for the resistance value to again become relatively stable,
and then recalculating the resistance slope, an "intelligent" smoothed
resistance slope can be obtained, and the electrolyte/alumina mass
balance may be maintained notwithstanding the effect of the process
operation.

The predetermined time delay will vary having regard to the
detected cperation since different operations have different effects on
the stability of the resistance value. In one particular cell (Type VI
design), the following delays have been found to be satisfactory after

completion of each operation :

Operation Delay

ACD change 60 sec.
Alumina feed 60 sec.
Anode set 120 sec.
Beam raise 120 sec.
Bath Addition 300 sec.

In a preferred form, the resistance of the cell is calculated using
a known formula which compensates for the continuously calculated
back EMF of the cell, as will be described further below. The
resistance values are filtered using digital filtration techniques (e.g.
multiple Kalman filters) in a manner which smooths random and higher
frequency pot noise while adequately responding to step changes and

the resistance disturbances. This filtered resistance is used for

#9107 tbspe.comalcoDiv 91 10 21
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automatic resistance control. The resistance slope is calculated from
raw (unfiltered) resistance values as described further below and
similar digital filtration is used to continuously calculatz smoothed
resistance slope values.

The smoothed resistance slope is searched for values exceeding
a predetermined slope which is chosen to indicate concentration
polarization and alumina. depletion. Different forms of alumina search
may be used, and these are described in greater detail in the following
specification.

The invention also provides a system for controlling the operation
of an aluminium smelting cell comprising suitable means for performing
each of the steps defined a@bove.

The medium and long term heat balance of the cell are preferably
monitored and controlled in a manner described further below and as
claimed in our Australian Patent Application AU-A50009/90 dated 21st

February 1990.

#9107 tbspe.comalcoDiv 91 10 21
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Brief Description of the Drawings:

A presently preferred embodiment of the invention will
now be described with reference tou the accompanying drawings
in which:

Figure 1 is a diagrammatic representation of the three
control functions and their interactions, as performed by a
preferred embodiment of the control system according to the
invention;

Figure 2 is a schematic diagram showing the test
control system used on an operational pot;

Figure 3 is a diagrammatic graph showing one form of
alumina concentration search (SFS) and anode effect
prediction (AEP) performed by the system embodying the
invention;

Figure 4A is an operational graph of resistance values
against time showing an alternative method of searching for
alumina concentration (namely underfeed/overfeed for point
feeders) by the control system embodying the invention;

Figures 4B to 4E are schematic graphs showing one
example of low frequency noise calculation.

Figures 5A and 5B show bath resistivity and rate ~f
change of resistivity (zéé ) QTARGET: daily mean Qayarp and
%Z excess AlF3 of the bath for two consecutive months.

Figure SC shows bath resistivity, Qragrger @nd % excess
AlF3 of the bath over a one month period.

Figure 6 is a diagram showing the calculated energy
impact or process energy requirement (and hence compens.'ing
action) for feeding a test cell;

Figure 7 is an operational diagram showing the
breakdown cf calculated energy absorbed or process energy
requirement in a test cell over 24 hours;

Figure 8 is an operational diagram showing the test
cell response under the control system of the invention over

24 hours, and
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Figure 9 shows operatiopal diagrams illustrating the
detail of a stop feed search for alumina control of a test
cell.

Description of Preferred Embodiment:

In the following description, one embodiment of a
control system under test on a working cell will be
described in some detail. In describing the control system,
it will be assumed that the reader is already aware of the
operation of an aluminium reduction cell and the standard
methods of monitoring cell voltage and current, and the
standard methods. of calculating the cell resistance.
Accordingly these aspects will not be described further in
this specification.

Referring firstly to Figure 1 of the drawings, the
control system embodying the invention is shown in
simplified flow diagram form. Before proceeding with a
detailed description of the control system, a general
overview of the system will be provided.

The aim of the control system is to maintain a cell at
thermal steady state. That is, the rate of heat dissipation
from the cell should be maintained at a constant, target
value. For the control system the heat available for
dissipation from the cell (Qps» (kW)) may be defined as:-

Qp = (Vg - (Rg x I/ 1000)) x I -

(Qp + Qg + Q4 + Qy) (1)
where,
Vo = cell voltage (V)
Rg = metered external resistdnces
(eg rods, buswork) (uOhm)
I = line amperage (kamps)
Qr = alumina dissolution power (kW)
Qg = a e setting power (kW)
Qq = power for AlF3/cryolite heating
and dissolution (kW)
QM = remaining process enthalpy requirements
(chemical reaction for metal production) (kW)
'V¢'s 'Rg', and 'I' can be measured readily. The various

components of the enthalpy of reaction (Qp + Qg + Q4 + Qy)

, —_
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can also be calculated quantitatively using the
thermodynamic cycle for reduction of alumina by carbon [see
Grjotheim and Welch, Aluminium Smeliter Technology 1988 pp
157-161)], the amperage 'I' and a specified current
efficiency (CE). Factors such as the carbon ratio and the
AlFs consumption vary significantly between plants. This
will alter the calculations used. The enthalpy components
presented in Table 1 were calculated for the applicant's

Bell Bay smelter,
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TABLE 1: BREAKDOWN OF ENERGY / POWER REQUIREMENTS OF SMELTING PROCESS

ENERGY ' - ENERGY/POWER
COMPONENT REACTION REQUIRED
Q A1.,0 5 2m3 + 302" ' : 1820 kJ/kg Al,0
F 293 ' 9 2%
(s,298K) (diss,T) (diss,T)
Qs c > cC - 1380 kJ/kg carbon
(s,298K) (s,T) (310 MJ/anode)
ATE, >3t v 3F° ' 1470 kJ/kg AIF,
(s,298K) (diss,T) (diss,T) 7
OA + 3+ -
3(NaF)AIF, S 3Na + Al + 6F 1420 kJ/kg cryolite
(s,298K) (diss,T) (diss,T) (diss,T)
3+ 3.2- 3
Al + 30 + L S , ,
(diss.T) (diss,T) (s,T) (0.4352 + 0.01138X)1 kW
Q
M 3,, 1 3,1
Myt TR0 g,y 20 - D0 )

N.B. Current tfficiency = x (%), Line Current = 1 (amps), T = 1293K
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Note that the CE specific for the control system was
made based on tapping history.

The time over which energy is consumed by an individual
process event must be defined in addition to the amount of
energy consumed. In the control system this was achieved by
distributing the total energy requirement of setting, feed
or additions over predefined periods. Figure 6 illustrates
the feed energy distribution for a Bell Bay breaker bar
cell. Note that the energy balance was integrated over each
10 minute period and converted to power units,

In addition to the calculations in the previous
section, other components were required for the application
of the control strategy in practice.

Firstly, the dynamics of the reduction cell and control
system meant that maintaining an 'instantaneous' energy
balance was not possible. For example, during cell trials
the energy absorbed by a cell was calculated over ten minute
intervals and anode beam movements were carried out at five
minute intervals. Hence responses to events were delayed by
up to 15 minutes. Further the rate and range of target
resistance changes were limited, and the line current
variation for subsequent ten minute periods did not allow
accurate elimination of an energy imbalance. As a result, an
integral of the power imbalance was used to modify the

target resistance of the cell. That is:-

E; =(Qpi - Qp) x 0.6 + E;_ x ¢ (2)
where,
Ey = integral after ith 10 minute
interval (MJ)
E;_] = integral after (i-1)th 10
interval (MJ)
c = integral decay factor
QT = target heat dissipation (kW)
Qp; = heat available for dissipation

for ith 10 min. interval (kW)
Cell resistance was increased for Ei < 0 and reduced for Ej
> 0. Note that a decay factor ('c') was included in Eqn (2).

This was a recognition that when an energy imbalance in a
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cell persisted, the energy balance was partly self-
correcting. (ie A cell loses more heat if it gets hotter.)

A second additional component allowed control of the
magnitude of the various discontinuous energy responses.
This was necessary in order to model the thermal response of
the electrolyte to localised disturbances or material
additons. For example, the extra heat needed at an anode
after setting is supplied to the bath volume throughout the
cell and may have deleterious effects elsewhere. Also the
process engineer may wish to reduce the amount of anode beam
movement by damping the cell response to individual events.
As a result, coefficients (range O to 1) were introduced to
tune the instantaneous calculations (thus system responses).
Energy requirements for feed, setting and additions were
divided into instantaneous and background (constant) power
inputs. The various background power inputs were calculated
from: -

(1) Feed - line amperage, CE (monthly averagz).

(2) Additions - line amperage, CE, addition rate per

kg of metal (monthly average).

(3) 4Anode Setting - anode size, number of anodes,

setting 'rota'.

The final necessary component of the control system was
a feed control technique which permitted regular anode beam
movement while monitoring alumina concentration - thereby
allowing the cell energy balance to be always under control.
Search techniques were developed with these functions, where
the target alumina concentratizn was detected via  a
continuously calculated slope of resistance. No scheduled
anode effects (AEs) were included in the feed control
strategy. The associated large, uncontrolled energy inputs
to the process would have been in conflict with the control
philosophy, and are difficult to compensate for in the
thermal balance.

Referring again to Figure 1 of the drawings, the
control system has three basic strings, the first two
affecting the short term heat and mass balance of the cell,

and the third affecting the medium to long term heat balance
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of the cell. The control system is implemented using a
computer for monitoring the functions of the cell or pot
(pot computer), such as a Micromac 6000 computer suitable
for the aluminium industry, and a supervisory computer for
receiving data from each of a number of pot computers and
for instructing the pot computers to perform various
functions.

Initial input data to the computers includes target
heat dissipation Qp, the specific current efficiency CE for
the cell being controlled, the bath resistivity target range
for the cell, thermodynamics data, as described in greater
detail above, relating to the cell and a 'typical' back emf
(EMF) of the cell calculated by regression in a known
manner .

The essential operating parameters of the cell are
dynamically monitored, and these parameters include: the
voltage of the cell V, the current of the cell I, alumina
additions, cell bath addi“ions, operations such as anode
setting, beam raising, ma.ual alumina addition and oreing
up, and anode to cathode distance (ACD) movements. From
these dynamic inputs, the resistance (R) of the cell is
continually calculated from (V - EMF)/I, and the cell
resistivity 2 is calculated from (f°R/J ACD)A, where A is
the estimated area of the anodes in the cell.

CONTROL STRING 1: ALUMINA FEED CONTROL

In the first control string, the pot computer

calculates the level of noise in the voltage signal, O to
0.1 Hz indicating low frequency noise and 0.1 to 1 Hz
indicating higher frequency noise, and further calculates
the filtered rate of change of resistance with time
(smoothed resistance slope) every second. The basic steps in
the filtered slope calculation for each time cycle are:

(i) Raw Resistance Slope Calculation.

Raw slope is calculated from the following equation:
Sy = (Rp - Ry) / (At(l + 1/¥)) EQ (3)

where Sp = raw slope at (t + At)

Ry = raw resistance at time (t + At)
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Ry = single stage filtered resistance at
time t
At = time interval of resistance polling

24

filter constant for filtered

[}

resistance (Ry).
It should be noted that the denominator in EQ (3) above
represents the mean age of the filtered resistance (R;).
(ii) Box filter for out of range raw slopes:

The raw slope is checked to determine if it is within
the present box filter limits. If this test fails, no
further calculations are made in this cycle - the slope
value is assumed not to be associated with changes 1in
alumina concentration. In the case of the pot under test,
the box filter limits were -2.0 and 2.0 micro-ohms/minute.
(iii)Filtered resistance is recalculated (for use in the
next time cycle).

Ry = Ry (1 =%¥1) + ¥ Ry EQ 4
(iv) A three-stage filter is used to find the filtered
resistance slope (called smoothslope). For the ith stage:
S; = S; (1 - ¥j) + YiSi_ EQ 5
where}{i is the pre-set filter constant of the ith
stage. In the case of one pot under test, typical filtration
constants are 0.100, 0.050 and 0.095 for Y&, Y, and Z}
respectively.

The above operations adequately filter high frequency
noise from the resistance signal to produce a realistic
filtered slope (with some lag from the three stage filter).
In addition, a delay mechanism (discussed above) is included
in the calculations to remove the effects of pot operations
on the slope, including:

(i) break and feed (normal cycies, AEP¥*)
(ii) anode movement
(iii)bath additions
(iv) tapping*
(v) anode setting
(vi) beam raising*
Slope calculations are stopped during these operations,

and for a pre-set period afterwards. Near the end of these
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delay periods, the first stage filtered resistance (Rl)is
re-set to the mean of a specified number of raw resistance
yalues. For the cases marked *, S| to Sj ére also zeroed. In
the case of the pot under test, the respective delays
following each of the above operations are:
i) 60 seconds
ii) 120 seconds
iii) 300 seconds
iv) 10 minutes
v) 120 seconds
vi) 120 seconds

Delay periods associated with other operations include:
When the pot is put on "manual" for any reason, a delay of
30 seconds is introduced.
When alumina is manually added, a delay of 120 seconds is
introduced. _
Similarly when'oréing-up is performed, a delay of 60 seconds
is introduced.

A pre-set delay is also implemented when step ii) of
the slope calculation fails to give in-range slopes on a
given'numbef of consecutive tests, This is intended to trap

the gross resistance disturbances not initiated/expected by

the pot computer (e.g. sludging may cause an unpredictable

resistance response).

Different cells will require different delays_depending
on their operational characteristics and spécific bath
volumes, and the delay involved for each operation will be
empirically determined by a skilled operator for input into
the pot computer. _

Two alumina search techniques are available on the
system, stop feed search (SFS) and feed search (FDS). Both
techniques terminate search on a threshold value of
increasing resistance slope, implying low end point alumina
concentrations and both techniques allow heat balance
regulation (anode movement)during the search. The special
features of each are described below.

i) SES

This technique is essentially a stop feed during which
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the filtered resistance slope is checked every second for
values above the critical slope (critslope) indicating
alumina depletion. Once the critical slope is attained on a
sufficient number of consecutive readings, search is
terminated by initiation of an end of search feed followed
by the resumption of the previously nominated cycle (see
Figure 3).

The search can also be terminated (classed an
unsuccessful search) under the following circumstances:

- Cancelled due to time limitation (max search
time).

- Cancelled due to anode setting, tapping, oreing-
up, bath additions.

- Cancelled if cell is switched to MANUAL.

The unique features of the SFS with respect to the
present invention are:
1. the ability to monitor and interpret the resistance

slope through all phases of the search.
2. the ability to move the anodes freely through all

phases of the search.
3. the crit slope in the search is a function of the

voltage noise in the cell.

The SFS technique has been applied to both breaker bar
and point feed cells.
ii) FDS

This is a more complex search procedure but one which
has the potential for fine alumina concentration control on
point feed cells. The strategy involves following resistance
slope before and during underfeeding and overfeeding periods
until a target alumina concentration is achieved.

The stages of the searching routine are as follows:
(a) After commencement of searching, the filtered resistance
slope is monitored for a short time period and compared with
a parameter, base search slope, near the minimum point on
the resistance-time curve in Figure 4A. The objective is to
adjust alumina concentration to this base level.
(b) As the alumina concentration of the cell decreases, the

resistance slope increases from a negative value up to the
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value of the base search slope. Thus slopes more negative
thdn base search slope indicate a higher than 'base-level'
alumina concentration and are actioned by changing to x %
underfeed. Slopes more positive than base search slope
indicate a lower than base-level concentrati