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Cell voltage is a widely used signal that can be measured online from an industrial aluminum electrolysis
cell. A variety of parameters for the analysis and control of industrial cells are calculated using the cell
voltage. In this paper, the frequency segmentation of cell voltage is used as the basis for designing filters
to obtain these parameters. Based on the qualitative analysis of the cell voltage, the sub-band instanta-
neous energy spectrum (SIEP) is first proposed, which is then used to quantitatively represent the
characteristics of the designated frequency bands of the cell voltage under various cell conditions.
Ultimately, a cell condition-sensitive frequency segmentation method is given. The proposed frequency
segmentation method divides the effective frequency band into the [0, 0.001] Hz band of low-
frequency signals and the [0.001, 0.050] Hz band of low-frequency noise, and subdivides the low-
frequency noise into the [0.001, 0.010] Hz band of metal pad abnormal rolling and the [0.01, 0.05] Hz
band of sub-low-frequency noise. Compared with the instantaneous energy spectrum based on empirical
mode decomposition, the SIEP more finely represents the law of energy change with time in any desig-
nated frequency band within the effective frequency band of the cell voltage. The proposed frequency
segmentation method is more sensitive to cell condition changes and can obtain more elaborate details
of online cell condition information, thus providing a more reliable and accurate online basis for cell con-
dition monitoring and control decisions.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cell voltage is an important signal that can be measured online
and is widely used in industrial aluminum electrolysis cell control
systems. The filtered voltage, smoothed voltage, voltage slope,
voltage swing, and voltage vibration calculated with the cell volt-
age are essential parameters for cell control systems, enabling such
systems to control the alumina concentration [1–3], cell tempera-
ture [4], and cell stability, and to analyze the cell condition [5–7].
Although it is time-series data with a simple structure, the cell
voltage contains a wealth of cell condition information of different
frequencies, including status information, such as the alumina con-
centration [8–11]; external interference information caused by
mechanical actions or manual operations; and internal environ-
mental change information caused by molten aluminum rolling
(metal pad rolling (MPR)), line current oscillations (COs), anode
gas emissions, anode faults, and so forth [10,12]. This cell condition
information of different frequencies is often superimposed
together and eventually appears as various complex oscillation
forms in the cell voltage. The low-frequency component of the cell
voltage corresponding to the alumina concentration is used to cal-
culate the voltage slope [2,13,14]; the low-frequency noise of the
cell voltage related to the metal (molten aluminum) movement
is used to calculate the voltage swing; and the high-frequency
noise of the cell voltage that is linked to anode problems is used
to calculate the voltage vibration [15,16]. Cell voltage frequency
segmentation is the basis for determining the passband of digital
filters that are used to separate the cell voltage components

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2020.11.012&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2020.11.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xiaofangchen@csu.edu.cn
https://doi.org/10.1016/j.eng.2020.11.012
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


Z. Zeng, W. Gui, X. Chen et al. Engineering 7 (2021) 1282–1292
relating to these pieces of cell condition information [17]. There-
fore, proper cell voltage frequency segmentation is conducive to
obtaining more accurate online parameters and can thus provide
a reliable online basis for cell condition analysis and control
decisions.

In the filtering algorithms used in Refs. [1,18], the filter pass-
bands are determined by means of experience and field experi-
ments. Therefore, the accuracy of the parameters is affected by
the relative arbitrariness. Related investigations from the fre-
quency domain are relatively rare. In Refs. [10,11], fast Fourier
transform is used to analyze the cell voltage of the 160 and
350 kA industrial cells, and frequency segmentation methods are
obtained. The fast-Fourier-transform-based method loses the
appearance time of the frequency of interest and is prone to
generating pseudo-spectral peaks, which affect the accuracy of
the cell voltage frequency segmentation. Based on empirical mode
decomposition (EMD) and the Hilbert transform [19,20], the
instantaneous energy spectrum based on empirical mode decom-
position (EMD-IEP or EIEP) is obtained by decomposing the signal
into several intrinsic mode functions (IMFs) and then calculating
the Hilbert amplitude square of each IMF. The EMD determines
the IMFs according to the envelopes defined by the local maxima
and minima of the analyzed signal, which are greatly affected by
the characteristics of the analyzed signal; thus, EMD does not
perform well in the analysis of different signals with common
properties. Therefore, the EIEP has a limited ability to express the
commonness of different signals with common properties, and it
is difficult to reflect the energy change of the components in a
designated frequency band. Because the cell voltage is very compli-
cated, especially under certain abnormal cell conditions, oscillation
is more frequent. Therefore, the EIEP is not suitable for the investi-
gation of cell voltage frequency segmentation.

The wavelet transform provides a time–frequency analysis
method for complex non-stationary time series through multi-
resolution analysis [21]. The scalogram provides a method to
visually display the signal energy distribution on the time–frequency
plane [22–25], and research using the scalogram for cell voltage
frequency segmentation is rare. To analyze the characteristics of
the cell voltage energy distribution corresponding to a variety of
representative cell conditions in a visual manner, this paper com-
bines the scalogram and mechanism knowledge to link the charac-
teristics of the frequency change, the time when the frequency
change occurs, and the cause of the frequency change. Then, a
sub-band instantaneous energy spectrum (SIEP) based on the
Hilbert transform and integral wavelet transform is proposed,
through which the energy distribution in the designated frequency
band of the cell voltage is quantized to obtain the sensitive fre-
quency band of each cell condition. Finally, the frequency segmen-
tation is guided by the cell condition-sensitive frequency band, and
a method for segmenting the frequency of cell voltages is
presented.
2. Qualitative analysis of the energy distribution of normalized
cell voltage (NCV) under various cell conditions

The cell voltage is composed of the anode voltage, cathode volt-
age, counter electromotive force, electrolyte voltage, and external
voltage. In the anode voltage, the greatest influencing factor is
the film voltage, pfilm, caused by the film resistance. Based on
experiments and theoretical analysis, such as laboratory experi-
ments and thermodynamic calculations, it is known that the cell
voltage is affected by multiple factors such as the alumina concen-
tration, anode–cathode distance, anode bubbles, cell temperature,
electrolyte composition, and current density. These factors all
change in real time with the cell conditions and are difficult to
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measure online in real time. When some cell conditions appear,
the associated factors become the dominant factors, and then the
cell voltage shows the resulting specific forms. Therefore, from
the perspective of the process mechanism, analyzing the corre-
spondence between different cell conditions and cell voltage forms
can provide a more accurate and detailed basis for the frequency
segmentation of the cell voltage.

Usually, a pseudo cell resistance is used instead of the sampling
cell resistance as the main basis for cell condition analysis and pro-
cess control because the sampling cell resistance changes with the
line current and the cell resistance does not theoretically follow
the line current change. Therefore, using the pseudo cell resistance
as the main basis can eliminate the interference caused by changes
in the line current. The pseudo cell resistance R0ðkÞ (where k is the
sampling time) is calculated by a sampling cell voltage (SCV) UðkÞ
and a sampling line current IðkÞ according to Eq. (1).

R0 kð Þ ¼ U kð Þ � B
I kð Þ ð1Þ

where B is the pseudo counter electromotive force, which is
generally a constant. Because the unit of voltage (mV or V) is more
intuitive in industrial production, in most practical control systems,
the cell resistance is linearly transformed into the ‘‘NCV” with the
same meaning, that is

U0 kð Þ ¼ R0 kð ÞIb þ B ¼ U kð Þ � B
I kð Þ Ib þ B ð2Þ

where U0ðkÞ is the NCV at time k and Ib is the basic line current.
NCVs U1, U2, U3, and U4 are taken as examples to analyze and

discuss the time–frequency characteristics of the NCV under vari-
ous cell conditions, such as the normal cell condition (NCD), after
metal tapping (AMT) operation, prior to anode effect (PAE), and
COs. U1, U2, U3, and U4 are NCVs with a sampling frequency of
0.1 Hz (effective frequency band: [0, 0.05] Hz) from a 400 kA cell.
2.1. Property analysis of NCV under NCD

A time–frequency analysis of U1 (Fig. 1(a)) under NCD is con-
ducted in this subsection. When collecting U1, the cell condition
is normal [2,12,14]: There are no routine operations, such as metal
tapping, anode change, or beam raising; no special operations, such
as edge processing; and no special cell conditions, such as the
anode effect. Fig. 1(b) provides the scalogram in the effective fre-
quency band of [0, 0.05] Hz, and Fig. 1(c) shows the enlarged scalo-
gram for [0, 0.015] Hz. Fig. 1 reveals the following information:

(1) In the entire effective frequency band of [0, 0.05] Hz, the
energy gradually decreases from a low frequency to a high fre-
quency. In the frequency band of [0, 0.01] Hz, the energy is higher.

(2) In the frequency band of [0, 0.001] Hz, there is a continuous
energy region throughout the entire duration of the analysis.

(3) Unlike the energy distribution in the [0, 0.001] Hz frequency
band, the energy in the [0.001, 0.010] Hz frequency band is not
continuous but is concentrated in four different regions.

(4) The energy in the [0.01, 0.05] Hz band is significantly lower
than that in the [0, 0.01] Hz band, and the energy distribution is
significantly different from those in the [0, 0.001] and [0.001,
0.010] Hz energy bands.

According to the above analysis, in the effective frequency band,
the energy of U1 is mainly distributed in the frequency band of [0,
0.01] Hz; the frequency bands of [0, 0.001], [0.001, 0.010], and
[0.01, 0.05] Hz have completely different energy distribution
forms.



Fig. 1. Time–frequency analysis of U1 under NCD. (a) U1; (b) scalogram for [0, 0.05] Hz; (c) scalogram for [0, 0.015] Hz. The color of the color column is from dark to light,
indicating the energy from weak to strong. The 0.001 Hz is the key frequency point of the frequency segmentation in this paper.
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2.2. Other representative cell conditions

MPR is of great significance to the stability and current effi-
ciency of the aluminum electrolytic production process. Different
scholars have proposed various theories regarding the mechanism
of MPR. Among them, the gravity wave theory [26] proposes that
external disturbances will generate a gravity wave. If there is no
magnetic field, the energy of the gravity wave gradually decreases
and eventually disappears. If an electromagnetic field exists, the
1284
electromagnetic force will excite the existing gravity wave and
generate a new gravity wave. The coupling of the electromagnetic
force and the gravity wave will eventually cause a metal–bath
interface wave. Ref. [27] describes the relationship among the
horizontal current, magnetic field perturbation, and wave of the
metal–bath interface. In Refs. [28,29], shallow water models are
established to describe the magnetic–hydro–dynamic (MHD) the-
ory of melts (metal and bath). According to MHD theory, a
metal is simultaneously affected by the driving force of
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electromagnetism and the reaction force of fluid gravity and vis-
cosity resistance. Under normal conditions, these two forces
achieve equilibrium, and the metal steadily rolls at a certain hori-
zontal velocity and with a certain vertical distortion.

As shown in Fig. 2, regions i–vi represent the anode, the bath
and bubble mixed layer, the bath layer, the metal–bath interface
wave layer, the metal layer, and the carbon cathode, respectively.
In general, the region consisting of ii, iii, and iv is called the
anode–cathode distance (ACD). The metal layer (region v) and
the carbon cathode (region vi) are regarded as the cathode. At pre-
sent, the ACD of industrial cells is generally controlled between
40–50mm, and Ref. [30] reports that MPR in traditional cells
ranges between 9 and 15 mm. At different points in a cell, the
ACD is different [31]. The change in ACD caused by MPR will be
directly reflected in the cell voltage. Under normal conditions,
the cell voltage oscillation is within a small range, usually between
15 and 30 mV [32].

When certain external interferences or internal environmental
changes occur, the metal rolls abnormally, the metal–bath inter-
face seriously waves, and the stability breaks down. At this time,
the ACD change intensifies, and the oscillations and waves of the
cell voltage appear in a special form. Because the cell is a closed
system with high temperature and high corrosion, it is difficult
to directly observe and measure metal pad abnormal rolling
(MPAR). Usually, MPAR is inferred based on production experience
and other abnormal phenomena that occur in an industrial cell.
Therefore, to better design a digital filter that can separate the
components related to MPAR from the NCV, it is necessary to study
the frequency band of the cell voltage involved in MPAR.
2.2.1. NCV prior to the anode effect
Haupin [33] found that the average thickness of an anode bub-

ble is 5 mm, the instantaneous thickness can reach 20 mm, and the
additional voltage caused by the increase in the gas film resistance
ranges between 150 and 350 mV. In addition, the behaviors of
bubbles—such as sliding at the bottom of the anode, upward
movement of the sides, and detachment at the edge of the
anode—can cause fluctuations in the metal–bath melt. Ref. [34]
reports that the wettability of the anode played a significant role
in the rising behavior of the bubbles: Under an anode with poor
wettability, the bubbles adhered to the anode sidewall, and there
were always gas–liquid–solid three-phase contact surfaces. Prior
to the anode effect, the wettability of the carbon anode under
which the anode effect occurs will decrease. Therefore, the current
is redistributed because the gas film resistance of the anode with
poorer wettability is greater than that with better wettability.
The uneven distribution of the anode current causes the horizontal
Fig. 2. Schematic diagram of the anode–cathode distance (ACD). (i) Anode; (ii) bath
and bubble mixed layer; (iii) bath layer; (iv) metal–bath interface wave layer;
(v) metal layer; (vi) carbon cathode.
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current in melts to increase, which leads to a series change of the
‘‘electric–magnetic-flow” and subsequently intensifies the melt
fluctuation. By measuring and analyzing the equidistant voltage
drop of the anode rod, Li et al. [35] observed that the fluctuation
amplitude of the metal prior to the anode effect increased and that
the fluctuation energy increased significantly. Therefore, prior to
the anode effect, the real-time ACD abnormal change caused by
MPAR and the increase in the gas film resistance jointly lead to
an abnormal energy change of the NCV.

Fig. 3 shows NCV U2 (Fig. 3(a)) and its scalogram (Fig. 3(b)). An
anode effect occurs 60 s after NCV U2. Fig. 3(b) shows that the
energy distribution of U2 is basically similar to that of U1 in the
frequency band below 0.01 Hz. The difference is that in the fre-
quency band below 0.01 Hz, the energy of the last two energy
accumulation regions is significantly higher than that of the first
two. The closer to the occurrence of the anode effect, the more
MPR in the cell intensifies, which is reflected in the significant
energy increase of the corresponding moment in the U2 scalogram.

2.2.2. NCV AMT
Fig. 4 shows NCV U3 and its scalogram, from which similar

conclusions to those drawn for U1 and U2 are obtained, except that
the energy of the first four energy accumulation regions in the fre-
quency band of [0.001, 0.010] Hz gradually decreases with time.
This finding corresponds to the phenomenon in which the MPAR
caused by the metal tapping operation gradually weakens over
time [36]. Similar conclusions can be made after a time–frequency
analysis of a large number of other NCVs, which were all collected
AMT operations. Therefore, the following inferences can be made:
① The NCV includes information jointly introduced by the metal
tapping operation and the resulting MPAR; ② this information is
mainly contained in the [0.001, 0.010] Hz frequency band; and
③ after the metal tapping operation is completed, the gradual
weakening of the energy in the energy accumulation zone reflects
the change in the MPAR as it gradually becomes steady and gentle.

2.2.3. NCV during violent COs
Fig. 5 includes the sampling line current I4, NCV U4, the SCV

U40, and their scalograms, where the labels (X:) represent the
abscissa values. Fig. 5(a) shows the I4 corresponding to U4; in
Fig. 5(b), the red curve is U4, and the yellow curve is U40 corre-
sponding to U4; Fig. 5(c) is the scalogram of U40; and Fig. 5(d) is
the scalogram of U4. From the scalogram of U4, in the frequency
bands of [0, 0.001] and [0.001, 0.010] Hz, similar conclusions to
those drawn for U1, U2, and U3 are obtained. The energy distribu-
tions of U4 and U40 in [0.01, 0.05] Hz are significantly different
from those of U1, U2, and U3. The specific analysis is as follows:

(1) In Fig. 5(b), the oscillation of U40 is significantly more severe
than that of U4, especially in the period when the line current I4
(Fig. 5(a)) is oscillating significantly. The scalograms in Figs.
5(c) and (d) show that the energy of U40 is significantly higher than
that of U4 in the periods of violent COs at 2000–2500, 4000–4500,
and 5000–6500 s. This result shows that the impact of COs on the
cell voltage can be effectively eliminated by Eq. (2).

(2) Comparing Fig. 1(b) and Fig. 5(d), it can be seen that the
energy of U4 in [0.01, 0.05] Hz is significantly higher than that of
U1.

(3) The labels in Figs. 5(a), (b), and (d) show that in the periods
when the line current oscillates violently, the corresponding NCVs
do not have significant oscillations in the time domain. However,
the scalogram in Fig. 5(d) shows that energy remains, which is
mainly distributed in the frequency band of [0.01, 0.05] Hz.

According to the above analysis, Eq. (2) can effectively eliminate
the violent oscillation of the cell voltage when the line current vio-
lently oscillates in the time domain, but the energy generated by
the noise introduced in the frequency domain still exists. It can



Fig. 3. Time–frequency analysis of U2 prior to the anode effect. (a) U2; (b) scalogram of U2. The color of the color column is from dark to light, indicating the energy from
weak to strong.
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be inferred that the corresponding frequency band of the noise
introduced by the violent oscillation of the line current is [0.01,
0.05] Hz.

2.3. Summary of the qualitative analysis on NCV

From the above analysis of the time–frequency properties of the
NCVs U1–U4, the following is known:

(1) The energy of the NCV has a significantly different distribu-
tion in the three frequency bands of [0, 0.001], [0.001, 0.010], and
[0.01, 0.05] Hz.

(2) The energy distribution in the [0.001, 0.010] Hz band of the
NCV can reflect the MPAR caused by the metal tapping operation
and anode effect. Therefore, it can be preliminarily presumed that
the component of the NCV in the [0.001, 0.010] Hz band is related
to the MPAR.

(3) The occurrence time of the energy abnormality of the NCV in
the frequency band of [0.01, 0.05] Hz is consistent with that of the
line current abnormal oscillation. It can be concluded that the vio-
lent oscillations of the line currents mainly correspond with the
component of the NCV in the [0.01, 0.05] Hz band.
3. Quantitative representation of the energy change of the NCV
based on SIEP

In Section 2, a qualitative analysis of the energy distribution of
NCVs under various cell conditions was performed based on
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mechanism knowledge and the scalogram. Based on the
significantly different characteristics of the energy distribution,
the effective frequency band of the NCV was initially divided into
three sub-bands: [0, 0.001], [0.001, 0.010], and [0.01, 0.05] Hz. To
better analyze the relation between the energy distribution of
the NCV in each sub-band and the various cell conditions, such
as MPAR and violent CO, this section defines the SIEP and uses it
to give a quantitative representation of the energy changes in each
sub-band of U1–U4.

3.1. Definition of the SIEP

Let hgðxÞ be the Hilbert transform of the non-stationary signal
gðxÞ, where x 2 R, R is the real number set; then the integral

wavelet transform of hgðxÞ is Wgðb; aÞ ¼ aj j�1
2
R
hgðxÞ � wðx�b

a Þ � dx,
where a; b 2 R, a – 0; w 2 L2ðRÞ(where L2ð�Þ is a square integrable

function), 2p
R

nj j�1 bwðnÞ��� ���2dn < 1; bw is the Fourier transform of

w, n is the frequency variable. Define the SIEP Pgjx2
x1

of frequency

band x1;x2½ � as follows:

Pgjx2
x1
ðtÞ ¼

Z x2

x1

Wgðt; f Þ
�� ��2 � df ð3Þ

where t is the time and f is the frequency.
Eq. (3) shows that the SIEP is the time marginal distribution

of the energy in frequency band x1;x2½ � of the integral wavelet
transform of hgðxÞ. The SIEP quantitatively represents the energy



Fig. 4. Time–frequency analysis of U3 after the metal tapping operation. (a) U3; (b) scalogram of U3. The color of the color column is from dark to light, indicating the energy
from weak to strong.
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change in a designated frequency band with time. To compare the
proposed SIEP with the EIEP, Fig. S1 in the Appendix A gives the
EIEPs of each IMF obtained by the EMD of U1–U4. In Fig. S1, U1
and U3 correspond to seven IMFs, but U2 and U4 correspond to
eight IMFs.

After performing the EMD, the non-stationary time series gðtÞ
is decomposed into several IMFs from high frequency to low
frequency; that is, gðtÞ ¼ Pn

i¼1ciðt; f iÞ þ rnðtÞ, f i 2 xi;1;xi;2
� �

, i ¼
1; :::;n, where n is the number of IMF, ci is the ith IMF, rn is the
residue, and f i is the frequency of the ith IMF [20]. Let Hi;gðtÞ be
the Hilbert spectrum of the ith IMF ci of g(t); then, the EIEP of
the ith IMF Ei;gðtÞ is Ei;gðtÞ ¼ H2

i;gðtÞ.
To compare the EIEP and SIEP proposed in this paper, Fig. S1

gives the EIEP Ei;U1ðtÞ, Ei;U2ðtÞ, Ei;U3ðtÞ, and Ei;U4ðtÞ of each IMF of
NCVs U1–U4. It can be seen from Fig. S1 that for Ei;U1ðtÞ and
Ei;U3ðtÞ, i ¼ 1; :::;7; for Ei;U2ðtÞ and Ei;U4ðtÞ, i ¼ 1; :::;8.
3.2. SIEP of the [0.001, 0.010] Hz band

In Fig. 6(a), PU1j0:0100:001
ðtÞ (NCD, blue), PU2j0:0100:001

ðtÞ (PAE, green), and

PU3j0:0100:001
ðtÞ (AMT, yellow) are the [0.001, 0.010] Hz band SIEPs of

U1, U2, and U3, respectively, which are collected under NCD, prior
to the anode effect and after the metal tapping operation. The fol-
lowing can be seen from Fig. 6(a):

(1) When the cell condition is normal, PU1j0:0100:001
ðtÞ fluctuates

gently.
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(2) As the anode effect approaches, PU2j0:0100:001
ðtÞ gradually

increases, which corresponds to the phenomenon in which the
MPAR gradually becomes violent prior to the anode effect.

(3) With the passage of time after the completion of the metal
tapping operation, PU3j0:0100:001

ðtÞ gradually decreases, which corre-

sponds to the phenomenon in which the MPAR caused by the
metal tapping operation gradually becomes steady and gentle over
time.

(4) PU2j0:0100:001
ðtÞ and PU3j0:0100:001

ðtÞ are significantly greater than

PU1j0:0100:001
ðtÞ and change with the severity of the MPAR: PU2j0:0100:001

ðtÞ
gradually increases, starting from approximately PU1j0:0100:001

ðtÞ; while

PU3j0:0100:001
ðtÞ gradually decreases from being significantly greater than

PU1j0:0100:001
ðtÞ to approaching PU1j0:0100:001

ðtÞ.
Therefore, it can be inferred that the energy change of the NCV

in [0.001, 0.010] Hz is related to the MPAR, which means that the
NCV frequency band sensitive to the MPAR is within [0.001, 0.010]
Hz.

Fig. S1(b) shows the EIEPs Ei;U2ðtÞ, i ¼ 1; :::;8, arranged from high
frequency to low frequency. The EIEPs are obtained by decompos-
ing U2 into IMFs using EMD and then calculating the Hilbert
energy spectrum of each IMF. The following observations can be
made from Fig. S1(b): ① The EIEP5 E5;U2ðtÞ calculated from
IMF5 is most similar to PU2j0:0100:001

ðtÞ (PAE) in Fig. 6(a), with three obvi-

ous peaks existing, and the appearance time is closest; moreover,
② the most obvious two peak positions of EIEP4 E4;U2ðtÞ calculated
from IMF4 approximate the first two peak positions of PU2j0:0100:001

ðtÞ in



Fig. 5. NCV when the line current oscillates violently. (a) Line current I4; (b) U4 and U40: (c) scalogram of U40; (d) scalogram of U4. The color of the color column is from dark
to light, indicating the energy from weak to strong.
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Fig. 6. [0.001, 0.010] Hz SIEPs and EIEPs of U1, U2, and U3. (a) SIEPs of the [0.001, 0.010] Hz band; (b) EIEPs.
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Fig. 6(a). It can be inferred from this result that the EMD decom-
poses the abnormal energy information of U2 into two frequency
bands corresponding to IMF4 and IMF5. Therefore, PAE45 in
Fig. 6(b) is obtained by EIEP4 plus EIEP5; that is,
PAE45ðtÞ ¼ E4;U2ðtÞ þ E5;U2ðtÞ. As a comparison, Fig. 6(b) shows the
NCD45, where NCD45ðtÞ ¼ E4;U1ðtÞ þ E5;U1ðtÞ. By comparing the
green curves in Figs. 6(a) and (b), it can be seen that the EIEP can
basically represent the energy peaks of U2; however, it cannot
reflect the increase in energy caused by the MPAR prior to the
anode effect.

The following can be seen from Fig. S1(c):
(1) The most obvious peak of EIEP4 E4;U3ðtÞ calculated from IMF4

approximates that of PU3j0:0100:001
ðtÞ (AMT) in Fig. 6(a).

(2) The EIEP3 E3;U3ðtÞ calculated from IMF3 has obvious peaks
throughout the whole sampling period, in which the peak positions
in the period of 1000–4000 s approximate that of the second peak
of PU3j0:0100:001

ðtÞ in Fig. 6(a). Similarly, the peak positions of EIEP3

E3;U3ðtÞ in the period of 5000–7000 s in Fig. S1(c) approximate that
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of the third peak of PU3j0:0100:001
ðtÞ in Fig. 6(a); in addition, the peak

positions of EIEP3 E3;U3ðtÞ near time 9000 s approximate that of
the fourth peak of PU3j0:0100:001

ðtÞ.
(3) The EIEP2 E2;U3ðtÞ calculated from IMF2 also has obvious

peaks in the period of 1500–3000 s, which is included in the period
of the appearance time of the second peak of PU3j0:0100:001

ðtÞ in Fig. 6(a).

(4) The EIEP5 E5;U3ðtÞ calculated from IMF5 also has obvious
peaks at the beginning of E5;U3ðtÞ, corresponding to the first peak
of PU3j0:0100:001

ðtÞ in Fig. 6(a).

Therefore, it can be inferred that the EMD decomposes the
abnormal energy generated by the MPAR after the metal tapping
operation into four frequency bands corresponding to IMF2,
IMF3, IMF4, and IMF5. Thus, based on EIEP3 E3;U3ðtÞ plus EIEP4
E4;U3ðtÞ, this paper adds EIEP2 E2;U3ðtÞ and EIEP5 E5;U3ðtÞ to obtain
AMT234, AMT34, AMT345, and AMT2345, where

AMT234ðtÞ ¼ E2;U3ðtÞ þ E3;U3ðtÞ þ E4;U3ðtÞ ð4Þ
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AMT34ðtÞ ¼ E3;U3ðtÞ þ E4;U3ðtÞ ð5Þ
AMT345ðtÞ ¼ E3;U3ðtÞ þ E4;U3ðtÞ þ E5;U3ðtÞ ð6Þ
AMT2345ðtÞ ¼ E2;U3ðtÞ þ E3;U3ðtÞ þ E4;U3ðtÞ þ E5;U3ðtÞ ð7Þ
The yellow curve in Fig. 6(b) shows that① the EIEP represented

by AMT34 fluctuates significantly before the sampling time point
4000 s; ② the EIEP represented by AMT345 fluctuates more than
that of AMT34 after the sampling time point 500; and ③ the fluc-
tuation positions of AMT2345 are basically the same as those of
AMT345, but contain more details than those of AMT345. By com-
paring the yellow curves in Figs. 6(a) and (b), it can be seen that the
EIEP represents the energy fluctuation; however, it cannot reflect
the decrease in abnormal energy, which is caused by the gradual
weakness of the MPAR after the metal tapping operation.

In this subsection, NCV U2 prior to the anode effect and NCV U3
after the metal tapping operation are taken as examples in order to
compare in detail the effects of the SIEP and EIEP on the abnormal
energy in cell voltage caused by MPAR. Compared with the EIEP,
Fig. 7. Comparison of the SIEP of the [0.01, 0.05] Hz band and the EIEP when the line curre
EIEP of NCV U4 when the line current oscillates violently; CO-S: the EIEP of sampling ce
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the SIEP proposed in this paper is more accurate and detailed in
decomposing the frequency bands of the NCV; in addition, it can
represent the energy change in the designated frequency band
[0.001, 0.010] Hz, and thus better reflects the abnormal change
in the NCV energy caused by MPAR. Based on the energy change
of the voltage quantitatively represented by the SIEP, it can be
determined that the sensitive frequency band of the MPAR is
[0.001, 0.010] Hz.
3.3. SIEP of the [0.01, 0.05] Hz band

Fig. 7(a) is a comparison of the SIEP of two cell conditions. In
Fig. 7(a), the blue curve is PU1j0:050:01

ðtÞ (NCD) under NCD; the red curve

is PU4j0:050:01
ðtÞ (CO-N) under the cell condition when the line current

oscillates violently; and the yellow curve is PU40 j0:050:01
ðtÞ (CO-S) of

the sampling cell voltage under the cell condition when the line
current oscillates violently. From Fig. 5(a) and Fig. 7(a), the follow-
ing is known:
nt oscillates violently. (a) SIEP of the [0.01, 0.05] Hz band; (b) EIEPs of U4. CO-N: the
ll voltage U40 when the line current oscillates violently.
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(1) Corresponding to the sampling periods of 2000–2500, 4000–
4500, and 5000–6500 s with violent COs, the SIEP PU40 j0:050:01

ðtÞ of the
sampling cell voltage also fluctuates severely.

(2) In the above sampling period with violent COs, the fluctua-
tion of the SIEP PU4j0:050:01

ðtÞ of the NCV is significantly flatter than that

of PU4j0:050:01
ðtÞ, but there are still obvious peaks, which indicates that

Eq. (2) can partially eliminate the interference from COs.
(3) Under NCD, PU1j0:050:01

ðtÞ is generally flat throughout the obser-

vation period, with no obvious fluctuation.
Therefore, it is concluded that the energy anomaly of the NCV

introduced by violent COs is mainly reflected in the frequency band
above 0.01 Hz; that is, the sensitive frequency band of the NCV
related to the violent COs is within [0.01, 0.05] Hz, which is consis-
tent with the conclusions in Refs. [12,17].

From Fig. S1(d), it is known that only the EIEP4 E4;U4ðtÞ calcu-
lated from IMF4 has a significant peak near the 4000-4500 s region,
in which the sampling line current I4 oscillates violently in Fig.
5(a). In Fig. S1(d), EIEP2 E2;U4ðtÞ and EIEP3 E3;U4ðtÞ have obvious
peaks around the 2000–2500 and 5000–6500 s regions, which
approximate the violently oscillating positions of I4 in Fig. 5(a).
Therefore, in Fig. 7(b), EIEP4 E4;U4ðtÞ is used as the benchmark, add-
ing EIEP2 E2;U4ðtÞ and EIEP3 E3;U4ðtÞ to obtain CO-N234, CO-N24,
and CO-N34, where

CO-N234 tð Þ ¼ E2;U4 tð Þ þ E3;U4 tð Þ þ E4;U4 tð Þ ð8Þ

CO-N24 tð Þ ¼ E2;U4 tð Þ þ E4;U4 tð Þ ð9Þ

CO-N34 tð Þ ¼ E3;U4 tð Þ þ E4;U4 tð Þ ð10Þ
As a comparison, Fig. 7(b) shows the NCD234, NCD24, and

NCD35, where

NCD234 tð Þ ¼ E2;U1 tð Þ þ E3;U1 tð Þ þ E4;U1 tð Þ ð11Þ

NCD24 tð Þ ¼ E2;U1 tð Þ þ E4;U1 tð Þ ð12Þ

NCD34 tð Þ ¼ E3;U1 tð Þ þ E4;U1 tð Þ ð13Þ
By comparing Figs. 6(a) and (b), it can be seen that the EIEP can

also reflect the energy anomaly introduced by the violent COs in
NCV U4. However, the energy anomaly regions shown by the SIEP
proposed in this paper are finer. Moreover, the SIEP can demon-
strate the energy change of the designated frequency band of
[0.01, 0.05] Hz.

3.4. Summary of the quantitative representation of the NCV energy
change

According to the results of the SIEP analysis, the frequency band
of the NCV is divided into the following three sub-bands, which are
sensitive to the cell conditions.

(1) The [0, 0.001] Hz band is the low-frequency region, which is
related to the alumina concentration [14,17].

(2) The [0.001, 0.010] Hz band is related to the MPAR.
(3) The [0.01, 0.05] Hz band is related to the abnormal COs and

is a sub-low-frequency noise range.
The low-frequency noise is related to the ‘‘voltage swing.” Based

on the characteristics of the cell voltage energy distribution in this
frequency band, the low-frequency noise region of [0.001, 0.05] is
subdivided into the [0.001, 0.010] Hz MPAR frequency band and
the [0.01, 0.05] Hz sub-low-frequency noise band. The low-
frequency range of this paper is [0, 0.001] Hz, which is narrower
than that of Ref. [17]—that is, [0, 0.002] Hz—and thus is more con-
ducive to the extraction of low-frequency signals. The research in
this paper provides a reasonable passband for digital filter design
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to obtain online cell condition information, and can provide a reli-
able online basis for cell condition analysis and control decisions.

By quantitative representation with the SIEP, it is concluded
that the energy changes of the signal components in different fre-
quency bands of the NCV have specific process semantemes and
can describe the specific cell conditions. When the SIEP in a certain
frequency band is abnormal, it indicates that the cell condition cor-
responding to that frequency band is also abnormal. Since the SIEP
can be obtained online, and has significant characteristics under
different cell conditions, it can be used as a feature of an intelligent
algorithm [37,38] for online cell condition recognition, thereby
providing an online basis for control decisions. In addition, the SIEP
is the deep knowledge derived from the NCV and can participate in
the knowledge graph construction of aluminum electrolysis in the
form of conception or property [37,39], which is very helpful for
acquiring implicit knowledge from the knowledge graph.
4. Conclusions

This paper combines mechanism knowledge and scalograms to
conduct a qualitative analysis of the NCV under a variety of repre-
sentative cell conditions and uses the proposed SIEP to acquire and
quantitatively represent the energy change in the cell condition-
sensitive frequency band of each cell condition. The SIEP can
characterize the energy change with time in the designated
frequency band of the analyzed signal. Compared with the EIEP,
the SIEP can describe the energy change in any frequency band
within the effective frequency band of the NCV more finely. The
proposed frequency segmentation method is more sensitive to cell
condition changes and is beneficial in obtaining more elaborate
details of online cell condition information, thus providing a more
reliable and accurate online basis for cell condition monitoring and
control decisions.

This research is part of knowledge acquisition and knowledge
representation in process industry knowledge automation
[37,39,40]. The SIEP has process semantemes and can be obtained
online; therefore, it can provide online deep knowledge for big
data-driven knowledge reasoning [37,41] and other work.
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