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AUTOMATIC COMPENSATION OF THE MILL ROLL ECCENTRICITY IN
TERMS OF LIMITED SPEED OF HYDRAULIC COMPRESSION DEVICES

Purpose. To reduce deviation of vertical dimension (thickness) of rolled products from the specified value by enhancing the
accuracy and shortening the setup time of an eccentricity compensation subsystem of mill rolls based on substantiation of an ec-
centricity compensation method. This method is based on an active search algorithm to determine the actual eccentricity param-
eters in real time, taking into account the actual response time of hydraulic compression devices (HCD) and investigating its ef-
fectiveness through simulation computer modelling.

Methodology. The research was based on the analytical determination of the frequency characteristics of the AGC system in
sheet metal rolling, considering the actual response time of HCD of a rolling mill as well as a comprehensive model of a rolling
process in a quarto mill with rolling movement and an automatic thickness control system (ATCS) that compensates for eccen-
tricity. The study was conducted by comparing the results of computer simulation modelling of the improved ATCS, whose al-
gorithm took into account the HCD response time, with the performance indicators of the previous system, which did not
consider this factor.

Findings. It has been established that under the AGC thickness control conditions, the measured amplitude of a variable com-
ponent of thickness does not match the amplitude of eccentricity due to the finite response time of HCD. The frequency charac-
teristics of the AGC system have been determined analytically, taking into account the actual response time of HPD in a rolling
mill. An improved procedure for determining the actual eccentricity amplitude in real time has been substantiated, which involves
a temporary reduction in the HCD speed within the initial rolling section. A structure for an automated control system has been
proposed for practical implementation of this procedure. It has been demonstrated that the proposed solutions allow for a threefold
reduction in thickness variations caused by eccentricity compared to the corresponding performance indicators of the known ec-
centricity compensation systems with the AGC thickness control.

Originality. The influence of the HCD response time on the accuracy of AGC thickness control systems for rolled products has
been established. An approximate linear relationship has been identified between the ratio of the amplitude of thickness fluctua-
tions caused by eccentricity and the amplitude of roll gap fluctuations relative to the roll speed and HCD response time under the
AGC algorithm thickness control conditions. The improved procedure for determining the actual eccentricity amplitude in real
time has been substantiated.

Practical value. The effectiveness is substantiated of implementing an improved active search algorithm for determining the
eccentricity parameters of mill rolls under the limited HCD response conditions in real time. This approach allows for a threefold
reduction in the sheet thickness variability caused by roll eccentricity compared to the performance indicators of the known AGC
thickness control systems, thereby ensuring the production of high-precision rolled products in Ukrainian sheet rolling mills.

Keywords: thickness control of rolled products, AGC algorithm, roll eccentricity, response speed of hydraulic compression devices,
computer simulation modelling

State-of-the-art and statement of the research task. During
the operation of sheet rolling mills, a challenge arises to ensure
the quality of commercial products in accordance with market
demands and updated standards with stricter requirements for
product parameters in terms of gradual equipment wear. One
of the key parameters of sheet metal is the rolled sheet thick-
ness, which must comply with the standard requirements and
fall within the tolerance field established by the respective

© Boyko O., Kuvaiev V., Potap O., Potap M., Rybalchenko M., 2025

standard. Equipment wear affects negatively the accuracy of a
rolling process.

An issue of improving the thickness accuracy of rolled
products is especially relevant for Ukraine, where sheet rolling
mills have been in operation for quite a long time. According to
the current Ukrainian standards (DSTU 8540-2015), the
maximum thickness deviation for sheet products of standard
accuracy, depending on its thickness, ranges from +0.07 mm
(for the thicknesses of 0.4—0.5 mm) to +0.15 mm (for the
thicknesses of 1.4—1.6 mm), while for higher accuracy rolling,
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it is £0.05 and £0.12 mm, respectively. The maximum thick-
ness deviations for high-precision cold-rolled sheets (GOST
19904-90) are even stricter, ranging from £0.03 mm (for the
thicknesses of 0.4—0.5 mm) to £0.07 mm (for the thicknesses
of 1.4—1.5 mm). High-precision rolling is sold at a higher price
and is in greater demand.

The most economically viable and quickly achievable di-
rection for improving the competitiveness of Ukrainian rolled
products is the modernization of control systems, which en-
ables production of high-precision sheet metal. However, such
modernization requires well-founded scientific and technical
solutions to address this issue.

Currently, one of the main factors causing deviations in
the vertical dimension (thickness) of sheet metal from the set
value is eccentricity of mill rolls. The inaccuracy in manufac-
turing the mill rolls, which results from misalignment of the
centres of their body and neck circumferences, leads to uncon-
trolled fluctuations in a gap between the rolls during their rota-
tion while rolling. Since sheet rolling stands contain two pairs
of rolls with different diameters — support and working rolls —
fluctuations of varying amplitude and frequency overlap, cre-
ating a complex pattern of variations in the roll gap, which in
turn causes corresponding changes in sheet thickness at the
roll exit. Despite the efforts of scientists over the past nearly 60
years to develop methods for eliminating the effects of eccen-
tricity, the problem remains unsolved.

The majority of over 200 domestic and foreign original
technical solutions aimed at addressing the issue of roll eccen-
tricity affecting sheet metal thickness focus on eliminating it by
introducing forcibly the out-of-phase adjustments to a roll gap
with the same frequency and amplitude as the gap fluctuations
caused by the eccentricity of rolls [2, 3]. The differences be-
tween various technical solutions implementing this approach
are in the methods used to determine frequencies, amplitudes,
and phases of the uncontrolled roll gap fluctuations.

Studies [4, 5] propose to determine the eccentricity pa-
rameters by extracting and using a variable component of the
rolling force caused by changes in the metal compression in a
mill due to roll eccentricity and the resulting variation in a roll
gap. However, extracting this variable component is a signifi-
cant technical challenge due to the available harmonics in the
rolling force signal, whose frequency is close to the frequency
of gap changes caused by roll eccentricity in the same rolling
stand. This issue of identifying roll eccentricity parameters be-
comes particularly acute in continuous rolling mills. Indeed,
changes in the rolling force are caused not only by uncon-
trolled fluctuations in the roll gap due to eccentricity but also
by compression fluctuations caused by variations in the thick-
ness of the stock entering the rolls. If, in a continuous mill,
these changes are caused by the eccentricity of rolls in the pre-
vious stand, whose rotation frequency is very close to the one
of the roll gap fluctuations in the stand where identification is
taking place, their extracting from the rolling force signal be-
comes excessively difficult and practically impossible.

This problem cannot be solved even with the use of im-
proved signal filtering methods from the force sensors, as pro-
posed by the authors in paper [6].

A significant obstacle to determine effectively the eccentricity
parameters is the variability of eccentricity parameters for each
pass, caused by slippage between the working and support rolls
during metal gripping and filling in the respective rolling stand.
The difference in slippage between the upper and lower backup
rolls leads to changes in both the phase and amplitude of roll gap
fluctuations, making it impossible to transition the identification
results obtained from the previous pass to the next one. Because
of this, methods that involve preliminary direct measurement of
the roll gap face significant technical challenges [7, 8] as well as
attempts to use neural network technologies [9, 10] or model pre-
dictive control (MPC) methods| 11, 12] to solve this problem.

Recently, a number of technical solutions have been pro-
posed to address the issue of compensating for the impact of ec-

centricity on the accuracy of sheet rolling. These solutions are
based on algorithms for actively identifying the actual eccentric-
ity parameters, particularly its amplitude and phase, with further
eccentricity compensation by adjusting a roll gap using hydraulic
compression devices (HCD) of a rolling stand [13, 14].

However, these solutions do not take into account the re-
sponse speed limitations of HCD, and therefore, unfortunate-
ly, cannot be applied directly to the rolling mills.

Paper [13] proposes to determine an eccentricity phase us-
ing an active search algorithm. This algorithm involves pre-
liminary introduction of forced oscillations in a roll gap with
the frequency and amplitude of eccentricity AS, and an arbi-
trary phase, measuring Ah,,,, amplitude of the thickness oscil-
lations caused by these actions, and subsequent correction of
phase A¢ of the forced oscillations.

The effectiveness of this phase correction depends entirely
on the accurate determination of the eccentricity amplitude
AS,, which is problematic in the continuous rolling conditions.
In [13], similar to [2, 5], this requires extracting a variable
component of the rolling force.

This drawback is eliminated with the help of a technical
solution proposed in [14], where the phase of eccentricity is
determined similarly to [13], and determining the eccentricity
amplitude does not involve extracting a variable component
from the rolling force signal. This approach is based on the fact
that the automation of modern continuous sheet rolling mills
includes an automatic thickness control system (ATCS) in
each finishing stand, controlled by the AGC algorithm. In the
domestic literature, AGC control is known as Golovin-Sims
equation control, which adjusts the roll gap by the amount

_AP
MI(

which is determined by dividing deviation AP of the current
rolling force from its baseline (initial) value by modulus M of
the rolling stand stiffness [15, 16].

It has been proven that the use of AGC algorithm results in
complete transition of eccentricity to the rolled product thick-
ness. In other words, it allows for the measurement of eccen-
tricity amplitude AS, by measuring directly variable compo-
nent Ah of the sheet thickness at the exit of the rolling stand.

However, complete transition of eccentricity to the rolled
product thickness under the AGC control is possible only if
the compression devices are used with very high response
speeds (very small time constants) or at low rolling speeds (low
eccentricity frequencies). In practice, the duration of transient
processes in modern hydraulic compression devices (HCD) is
about 30—35 ms (time constants are ~0.01 s). As a result, the
thickness fluctuations of the rolled product will occur with the
amplitude somewhat lower than that of the eccentricity. This
necessitated research into the impact of the dynamic proper-
ties of HCD on the accuracy of thickness control under the
AGC algorithm, particularly based on the amplitude-frequen-
cy characteristics of the AGC systems [17]. A transition func-
tion of the AGC system, where a controlled variable is thick-
ness variation A/ of the rolled product and a controlling vari-
able is uncontrolled change AS, in a roll gap

Ah(p)

AS,(p)

can be determined from the calculation scheme (Fig. 1), which

illustrates the AGC system response to changes in a roll gap.
By substituting HCD as a first-order aperiodic link, the

authors of paper [ 17] defined the amplitude-frequency charac-
teristic (AFC) of the AGC system as follows

T?0* +1

2 b
TZOJZ[MPJ’_MKJ +1
MK

AS = , (1)

W3 (p)=

A(w) = ’

(2
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Fig. 1. Calculation scheme for thickness control of rolled prod-
ucts using the AGC algorithm under disturbances due to roll
eccentricity

where o is roll rotation frequency; 7'is time constant of HCD;
My is modulus of rigidity of the stand (corresponding to the
tangent of a slope of the elastic deformation line of the stand,
line 2in Fig. 1); M, is modulus of rigidity of the rolled product
(corresponding to the tangent of a slope of the plasticity curve,
line 7 in Fig. 1).

Considering that AFC illustrates the relationship a.= Ah/AS,
of amplitude A% of the thickness fluctuations to amplitude AS, of
the eccentricity, expression (2) helps determine how much larger
the sought amplitude of the eccentricity is compared to the am-
plitude of thickness fluctuations, which can be measured directly.

Based on the above, the objectives of further research can
be considered as follows:

1) development of a method to determine the actual am-
plitude of uncontrolled fluctuations in a roll gap caused by roll
eccentricity, which will take into account the finite response
speed of HCD and the corresponding improvement of ATCS
with eccentricity compensation;

2) proving the effectiveness of the improved ATCS through
simulation modelling.

Improved method for thickness control of rolled products
with the eccentricity compensation. The analysis of dependen-
cy (2) of parameter o on the eccentricity frequency and time
constant of HCD, conducted within the range of ® = 5—20 s~
and T'=0.005—-0.02 s, indicates that this relationship is nearly
linear and can be represented in the simplified form shown in
Fig. 2.

Considering that at 7 = 0 under the operation of a non-
inertial HCD, the ratio o. = 1, meaning that the eccentricity is
completely transitioned to the rolled product, we can express
this relationship according to Fig. 2 as follows

= , 3)

where index / corresponds to the parameters o; = Ak /AS,; T,
at reduced response speed, while index 2 corresponds to pa-
rameters o, = Ah,/AS,and T, at the maximum response speed
of HCD.

aA

T
>

Fig. 2. Determining an eccentricity amplitude

Since time constant 7" of HCD has an inversely propor-
tional relationship with their speed V, we can make the appro-

. T . V.
priate substitution in (3) and, assuming that V; ="2 %’ deter-
mine the eccentricity amplitude as

_ k[ pap B
Ase_k_l[Ah2 k]. (4)

Thus, the algorithm for determining a real eccentricity
amplitude should contain the following sequence of actions:

1) before the rolling starts, set the reduced speed mode for
HCD;

2) while rolling the initial section of the strip, activate the
AGC-system for adjusting the strip thickness, which works ac-
cording to formula (1);

3) extract a variable component of the rolled thickness at
frequency w of the rotation of support rolls and determine pri-
mary amplitude Ak, which corresponds to the reduced speed
of HCD;

4) transition HCD to the maximum speed mode, then de-
termine secondary amplitude A/, of a variable component of
the rolled thickness, which corresponds to the maximum
speed of HCD, and calculate amplitude AS, of the eccentricity
according to formula (4).

Further ATCS operation should be according to the algo-
rithm, which provides: implementation of forced harmonic
change of a roll gap with frequency o, amplitude AS,, and ar-
bitrary phase ¢.

The total change in a roll gap after adding these forced
changes to the eccentricity-induced gap fluctuations will be a
harmonic function of argument wt, being

AS(wf) = AS, sin(w?) + AS, sin(of + ¢). 5)
Setting the derivative of function (5) to be equal to zero

dAS

d(ot)

one can determine a value of argument (w?),,,, that yields the
maximum value of the amplitude of the total fluctuations of a
roll gap

=AS, [cos(oat) +cos(wf + ¢)} =0,

(6)

sin¢

(O = arctg(”cosd)].

Substituting expression (6) into (5) after a series of simple
transformations makes it possible to determine amplitude
AS,ax Of the total gap fluctuations

AS, . =2AS, cos@)} (7

From expression (7), it follows that a phase shift between
the forced gap oscillations and the eccentricity can be defined as

AS
Ad =mF2arccos| —m |, 8
¢=n%F [ IS, J ®)

Taking into account that the rolled product thickness at
the exit from the rolls is equal to the gap value

A/’lma\x = ASma)(a

to implement forced gap oscillations out of phase with the ec-
centricity, their initial phase must be shifted by the amount

R Ahmax

Ap=nF 2arccos( 248, ] )

Thus, the ATCS algorithm involves measuring amplitude

Ah,, Of a variable component of thickness within the strip

section that was subjected to forced changes in a gap with the

arbitrary phase, and then shifting phase ¢ of the forced

changes in a roll gap by calculated value A¢$ according to for-
mula (9).
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Compensating for the eccentricity of the working rolls,
whose effect on the variability of rolled product thickness is
several times less than that of the eccentricity of support rolls,
requires similar actions to extract a variable component of
thickness at the rotational frequency of working rolls. In this
case, forced oscillations of a roll gap to compensate for the ec-
centricity of both the support and working rolls should be per-
formed simultaneously (in parallel) using the same algorithm
as the one outlined above.

A system of automatic thickness control with compensation
Jor roll eccentricity. Fig. 3 shows a functional diagram of ATCS
that implements the proposed algorithm for compensating the
eccentricity of support rolls.

An executive mechanism of ATCS is a system for position-
ing the working rolls, which operates on the principle of feed-
back. According to the task received at the input of a summa-
tor 9, it uses a hydraulic compression device to move the rolls
to the specified position.

A hydraulic compression device contains a double-acting
hydraulic cylinder 10, controlled by an electric signal from the
system & and a gyrodistributor /7, which is used to change di-
rections of the hydraulic cylinder rod’s movement to either
increase or decrease a gap between the rolls. This is controlled
by a signal from the output of the eccentricity parameter iden-
tification unit /5. The system also includes a gyrodistributor /2
with spring return, whose position determines the speed of the
rod’s movement, and a throttle /3, whose availability in the
drainage line of the hydraulic system reduces the speed of the
hydraulic cylinder rod’s movement by k times.

At the input of the summator 9, the following is received:
initial gap task S* formed before the rolling process; addition
AS} to the gap setting, generated by the AGC system to com-
pensate for the influence of low-frequency technological dis-
turbances; and addition AS5, which defines the forced oscil-
lations of the gap to compensate for the influence of roll ec-
centricity. The sum of these three components determines
the current setting of a gap that must be executed by the sys-
tem §.

Before the rolling process starts, a positioning system be-
tween the working rolls of a rolling stand sets the gap according
to the task formed by the summator 9, which, at that moment
in time, equals the operator-defined initial value §* due to the
absence of signals AS] and AS; at its inputs.

o
11
AS*
e [}
gk
12 AsT ool as.
13
J
" 14
»
<l 15

Fig. 3. Functional diagram of the proposed ATCS:

1 — product presence sensor, 2, 3 — rolling force sensors; 4 — rota-
tion frequency sensor of rolls 5; 6 — thickness sensor at the output
of the working rolls 7; § — roll positioning system; 9 — summator;
10 — hydraulic cylinder; 11 and 12 — hydraulic distributors;
13 — throttle; 14 — AGC system; 15 — unit of eccentricity param-
eter identification; 16 — generation unit

A signal from a sensor / indicating availability of the rolled
product 2in the rolls triggers the AGC system /4, which, using
information from the force meter 3 of rolling force P, calcu-
lates addition AS; throughout the rolling process according to
formula (1), ensuring compensation for all technological dis-
turbances (deviations in thickness and stiffness of the semifin-
ished rolled products) caused by the semifinished rolled prod-
ucts.

In this context, within the initial section of the strip, hy-
draulic distributor 72 is set to a position where throttle 13 is
present in the drainage line, meaning that the movement of
hydrocylinder rod & occurs at a reduced speed (time constant
of HCD is equal to 77, and the speed equals to V;).

Identification of the eccentricity amplitude and phase is
carried out in unit 5.

Throughout the rolling process, a signal from a thickness
meter 6 of the strip is sent to the input of the identification unit
15, which extracts the variable component of the strip’s thick-
ness caused by the eccentricity of support rolls and determines
its amplitude.

After recording amplitude A/, of the variable component
of thickness, occurring at a reduced speed of HCD, unit 715
sends a signal to switch a hydrodistributor /2 into a state where
athrottle /3is removed from the drain line, which corresponds
to an increase in HCD response rate by k times (V, = kV)).

Once a section of the strip, whose thickness was adjusted
with high speed of the hydraulic control system, enters a mea-
surement zone of a meter 6, unit 75 records amplitude Ak, of a
variable component of thickness and calculates amplitude AS,
of the eccentricity using formula (5).

From this moment on, a unit /6 begins to generate a sinu-
soidal signal

AS3(1) = AS, sin(wf +9),

with frequency o, amplitude AS,, and zero phase ¢ = 0. When
added in the summator 9 to the sum S$*+ASY, it causes addi-
tional oscillations in a roll gap, which in turn lead to corre-
sponding fluctuations in the rolled product thickness.

After determining the amplitude of these oscillations in unit
15, calculation of phase shift Ap between the uncontrolled and
forced oscillations of a roll gap is initiated. The calculated phase
shift is sent to unit 76 for generation, which adjusts appropri-
ately the parameters of the forced oscillations of the roll gap.

Thus, the proposed ATCS allows theoretically for the com-
plete compensation of the influence of roll eccentricity on the
strip thickness exiting the rolling mill, while simultaneously
compensating for other technological disturbances introduced
by the semifinished rolled products (variations in the thickness
of semifinished rolled products and modulus of rigidity).

However, considering that formula (5), which forms the
basis of the improved ATCS algorithm, is based on a simplified
linear relationship of a parameter with the HCD speed, effec-
tiveness of the proposed method requires further verification.
Such verification is best conducted through simulation com-
puter modelling, which necessitates the development of an ap-
propriate adequate dynamic model.

Research on the ATCS effectiveness using a computer
model. A dynamic model of the rolling process in a separate
stand of a continuous sheet rolling mill and the proposed ATCS
was created in the MATLAB-Simulink software environment.
The model [13] used by the authors for studying an eccentricity
compensation system [ 14] was the basis for this work.

Schematic of the model is shown in Fig. 4.

The actual rolling process is modelled in the Rolling Mill
unit, to which signals simulating thickness H and stiffness M,
of the semifinished rolled products are inputted, while the
outputs provide calculated thickness /4 of the rolled product
and rolling force P. The thickness signal is processed using
Bessel band-pass filters (4nalog Filter) to extract the variable
components corresponding to the rotational frequency of the
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Fig. 4. Schematic of the rolling process model and the proposed ATCS in the MATLAB-Simulink environment

support and working rolls. Subsequently, their amplitude is
determined in the AMP-hO and AM P-hP units.

The ATCS model includes similar compensation loops for
the eccentricity of both support and working rolls.

The changes made to the base model [13] during its refine-
ment specifically pertained to the modelling of the algorithm
for determining an amplitude of uncontrolled changes in a roll
gap caused by eccentricity (units SSCO and SSCR), the AGC
system itself (unit A7'CS), and the hydraulic pressing device
(unit HCD).

Information about the thickness fluctuation amplitudes of
the rolled product is sent to the inputs of units SSCO and
SSCR, simulating the operation of eccentricity compensation
subsystems for support and working rolls according to the pre-
viously outlined algorithm. The internal structure of these
units is identical (Fig. 5). At their outputs, the values of ampli-
tude AS, and phase A¢ of the forced oscillations of a roll gap
are generated, which are subsequently processed by HCD.

In the memory blocks a1 and a2, implemented basing on
the Triggered Subsystem, the thickness fluctuation amplitudes
of the rolled product caused by eccentricity are stored under
conditions of reduced and high HCD speed. Using these am-
plitudes, actual amplitude of the eccentricity is calculated in
units Fenl and Fen2 according to formula (5), with the result
stored subsequently in memory unit a3.

Phase A¢ is determined according to formula (9) in unit
Fen3 after recording Ah,,,,, in memory unit a4.

The AGC-system model (unit ACTS) is illustrated in
Fig. 6. It implements algorithm (1), using information about

138

E)
Int  Outt

nt D Faza2

Memory1

Fig. 5. Schematic of the functional unit SSCO

current rolling force P and previously calculated expected roll-
ing force P*.

The HCD was modelled in unit HCD (Fig. 7) in the modes
that simulate maximum and reduced response rate. For this
purpose, two units Transfer Fcnl and Transfer Fcn2 were used,
representing first-order aperiodic elements with different time
constants: 0.02 seconds for a slow mode and 0.01 seconds for a
faster operating mode of HCD. The transition from a slow
mode to a fast mode is accomplished using switch Switch3.

A signal from the output of unit /CD, which defines the
forced change in a roll gap caused by the system, is added in
the summator unit to output gap S” and to the eccentricity of
rolls from the output of unit S,. This signal then passes through
the Unit switch to the Rolling Mill simulation unit as the actual
roll gap.

The modelling was conducted for hot rolling conditions of
a strip with a thickness of # = 1.47 mm, using a thickness of
semifinished rolled products H = 1.89 mm, on the reversible

J

P
<
Cloe e ‘ + 2.497
S vl 1Mk "
Switch3 1 P
E on

Ground1

Fig. 6. Model of the AGC system of thickness control (ATCS unir)

In1 -

1 h3
0.01s+1 P> 1 )
Transfer Fen1 Switcha Out1
1
0.02s+1

Transfer Fcn2

Fig. 7. Schematic of the HCD simulation unit

86 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N° 1



stand 800 of “Zaporizhstal” PJSC. The technological param-
eters and equipment parameters of the stand were assigned
values close to the real ones: diameter of support rolls —
800 mm; diameter of working rolls — 400 mm; eccentricities of
support rolls — 0.04 and 0.05 mm; eccentricities of working
rolls — 0.02 and 0.03 mm; rigidity modulus of the stand —
4.8 MN/mm; rolling speed — 5 m/s; rotation frequency of
support rolls — 12.5 s7'; rotation frequency of working rollers —
25 s7!; rolling force — 2.5 MN; rigidity modulus of the strip —
5.95 MN/mm.

The modeling was carried out in three stages.

During the first stage, a rolling process with the automatic
thickness control using the AGC algorithm was investigated
without automatic compensation for the eccentricity of work-
ing and support rolls.

Fig. 8 shows the oscillograms obtained from the computer
experiment: rolled product thickness / at the stand exit, thick-
ness of the semifinished rolled products H with a high-fre-
quency component caused by the eccentricity of support and
working rolls of the previous rolling stand, and roll gap S,
which is changed deliberately by the AGC system throughout
the entire rolling process.

As shown in Fig. 9, fluctuations in the rolled product
thickness occur within the range of 1.36—1.55 mm, with an
amplitude of A4 =0.19 mm, which is slightly smaller than the
amplitude of roll gap fluctuations caused by eccentricity, AS =
= 0.21 mm. This result is entirely consistent with the studied
frequency properties of the AGC system [17].

Thus, rolling with the automatic thickness control using
the AGC algorithm, without automatic compensation for the
eccentricity of working and support rolls, can at best produce
material of only standard accuracy.

During the second stage, the ATCS operation, which im-
plements the AGC algorithm and compensates for the eccen-
tricity of working and support rolls as described in [14], was
modelled without accounting for the limited speed of HCD
(Fig. 9).

Analysis of the experimental thickness oscillogram shows
that compensation for eccentricity begins at the 9" second of
modelling, after the system has completed the procedure for
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Fig. 8. Results of the rolling process simulation under AGC sys-
tem operation without eccentricity compensation
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Fig. 9. Result of the ATCS operation modelling according to
method 14| under applying “ideal” HCD with T=0.001 s

determining the parameters of eccentricity, which lasts for the
first 7 seconds of rolling: determining the amplitude from 2 to
6 seconds and determining the phase from 6 to 9 seconds.

The results of the computer experiment indicate that this
system is capable of compensating for eccentricity and achiev-
ing thickness variability of AZ = 0.03 mm, but only at using a
hydraulic control system with time constant 7'=0.001 s, which
is nearly 10 times higher than currently achievable indicators.

However, if modern HCDs with a real time constant
T = 0.01 s are used, the ATCS effectiveness deteriorates sig-
nificantly (Fig. 10): a range of thickness fluctuations is 1.44—
1.55 mm, with A4 =0.12 mm.

Thus, the use of ATCS, which implements the AGC algo-
rithm and compensates for the eccentricity of rolling and sup-
port rolls of the stands as described in [14], without accounting
for the limited HCD response rate, allows for a reduction in
variability of the rolled product by approximately 40 %. This
guarantees only standard rolling accuracy, while the production
of rolled products with increased precision remains problematic.

During the third stage of the study, operation of the pro-
posed improved ATCS was modelled using the developed
model (Fig. 4). A rolling process begins at the 2"¢ second of
the simulation (Fig. 11). During the first four seconds (from 2
to 6 s), the thickness is adjusted according to the AGC algo-
rithm at a slowed-down HCD (7 = 0.02 s). Here, at the 37/
second, rolling appears within the thickness measurement
zone, and during the following 3 seconds, the variable compo-
nent of thickness caused by eccentricity is extracted using a
narrowband Bessel filter, and its amplitude is determined. Du-
ration of the transient process in the filter corresponds to ap-
proximately five roll rotations.

At the 6" second of simulation, ATCS switches HCD into
a high-speed mode (7' = 0.01 s), as indicated by the shape of
h(f) oscillogram, which becomes more regular. The next 5 sec-
onds are spent by the system waiting for the corresponding
section of the rolled product to reach a thickness measurement
zone and for a relevant variable component to be extracted
from the rolled product thickness.

Thus, at the 727 second, determination of the eccentricity
amplitude is completed, and ATCS begins to adjust forcibly a
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Fig. 10. Results of the ATCS operation modelling according to
[14], if real HCDs with T=0.01 s are applied
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Fig. 11. Results of the improved ATCS modelling
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roll gap with the specified amplitude and derivative phase.
During this process, a temporary increase in the amplitude of
thickness fluctuations of the rolled product is observed. This
increase in amplitude should be regarded as random, caused
by the incidental proximity of the phase of primary forced gap
fluctuations to the eccentricity phase.

Atthe 15" second of simulation, the system adjusts a phase
of forced gap fluctuations, after which it transitions into the
eccentricity compensation mode. As shown in Fig. 11, the
rolled product thickness varies from 4 = 1.436 to 4= 1.496 mm,
with a thickness variation of Ah =+0.03 mm.

Therefore, the use of the proposed improved ATCS allows
for the reduction in thickness variation of the rolled product
caused by the eccentricity of support and working rolls by
nearly three times, achieving a level corresponding to that of
high-precision rolling.

Further ATCS improvement should focus on the develop-
ing methods to reduce the time spent for filtering the thickness
signal to extract the relevant variable components. This will
help shorten the initial section of the rolled product that is af-
fected adversely by eccentricity.

There is also a significant interest to the analysis of the
ATCS functioning under varying rolling speeds.

Naturally, changes in the rotational speed of the rolls
should not affect the actual eccentricity parameters. There-
fore, if determination of these parameters is completed at a
stable speed during the initial strip section rolling before a
transition phase to the working speed begins, it is sufficient to
switch from the generating forced gap fluctuations based on
current time 7 to generating them basing on the rotation angle
of rolls wz. This will help avoid the impact of time delays in
frequency measurement on control quality. Practical imple-
mentation of this measure poses no technical difficulties, as
rolling mills are equipped with angle sensors.

However, due to changes in the rotational speed of rolls
according to formula (2), parameter o may experience signifi-
cant changes. Therefore, the system’s performance of forced
gap fluctuations in transitional modes caused by changes in
rolling speed requires further investigation.

Conclusions.

1. A problem of increasing the accuracy of sheet metal
thickness is particularly relevant for Ukraine, which has quite
old rolling mills. The most economically justified and readily
achievable direction for enhancing the competitiveness of their
products is modernization of control systems that ensure the
production of high-precision sheet metal.

2. Eccentricity of the mill rolls remains one of the main
factors causing deviations in the vertical dimension (thickness)
of sheet metal from the specified value.

3. The available automatic systems for compensating roll
eccentricity, which perform out-of-phase adjustments to a roll
gap relative to the eccentricity and use an active search algo-
rithm to determine the actual eccentricity parameters, cannot
ensure adequate accuracy due to the limited response speed of
HCDs in rolling mills as executive mechanisms of ATCS.

4. Analytical study of the impact of HCD response speed
has shown that in terms of thickness control according to the
AGC algorithm, the ratio of thickness fluctuations amplitude
caused by eccentricity to the amplitude of fluctuations in a roll
gap decreases along with the increasing roll rotation frequency
and time constant of HCD in a nearly linear manner.

5. Comparing the amplitudes of thickness variation in the
rolled product at different HCD speeds helps identify the am-
plitude of roll gap fluctuations caused by the roll eccentricity.
An improved procedure for real-time determination of the ec-
centricity amplitude is proposed, taking into account the ac-
tual HCD response speed, which involves a short-term reduc-
tion in HCD speed at the initial strip section segment.

6. A computer model has been developed to simulate for-
mation of thickness variation in sheet rolling associated with
roll eccentricity in the mill. This model includes the HCD

model with the variable response speed and allows for adequate
simulation of the operation of improved ATCS with sufficient
accuracy to draw conclusions regarding its effectiveness.

7. The results of computer simulation of rolling with auto-
matic thickness control using the AGC algorithm, without auto-
matic compensation for the eccentricity of rolling and support
rolls, indicate that in terms of Ukrainian rolling mills, it can pro-
duce rolled products with, at best, only standard accuracy.

8. The results of computer simulation of rolling using
ATCS that implements the AGC algorithm and compensates
for the eccentricity of working and support rolls without ac-
counting for the limited response speed of HCD show that the
thickness variation of rolled product decreases by only 40%. In
the context of Ukrainian rolling mills, this guarantees only
standard rolling accuracy, while the production of high-preci-
sion rolled products remains problematic.

9. The results of computer simulation demonstrate that the
use of the proposed improved ATCS makes it possible to re-
duce thickness variation caused by the eccentricity of support
and working rolls by nearly three times, achieving a level of
+0.03 mm, which corresponds to high-precision rolling.
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Meta. 3MeHIlIeHHS BiIXWJIEHHSI BEPTUKAIBHOTO PO3Mipy
(TOBLIMHM) JINCTOBOTO TMPOKATY Bifl 3aaHOTO 3HAYEHHS 3a
paxyHOK MiJBUILIEHHS] TOYHOCTI Ta CKOPOUYEHHS yacy HaJla-
IITYBaHHS MiICUCTEMU KOMTIEHCAIlil eKCIEHTPUCUTETY TPO-
KaTHUX BaJiKiB. OOIPyHTYBaHHSI METOMY KOMIIEHcallii eKc-
LIEHTPUCUTETY, 1110 0a3y€eThCSl HA AITOPUTMi aKTUBHOTO TIO-
LIYKY JUISl BUHAMIEHHST AiCHUX MapaMeTpiB eKCLIEHTPUCU-
TETy B PEXWMi peabHOTO 4Yacy 3 ypaxyBaHHSIM (DakTUIHOL
LIBUIKOMII TiApaBaiyHUX HaTUCKHMX TNpuctpoiB (I'HIT), ta
TMOCHTIIKEeHHsT Horo eMeKTUBHOCTI IUISIXOM iMiTalliifHOTO
KOMIT'IOTEPHOI'O MOJIETIOBAHHSI.

Meroauka. JlociimkeHHs 6a3yBaaucsl Ha aHATITUIHOMY
BU3HAUYEHHI YaCTOTHUX XapakTepucTuk AGC-cucTeMu Jmc-
TOBOI MPOKATKH, 1110 BpaxoBye (pakTnuHy mBuakomito I'HIT
MPOKATHOT KJIiTi, Ta Ha CTBOPEHiil KOMILJIEKCHiI1 MOeJIi Mpo-
11ecy JIMCTOBOI MpokaTku y Kiiti KBapto 3 'HII nepecyBaHHs
BAJIKiB i CUCTEMOIO aBTOMATUYHOTO PEryJIOBaHHS TOBILIMHU
(CAPT) 3 kommeHcalli€o ekclueHTpucuTeTy. JocaimkeHHs
3IIACHIOBAJIM LIJISIXOM 3iCTaBJICHHS pe3yJibTaTiB KOMIT I0Tep-

HOTO iMiTalliifHOrO MOJE/NIOBAaHHSI POOOTH YIOCKOHAJIEHOL
CAPT, anroput™m sikoi BpaxoByBaB IiBuakomito 'HII, 3 mo-
Ka3HWKaMM pOOOTH IOIEPEeIHbOI CUCTEMHU, IO ii HE Bpaxo-
ByBaJja.

PesyabraTn. BctaHosineHo, 1o B ymoBax AGC-peryiio-
BaHHSI TOBLUMHM IPOKATy BUMIipsHA aMIUITyda 3MiHHOI
CKJIaIOBO1 TOBIIMHU HE CIiBMANa€ 3 aMIUITYA0I0 €KCLEeH-
TPUCUTETY uepe3 KiHueBy mBunkonito ['HII. AnamituuHo
BU3HaYeHi 4acToTHi xapakTepuctuku AGC-cuctemu, 110
BpaxoBYyIOTh (hakTUuHy mBuakoxiro 'HIT mpokaTHOI KimiTi.
OOrpyHTOBaHa yIOCKOHAJIeHA Tpolieypa BU3HaUeHHS (hak-
TUYHOI aMIUTITYId €KCLIEHTPUCUTETY B PeaTbHOMY 4aci, 1110
rnepeabdayae 3acTOCYBaHHS KOPOTKOYACHOTO 3MEHIIEHHS
mBuakocti 'HIT Ha movaTkoBiii TisHII MpoKaTy. 3arpormno-
HOBaHa CTPYKTypa aBTOMAaTHM30BAaHOI CUCTEMM YIIPaBJiHHS
IIJT IpaKTUYHOI peaJtizallii 3a3HaueHol npoueaypu. Jlosene-
HO, 1110 3aMpOMNOHOBaHI PillIEeHHS TO3BOJISIIOTh YTPUYi 3MEH-
LIUTU CIPUYUHEHY €KCIIEHTPUCUTETOM Pi3HOTOBIIMHHICTh
MPOKATy MOPiBHSIHO 3 BiIMOBIIHUM ITOKa3HUKOM POOOTH Bi-
JIIOMHUX CUCTeM KOMIeHcallii ekcueHTpucutery 3 AGC-pery-
JIIOBAaHHSIM TOBIIIMHU ITPOKATY.

HaykoBa HoBM3HA. Y CcTaHOBIEHO BILIMB wBUaAKoAil 'HIT
Ha TouHicTh AGC-cucTeM peryloBaHHs TOBIIMHU MPOKATY.
Bussnena HabauxkeHa A0 JIiHIMHOI 3aJIEXHICTh BITHOLIEHHS
AMIUTITYIU CIPUYMHEHUX EKCLIEHTPUCUTETOM KOJIMBaHb TOB-
LIWHU TIPOKATY 10 AMILUTITYIN KOJMBAaHb Mi>KBaJIKOBOTO 3230~
py Bin yactoTu obepTaHHs BasikiB i mBuakocti 'HIT B ymoBax
peryaoBaHHs TOBIIMHU Tpokaty 3a AGC-ainroputmoM. O6-
IPYHTOBaHa yIOCKOHaJIeHa Mpolieaypa BU3HAYEHHS (DaKTUy-
HOI aMIUTITYIX €EKCLIEHTPUCUTETY B peasibHOMY Yaci.

IIpakTnyna 3Haunmictb. [Tossirae B oOrpyHTYBaHHI eek-
TUBHOCTI BITPOBAIKEHHS YIOCKOHAJIEHOTO aKTUBHOTO TO-
LIYKOBOTO aJITOPUTMY BU3HAUYEHHS MapaMeTpiB eKCLIEHTPU-
CUTETY NMPOKATHUX BAJIKiB B YMOBaX OOMEXEHOI IIBUAKOII1
I'HIT y pexumi peanbHOro yacy, SIKWMii 103BOJISIE BTpUYi
3MEHIIUTU CIPUUUHEHY eKCHEHTPUCUTETOM BaJIKiB MPOKaT-
HOI KJIiTi KBaIpo Pi3HOTOBUIMHHICTh MPOKATY MOPIBHSIHO 3
BIMTOBIZHUM ITOKAa3HUKOM poOoTH Bimomux cucteM AGC-
peryJiloBaHHS TOBLUMHU JIUCTOBOTO MPOKATy i 3a0€3MeunT
BUPOOHULITBO MPOKATY BUCOKOI TOUHOCTI Ha JIMCTOMPOKAT-
HUX cTaHaX YKpaiHu.

KimouoBi cioBa: peeyawsanns mosuwunu npokamy, AGC-
aneopumm, eKcueHmpucumem 64Kie, 2iopasaivHuil HAMUCKHUIl
npucmpiil, imimauyiiihe M0OeAO8AHHS
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