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MINIMIZATION OF DYNAMIC CHANGES IN THE TENSION OF LONG
PRODUCTS BEHIND THE OUTLET CAGE
IN ROLLING STOCK PRODUCTION IN COILS

Purpose. Justification of technical solutions as to the reduction of the amplitude and reduction of the dynamic change duration
in the tension of the rolling stock at the exit of the output cage when moving to winding a new layer to an acceptable level in terms
of its effect on the resulting profile of the rolled product through the control of the rotation frequency of an output cage.

Methodology. The conducted research was based on a complex model of the process of rolled steel winding with a Garrett-type
winder and the tension of rolled steel in the area of the exit cage-winder. To control the actual amount of tension at the output cage
exit, it is suggested to use the amount of free deflection of the rolled steel directly behind the cage. The research was carried out by
simulating the process of rolled steel winding according to the basic control scheme and control schemes that predict the influence
on both drives, i.e. the winder drive and the output cage drive according to the actual value of tension, in various combinations with
further analysis and comparison of the obtained results.

Findings. It was established that the correction for the deviation of the actual rolling tension in the finishing cage-winder area
from the specified value of the winding current of the winder electric drive does not eliminate rolling tension when switching to the
next layer winding and the oscillating form of the transition process, which are characteristic of the basic rolling winding scheme. In
turn, the correction of the rotation frequency of the output cage rolls drive reduces the amplitude of the roll tension jerk by almost
half with a simultaneous reduction in the time of the transition process and readjustment when switching to a new layer winding.

Originality. It has been shown for the first time that the introduction of the roll tension control circuit by correcting the high-
speed rolling mode of the output cage ensures minimization of dynamic changes in the rolled steel tension when switching to a new
layer winding and reduces the probability of local tightening of rolled steel profile.

Practical value. The use of the described technical solutions in the control system of the section of rolled products winding of
the small-grade wire mill DSDS 250/150-6 PJSC “ArcelorMittal Kryvyi Rih” ensures the improvement of the commercial proper-
ties of the winding of rolled products produced on the rolling mill.

Keywords: winder, rolling tension, control of the winding current, control of the rolling speed mode

Introduction. The production of graded rolled products in
coils is a promising world-wide direction for the rolled prod-
ucts development due to the significant reduction of metal
losses when used in machine building, hardware industry and
construction in comparison with the use of the same rolled
products supplied in rods.

Today’s world production of medium and large coils is
mainly focused on special steels for the automotive industry, as
well as for cold stamping and/or forging and drawing.

Therefore, modern lines for the production of rolled prod-
ucts in coils must meet the following basic requirements:

1) high output productivity;

2) defect-free rolled surface in coils;

3) homogeneous technological characteristics of rolled
products in coils;

4) the compactness of the coils and the uniform distribu-
tion of rolls facilitating storage, transportation as well as safe
and easy unwinding.

The absence of contraction and other defects on the rolled
surface is a fundamental requirement for the production lines
of graded rolled products. This problem is almost completely
solved on rolling mills equipped with Stelmor lines with free
forming of rolls, for the range of cross-section sizes of rolled
products supposed to be produced by this line in contrast to
the production of graded rolled products coils of medium and
large cross-sections obtained by winding on the Garrett-type
winders.
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The peculiarity of coiling of rolled products on Garrett-type
winders is that the winding is carried out with the tension of the
rolled products before the coiler. Traditionally, tension value is
set by the “winding current”, which is determined at the current
regulator of the winder’s electric drive control system input and
corresponds to the required value of tension of the rolled mate-
rial before the winder. Since the output cage is connected to the
winder through a roll, the roll tension before the winder and that
directly behind the output cage are closely related.

The rolling process is accompanied by phenomena that
lead to a dynamic change in the tension of the rolled material
both before the winder and behind the output cage. Such dy-
namic changes in tension are caused by two main factors. First
of all, there is a surge in the linear speed of the rolled product
at the point of its adhesion to the coil at the beginning of a new
layer winding and secondly, a change in the length of the rolled
product between the winder and the cage with the stacker
movement.

Fluctuations in rolled product tension negatively influence
the quality indicators of commercial products. Thus, the dy-
namic drop in tension leads to local reductions in the density
of rolled coils in a winding, which negatively affects the den-
sity of the winding itself and the process of unwinding at the
rolled product consumer end. Excessive tension can lead to
local tightening of the profile, that is, failure to fulfill the third
point of the requirements that were given above.

Thus, the reduction of dynamic changes in tension when
winding graded rolled products on Garrett-type winders is an
urgent problem.
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Literature review. For the past two decades, the Danieli
Group company has been the leader in the production of
rolled coil production lines, which has built more than sixty
enterprises of this type around the world for the given period of
time [1, 2]. Control systems and the technical solutions used
ensure temperature stabilization at the exit from the finishing
group of cages, minimization of damage to the rolled surface,
regulation of the winding density of coils, uniformity of the
technological characteristics of the rolled products throughout
the entire coil, uniform distribution of turns in the coil, adjust-
able cooling of the rolled products. However, in the literature
the results of the operation of control systems in the form of
advertising are given as research, without indicating the prin-
ciple of operation and description of the used technical solu-
tions thanks to which positive results are obtained |3, 4].

The analysis of works [5, 6] shows that the two main prob-
lems in the production of rolled products in coils are the defor-
mation of its surface and the change in geometric dimensions
along the length of the rolled product during the winding pro-
cess. To solve the first problem the transport lines are equipped
with support rollers with air/oil lubrication [1, 3], but the de-
scription of additional devices for creating tension before the
winder, e.g. trib apparatus is not considered.

It should be noted that the effort of transporting/braking
the rolled product in the trib apparatus is created due to the
deformation of the rolled product surface which, in the con-
text of requirements for the quality of the rolled product is un-
desirable.

The solution to the second problem is possible due to the
improvement of the winding process 7] and regulation of the
tension of the rolled steel between the output cage and the
winder [5]. If the first problem is of a technological nature and
requires making significant changes to the existing equipment
[3, 7], the second one can be solved by implementing a mod-
ern roll tension control system [5], which does not require sig-
nificant material costs.

As it is known, the control system must ensure the regula-
tion of the winding density of the coils and the rolled product’s
technological characteristics homogeneity throughout the coil
and the uniform distribution of turns in the coil [4, 5], which
is difficult to ensure without minimizing the amplitude of dy-
namic tension changes during the process of rolled product
winding.

Thus, the task of developing technical solutions for man-
aging rolled products tension to ensure the minimization of its
dynamic changes under the influence of technological distur-
bances and to prevent local contraction of rolled products pro-
file while winding is urgent.

Proceeding from the peculiarities of the technological pro-
cess of rolling, it is impossible to conduct a large number of
studies with changes in its parameters, as this can lead to the
occurrence of abnormal or emergency situations, spoilage of
products and, as a consequence, material losses [3, 5]. In ad-
dition, not all technological parameters can be measured [8].
Therefore, the main studies on rolling processes and the syn-
thesis of control systems are performed using analytical and
simulation models [9, 10].

It should be noted that an approach based on static models
cannot be used to solve the problem of reducing the tension
fluctuations of the rolling stock in the section of the outlet
cage — Garrett-type winder, which, for example, was used by
Hnatushenko and Zheldak in the publication of 2021 to solve
the problem of optimizing metal consumption in the produc-
tion of small-grade rolled products as the rolling process is dy-
namic with virtually no fixed parameters. The analytical tech-
nological model of rolled steel coiling [5] developed by the
authors, revealed the presence of various types of nonlinear
links in the model, many of which are described by differential
equations, and a large number of interconnected contours
with intersecting connections that do not allow analytically
solving the problem of synthesizing the control system of

rolled steel winding which would ensure the reduction of dy-
namic changes in tension in the area of the outlet cage-winder.

Thus, solving the problem of reducing dynamic changes in
tension when winding graded rolled products on Garrett-type
winders is an urgent problem that requires a non-standard ap-
proach.

Purpose. The purpose of the article is the development
and research of scientific and technical solutions that ensure
the reduction of the amplitudes of the dynamic change in the
tension of rolled steel in the area of the output cage — the
winder when the process of winding is affected by technologi-
cal disturbances, specific for the process of winding rolled steel
with a Garrett type winder.

Methods. The research was carried out based on the tech-
nological model of the rolling process winding with Garrett-
type winders, which covers the area of the output cage-winder,
previously developed by the authors [5]. At the first stage, on
the basis of the theory of rolling and the resistance of materi-
als, requirements were formulated for the limit values of the
tension values, at which the minimum permissible density of
the rolled product adhering to the body of the coil (the lower
limit of the tension of the rolled product) and the maximum
limit value of the tension (the upper limit of the tension of the
rolled product), at which there is no “noticeable” contraction
of the rolling stock profile. At the second stage possible op-
tions for correcting the rolling stock tension in the area output
cage-winder were analyzed by controlling the winding process
through correcting the winding current of the winder and cor-
recting the rotation frequency of the discharge cage rolls. The
location and method of rolling tension control are substanti-
ated which ensure the implementation of the research results.
At the next stage the rolling process was modeled according to
the previously accepted scheme, separately and together with
the winding current correction contours and the output cage
rotation frequency correction. At the fourth stage the simula-
tion results were analyzed and conclusions were formulated.

Results. In order to estimate the minimum tension of the
rolled product, which ensures tight pressing of the rolled prod-
uct to the body of the coil, the bending process of the rolled
product at the point of its first contact with the coil is analyzed
from the standpoint of the theory of material resistance, and
the expression is obtained

_ 4'DP

c n=0, , ———
p_m_min tp
3n-D,,

+pp-Vp2,

where G, ,, min is the minimum allowable specific tension in
the rolling stock during winding; o, , is the yield point of rolled
steel; Dpis a rolled diameter; D, ,, is the diameter of the rolling
stock on the winder; p, is density of rolled material (steel); v,
is the linear rolling speed.

Thus, in order to always ensure tight pressing of the rolled
product to the body of the coil, it is necessary to maintain the
specific tension in the rolled product before the winder ,, ,,
more than 6, ,, min

prm > Gp7m7m1n .

To estimate the order of the specific tension in the rolling
stock, as initial data is taken the following: Dp—16 mm, D, ,, —
1000 mm, ¥, — 15 m/s, 5, , — 100 N/mm? (the yield strength
of low-carbon low-alloy steel for a temperature of 800 °C).
With the given values, the minimum specific tension in the
rolled product required for its plastic bending is approximately
0.85 N/mm?, and the minimum allowable specific tension of
the rolled product before winding is — 2.6 N/mm?. In general,
the lower limit of the specific tension can be estimated as
3—5 N/mm? for the Garrett winders used for winding graded
rolled products at the DSDS 250/150-6 fine grade wire mill of
PJSC “ArcelorMittal Kryvyi Rih”.

The maximum allowable rolling tension is estimated based
on the handbook on the theory of rolling, edited by V. 1. Zyuz-
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ina and A.V.Tretyakov. According to the handbook, three
main zones have been identified which characterize the influ-
ence of tension on the geometric dimensions of rolled prod-
ucts at the exit from the cage.

The first zone is the zone of practically elastic deforma-
tions of rolled steel, which occurs when

G, < Oyps

where o, is the specific stress of the rolling stock; c,, is the
conditional elastic limit (for low-carbon, low-alloy steel at a
rolling temperature of 850—1100 °C, it is 10—15 N/mm?).

The second zone namely the zone of elastic-plastic defor-
mations of rolled steel occurs when

Gyp <O, < Oy

where o, is the conditional yield strength (for low-carbon,
low-alloy steel at a rolling temperature of 850—1100 °C, it is
25—-50 N/mm?).

The third zone — the zone of plastic deformation of the
rolled product takes place when

G, > Gy

To ensure stable cross-sectional dimensions of the rolled
product, its winding must be carried out in the first zone of its
tension — the zone of elastic deformations.

The static value of the rolled product tension is determined
by the given winding current, which is set in accordance with
the technological instructions for the current profile size of the
rolled product, its temperature before the coiling, steel grade
and other factors. However, in order to manage the rolling ten-
sion, it is necessary to have information about its current ac-
tual value. Most of the methods used in world practice are
based either on measuring the force effect of the rolling stock
on a special roller in contact with the rolling stock, or on eval-
uating the load change (static moment, armature current) of
the cage motor with which the rolling stock is in contact.

The first group of methods involves putting a special roller
in contact with the rolled product on the rolling line, which is
undesirable from the point of view of the reliability of the op-
eration of this device at high rolling speeds and adding a source
of damage to the surface of the rolled product. The second
group of methods proved its low effectiveness in controlling
the tension of rolled products with a relatively small cross-
sectional area of the rolled products, i.e. the component of the
moment from the tension is significantly smaller than the
component associated with the deformation of the rolled
products in the cage.

The method developed by domestic scientists Kukushkin,
Grinberg, Chygrynskyi and Karpinsky was the most suitable
from the perspective of operational properties and accuracy of
rolling tension control, which is successfully used to control the
tension of rolled products between cages on the fine grade wire
mill DSDS 250/150-6 of PISC “ArcelorMittal Kryvyi Rih”.

According to this method, the deflection of the rolled
sheet is controlled by a photoelectric sensor, and the tension is
calculated according to the formula

h
1)
Opkt = Ok~ _1}
» (hpr

where o, 4 is the specific tension of the rolling stock for the
output cage; o, is critical specific voltage; 4, ( is the height of
the boom of the roll deflection at zero tension; 4,, is the height
of the boom of the roll deflection.

For the last two parameters, we have

5 psgl;‘ro nz'Eu kl"ip
hr 0~ Hoa 2 ; S = 27 ’
77384 E, 1 2,

»

where p; is the density of steel; E, 4 is the weighted average
value of the modulus of elasticity (Young’s modulus); /,,. , is

the length of the section of the roll forming deflection; 7; , is
the radius of inertia of the rolled cross section in the vertical
plane.

It is obvious that it is possible to increase the dynamic ac-
curacy of the stabilization of the roll tension in the section of
the winder-cage by introducing feedback on the tension of the
rolled sheet in this section.

Since the most critical factor for the quality of the rolling
stock is its tension just behind the output cage, it is advisable to
organize a counterpoint right there. All the more so because
sensors which monitor the temperature and availability of
rolled products are placed behind the output cage and there is
enough space for organizing the bending of the rolled products.

You can set the value of the tension of the rolling stock by
the output cage — o, 4 ., by setting the value of the deflection
h,. .. Then for the voltage feedback comparison node we have

pr_z
VAN, w1
p_ki_z p_kl = Xkr "pr_0 h -h .
prprz

r hpriz

Therefore, the comparison node can be implemented in
the form presented in Fig. 1, where o, , — is the given specific
tension of the rolled steel.

Based on the results of the analysis of the analytical tech-
nological model of coil winding given in [5], it was concluded
that there are only two channels for influencing the tension of
the coil between the output cage and the winder. This is the
correction of the task of the current of the winder drive and/or
the correction of the task of the rotation frequency of the elec-
tric drive of the exhaust cage.

The structure of the complex model of the outlet cage-
winder area with the contours of the tension correction of the
rolling stock behind the outlet cage is shown in Fig. 2. The
block for calculating the variable parameters of coiling rolled
products is disclosed in [5].

Fig. 2 shows: w,, 4 . — engine rotation speed of the exhaust
cage which is set; my — speed of rotation of the rollers of the
exhaust cage; oy, 1 1o — correction of the rotation speed of the
engine of the exhaust cage; W,,(s) — the transfer function of the
cage electric drive; M, , — static load moment from rolling;
M,, ., —moment of the engine of the exhaust cage; M, ; — the
static load moment from the cage tension, applied to the cage
motor shaft; J,, — moment of inertia of the exhaust cage; X,

ms_c

the proportionality factor between the specific tension of the
rolling stock and the static load moment of the cage motor from
it; K,; — structural coefficient of the output cage; V, ,, — linear
speed of the rollers of the output cage; s,, o — the coefficient of
advance of the rolling stock in the discharge cage in the absence
of front tension of the rolling stock; &, , — the coefficient of in-
fluence of the front tension of the rolling stock on the coeffi-
cient of advance of the rolling stock in the gauge of the cage;
V, w — linear rolling speed at the exit from the cage; V), ,, — the
linear speed of the rolling stock at the point of its contact with
the surface of the skein; £, — the weighted average value of the
modulus of elasticity; L, 4 ., ,, — the length of the unstressed
rolling stock between the winder and the cage at the initial mo-
ment of time; k,, , — the coefficient of influence of rolled sheet
tension on the static load moment of the winder motor; R, ,, —
rolling radius; W,, (s) — the transfer function of the roller ten-
sion regulator by correcting the rotation speed of the exhaust

h,, h,
6, —>
1+o,/0,,
h/ﬂr_(' hI”LZ
0, . —>|
- 1+6, /o,

Fig. 1. The structure of the comparison node of the actual and
specified specific stresses in the rolling stock along the arrow
of its deflection

78 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2022, N° 6



H

! Bl

i M,

E Wy

E ) 4 Mvad

Wy, 4 E #() > VVM(S) (1)

: A

E @D 4, 41 tor M s

1

1
| B3 E v :
: 3 67 u 1
: AAO}"’ Tension control |« L < () :
b ) e ek o D!
: GI’,L :
i pm | 1
A i

M,,
) 4 X ‘R
1, L( ) o W, (s) Mlv_m _ ( | Fmect i A
doms P> P> o > >
B - s

Fig. 2. The structure of the complex model of the outlet cage-winder area with the contours of the roll tension correction for the outlet cage

cage motor; W, (s) — the transfer function of the roll tension
regulator by correcting the motor current task winders; /;, ,, . —
set current of the winder motor; W, .(s) — the transfer function
of the current circuit regulator of the winder electric drive;
My, ,, — torque of the winder motor; M, ,, — the load moment
from the tension applied to the winder motor; K., » — €sign
coefficient of winding mechanisms; J,,s — the total moments of
inertia of the winder and bobbin mechanisms, applied to the
winder electric motor shaft.

From the beginning, each of the contours of control of
rolled sheet tension was analyzed separately.

The elements of the tension regulation circuit behind the
output cage due to the correction of the winding current hav-
ing been isolated from it, the scheme is obtained (Fig. 3, a).
After this scheme is brought to the canonical form (Fig. 3, b)
and transformation, the estimated structural diagram of the
circuit for regulating the tension of rolled products is obtained,
which is shown in Fig. 3, c.

Coeflicients in the diagram (Fig. 3, b) are

D

K, = n_m .
Vv P
2 : JmE : lrm

/ D> .D E
Tq,. _ 1 T n, P Tuygom

VKV.K(S.KMS_G :Rlzm']mz L ’

Pu>m

7 Dnm-Dﬁ

Kmsﬁo‘ 8 irm 3

where K is the proportionality factor that takes into account
the influence of the linear speed of rolling; i, is gear ratio of
the winder reducer; Ty, is the equivalent time constant of the
technological control object; K is the proportionality factor
that takes into account the influence of the current rolling ten-
sion; K, ; is the proportionality factor between the specific
tension of the rolling stock and the static load moment of the
cage motor from it; E, 4, , is the weighted average value of
the modulus of elasticity.

Neglecting the small time constant of the winder current
circuit and taking the current-moment transfer function of the

winder motor as a proportional link with the coefficient K, we
obtain the transfer function “winder motor current-specific
tension of the rolling stock” W, _ ,(s)

KV Kc
K s s _
W, _.(8)=K,,- K -
4 o
1 + . KmS (o3
s s
Km
_ Kons K,
1 T2s2+1
s241 Y
KV ’ Kc : Kmsio'
Viu
Lo el Lo P | Y
) K | 2 ©
v
1
s
G E v | AL

Fig. 3. Structural diagram of the circuit for regulating the ten-
sion of the rolling stock in the section of the winder — the
cage due to the correction of the winding current:

a — initial; b — reduced; ¢ — calculated
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The equivalent amplification factor and time constant of
the technological control object are equal to
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From Fig. 3 we can see that the technological object of con-
trol in the loop of regulating the tension of the rolling stock in
the section of the winder-cage due to the correction of the
winding current is a conservative link due to the presence of in-
ternal feedback loops. This should lead to the fact that the tran-
sition process in the technological object of control of the outlet
cage-rolling mill-winder will have a clearly expressed oscillatory
character, which is gradually damped due to the presence of
connections with adjacent circuits through the rolling cage.

In the studies to analyze the influence of this circuit on the
transient process, a P-regulator with a gain factor K, , was
used as a voltage regulator. -

I/Vm(s) = Kknir'

The transfer function of the open tension circuit is

W,

kn_r

1 K
s)=K .7.7‘}"
(5)= K 2T, s+1 Ts?+1

where TMT is the uncompensated time constant of the coil cur-
rent circuit.

The time constant of the oscillating link can be estimated
without separate calculations by the period of oscillation of the
tension of the rolling stock without contours of stabilization of
the tension of the rolling stock. When modeling the basic
winding scheme (without contours), its value was obtained
close to 3 s. That is, it is two orders of magnitude higher than
the time constant of the closed circuit of the current. There-
fore, the relative stability of the roll tension control circuit
(damping of tension fluctuations) is ensured only when

s < 8’lrm’Km
n_r 2 N
- anm . Dp

(M

Note that in (1) there is such a value as the diameter of the
profile — D, and parameters that depend on the current wind-
ing moment — K, and D, .

The peculiarity of coiling of rolled products is that it is car-
ried out at an almost constant rolling speed, that is, in the first
approximation, we can consider ¥, = const. Based on this it
was adopted

®,, - D, ,,=const,
or

@y - anm =Op(1) * Dnim(])’ (2)

where ®,, is the winder rotation speed; ®,,, is the rotation
speed of the winder when winding the first layer; D, is the
winding diameter of the first layer.

It is clear that (2) is valid within one profile size.

Another feature of the winder operation is that the winding
process takes place in the second zone of the winder operation,
that is, in the first approximation, it can be assumed that

0]
K, :Kmilz .L'z, 3)

®,,

where K, |, is the value of K, in the first working zone of the
winder; ®,, |, is the upper limit value of the winder rotation
speed when working in the first zone.

Substituting (2, 3) into (1), we have

Ky, <im Knie
N Tc.Dn_m(l) .DP

Hence, the parameters of the tension regulator should be
related only to the profile size of the rolled product being
wound.

As for the structure of the model of the control system
(Fig. 2), we have isolated the elements of the circuit for adjust-
ing the tension behind the exhaust cage with the correction of
the speed of rotation of the exhaust cage rollers, and obtained
ascheme (Fig. 4), where W), ,(s) is the transfer function of the
closed circuit of the speed of the electric drive cages; w,, is ro-
tation frequency of cage rolls; Dy, is diameter of cage rolls; V,
is the linear speed of the rollers of the output cage; Al .,
shows increase in the length of the rolled product in the area of
the exit cage-winder; W,, ((s) is the transfer function of the roll
tension regulator; K, . is the coefficient of proportionality be-
tween the frequency of rotation of the rolls of the cage and the
specific tension of the rolling stock in the section of the exit
cage — the winder.

This scheme can be simplified by getting rid of the parallel
branch in the circuit ,, — V, 4, containing the multiplicative
block.

Based on the data given in the handbook on the theory of
rolling, edited by V. 1. Zyuzina and A. V. Tretyakov, the value of
1 +s5,, gisequal to 1.014, and the value of k, ,, - G, at the maxi-
mum value of the specific tension of 30 N/mm? is equal to
4.10™*-30=0.012, that is, it is two orders of magnitude small-
er. As a result of the simplification, a calculation scheme was
obtained (Fig. 4, b).

This diagram is a traditional circuit diagram of the position
of subordinate regulation systems based on the P-regulator.
The gain factor of the position regulator K, , is adjusted ac-
cording to the standard method. -

The search for methods of controlling the winder-cage
complex, which ensure increased stability of the roll tension
both in front of the winder and directly behind the output
cage, was carried out by modeling different modes of control
of the tension of the rolled product in this area, followed by a
comparative analysis of the influence of the control mode on
the tension of the rolled product during its winding.

Research was carried out under three main management
modes and a combined one:

a) winding only with the task of winding tension due to the
winding drive current (basic mode);

b) winding with the task of winding tension and its correc-
tion for the deviation of the actual rolled tension from its value
in the steady mode of winding;

¢) winding with the task of winding tension and correction
of the given speed of rotation of the cage drive by the deviation

@) D,
O 1. —>@P u 2“
'

O ki kor

3 < o-/'
W, .(s) |«

a
[Cry o, | K, | 9%
6—:(:?->| ) |_>?->| W) ] - T
D'I, )

o ki z

b

Fig. 4. Structural diagram of the circuit for regulating the ten-
sion of the rolling stock in the section of the winder — the
cage due to rotation speed correction rollers of the output
cage:

a — initial; b — calculated
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of the actual rolled tension from its value in the steady mode of
winding;

d) winding with the task of winding tension and correction
of both the task of rolling tension and the set speed of rotation
of the cage drive by the deviation of the actual rolling tension
from its value in the steady mode of winding.

According to the control modes and the general structural
diagram of the winding model with control loops (Fig. 2), the
gain coefficients of the tension regulator and the position regu-
lator with the basic scheme K}, ,=0, K}, ,=0, with the scheme
with winding current correction K, , # 0, Ky, , = 0, with the
scheme with the correction of the speed of rotation of the roll-
ers of the exhaust cage K, ,=0, K, ,# 0, with the scheme with
the correction of both the winding current and the rotation
speed of the rollers of the exhaust cage K, ,# 0, K, ,# 0.

The model of the control system for winding rolled prod-
ucts with a Garrett-type winder was adjusted to the profile size
of a circle with a diameter of 16 mm.

The task of the rotation speed of the output cage rolls was
set according to the calibration table of the given profile size,
the task of the winder current — in accordance with the recom-
mendations for managing the production of graded rolled
products in coils for the operator PU-5 — the post of managing
the section of graded winders of the small-grade wire mill
DSDS 250/150-6 of the enterprise PJSC “ArcelorMittal
Kryvyi Rih”.

The main simulation results are given in the Table.

Above all, the tension of the rolled product was analyzed
directly behind the output cage in the mode of winding the
rolled product according to the basic scheme. First of all, it
was determined that the nature of the transition process during
stacker reversal fully corresponds to the results of the analytical
analysis of the complex model of the discharge cage-winder
area — it has a pronounced oscillatory character with a maxi-
mum value of tension close to the lower limit of plastic defor-
mation of rolled products in the discharge cage rolls and a
minimum value so that it ensures a minimum satisfactory den-
sity of adhesion of the rolled product to the body of the skein.
It should be noted that the recommendations for the PU-5
operator are determined by the last factor, according to which
the given current of the winder corresponds to the value of the
static tension of the rolled steel in front of the winder and be-
hind the cage of approximately 10 N/mm?, which is almost
two times higher than its rational value 4—6 N/mm?.

Secondly, the maximum value of the tension after revers-
ing the stacker in its lower position is less than after reversing
the stacker in its upper position and lies in the middle of the
zone of elastic-plastic deformation. This is due to the fact that
the length of the roll between the output cage and the point of
its first contact with the skein body depends on the position of
the stacker.

From the given analysis of the change in the tension of the
rolled steel during winding according to the basic control
mode, it can be concluded that even with careful adjustment of
the winder current, local contractions of the profile of the

Table

The main parameters that characterize the rolling process on
a Garrett-type winder

Mode
Parameter

a b c d
G, ., N/mm? 10 10 10 10
Gpmins N/mm? 2.62 3.44 8.76 7.67
Gmay N/mm? 28.8 24.8 20.54 18.9
oy, rad/s 52.78 52.76 53.09 53.22
A®pax, % 1.5 1.46 2.1 2.35

rolled steel being wound can occur on the verge of exceeding
the tolerance limits of its cross-sectional dimensions.

In general, the results of the analysis of rolled steel winding
in the mode of winder current stabilization with its correction
for the deviation of the deflection of the rolled steel at the out-
put cage from the specified value are the same as when wind-
ing rolled steel according to the basic scheme, but the maxi-
mum value is slightly less, and the minimum value is slightly
more than when winding according to the main scheme.
Therefore, when correcting the specified current of the winder
for the deviation of the deflection of the rolled product behind
the output cage from the specified value, a slight decrease in
the value of local indentations of the profile of the rolled prod-
uct should be expected, but not their elimination.

A radically different picture of rolled steel winding with the
task of winding tension and correction of the specified speed of
rotation of the outlet cage drive by deviation of the actual ten-
sion of the rolled steel from its value in the constant winding
mode. In this case, the maximum tension of the rolled steel
lies near the lower limit of the zone of elastic-plastic deforma-
tion, and the minimum value of the tension lies slightly below
the value of the specified tension and above the rational value
of the tension, which ensures a tight fit of the rolled turns to
the body of the coil. This makes it possible to reduce the ten-
sion of the rolling stock between the output cage and the wind-
er to rational values, which will provide conditions for a reli-
able reduction of the value of the maximum tension to the
level that corresponds to the upper limit of the elastic deforma-
tion of the rolling stock. Another positive result of coiling
rolled steel in this mode of controlling the tension of the roll-
ing stock in the area of the output cage of the winder compared
to the basic control mode and the winding mode with the task
of winding tension and its correction according to the devia-
tion of the actual tension of the rolled steel from its value in the
constant winding mode is an almost threefold reduction in the
time of the transition process when reversing the stacker.

Thus, coiling of rolled steel in the control mode with the
task of winding tension and correction of the specified speed of
rotation of the output cage drive to deviate the actual tension
of the rolled steel from its value in the constant winding mode
makes it possible to almost completely get rid of the local
tightening of the profile of the rolled steel, which is associated
with a dynamic increase in the tension of the rolled steel when
reversing the stacker.

The results of the simulation of the control mode with the
task of winding tension and correction of both the task of roll-
ing tension and the set speed of rotation of the cage drive in
terms of the deviation of the actual tension of the rolled mate-
rial from its value in the constant winding mode are not much
different from the results of the simulation of winding in the
control mode with the task of winding tension and correction
at the given speed of rotation of the drive of the output cage on
the deviation of the actual tension of the rolled metal from its
value in the steady winding mode, which allows once again
confirming the low efficiency of the control circuit with the
correction of the winder current to minimize dynamic changes
in the tension of the rolled metal in the area of the output
cage — the winder.

In general, it can be concluded that the method of correct-
ing the speed of rotation of the output cage rolls is significant-
ly more effective compared to the method of correcting the
winding current.

It should be noted that an increase in the roll tension when
the stacker reverses in the basic mode of winding control is
accompanied by a dynamic increase in the rotation frequency
of the output cage roll drive (the roll “pulls the cage”), which
leads to an increase in the linear speed of the roll at the exit of
the cage. An additional component of the growth of the linear
velocity of the rolling stock is related to the growth of the roll
advance ratio in the cage (Fig. 4, a). In parallel, there is a pro-
cess of a decrease in the speed of rotation of the winder drive.
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The increase in tension is completed when the linear speed of
the rolling stock at the exit of the cage is equal to the linear
speed of the rolling stock at the point of its first contact with
the coil. The introduction of the roll tension control circuit in
the outlet cage-winder section through the correction of the
rotation speed of the outlet cage rolls allows you to speed up
this process and achieve equilibrium due to the increase in the
linear velocity of the rolled products due to the increase in the
frequency of rotation of the outlet cage rolls and the decrease
in the component due to the increase in the tension of the
rolled products.

As a consequence, there is a greater deviation of the rota-
tion frequency of the exhaust cage rolls from a constant value
when controlling the tension due to the correction of the rota-
tion frequency of the exhaust cage rolls than when working ac-
cording to the basic scheme or according to the scheme with
the winding current correction circuit.

It should be noted that the introduction of an additional
circuit for controlling the tension of the rolling stock, closed
through the output cage, leads to the appearance of two con-
trol channels for regulating the tension of the rolling stock due
to the assignment of the winding current and due to the stabi-
lization of the deflection of the rolling stock by adjusting the
speed of rotation of the rolls of the cage.

When the tasks for rolling tension on both control chan-
nels coincide, they do not compete with each other.

In order to clarify the interaction of the control channels
when there is a mismatch between them in the tasks for the
tension of the rolling stock, a simulation was carried out of a
situation where the winding current of the winder sets a ten-
sion of 10 N/mm?, which corresponds to a deflection of
50 mm, and a tension corresponding to a deflection of 70 mm
was set in the tension stabilization circuit.

The simulation results showed that the averaged specific
tension of the rolling stock in the near-steady state practically
did not change compared to the previously considered cases.
In contrast to the value of the rotation speed of the rolls, which
increased by 0.5 %.

Thus, it can be concluded that when controlling the ten-
sion of the rolling stock behind the output cage through the
correction of the speed of rotation of its rolls in the case of a
mismatch of the specified tension values, the actual amount of
tension of the rolled product in the section of the winder — the
cage will be determined by the specified current of the winder,
and the speed of rotation of the rolls of the output cage will
differ from the given base value.

It should also be noted that such a steady deviation of the
rotation speed of the output cage rolls from the base value will
lead to a change in the technologically regulated rolling speed,
and, therefore, the productivity of the rolling mill. It is obvious
that this effect is negative and inadmissible from the point of
view of technology. Therefore, the implementation of such a
control method requires the adoption of additional technical
solutions to exclude this effect, for example, the circuit for cor-
recting the frequency of revolutions of the cage rolls is turned
on at the moment of giving a command to the reverse stacker
and is turned off at the end of the transition process.

The most rational scheme of the interaction of the circuit
for controlling the tension of the rolling stock due to the cor-
rection of the winding current and the circuit for controlling
the tension of the rolling stock due to the correction of the
speed of rotation of the rolls of the outlet cage is a scheme in
which the first circuit is constantly turned on, and the second
circuit is turned on at the moment of reverse of the stacker and
is turned off when the tension of the rolled product is reached
behind the outlet cage of a value that is smaller than the upper
limit of the zone of elastic deformation of the rolled product
(deflection), e.g. 10 N/mm?>.

Conclusions.

1. With the existing winding scheme, the transient process
of rolled sheet tension in the area of the outlet cage — Garrett

winder caused by the reverse of the stacker has an oscillatory
character with the tension reaching the upper limit in the zone
of elastic-plastic deformation. As a result, even with careful
adjustment of the winder current, local contractions of the
profile of the rolled product being wound may occur on the
verge of exceeding the tolerance limits of its cross-section.

2. When winding rolled products in the current stabiliza-
tion mode of the winder with its correction for the deviation of
the deflection behind the discharge cage from the specified
value, the transient process in terms of tension has the same
character as when winding rolled products according to the
basic scheme with a slight decrease in the deviations of its ten-
sion from the specified value. Therefore, when the winder cur-
rent is corrected for the deviation of the deflection of the rolled
product behind the output cage from the specified value, a
decrease in the value of local indentations of the profile of the
rolled product should be expected, but not their elimination.

3. Winding of rolled products in the current stabilization
mode of the winder with the correction of the rotation speed of
the output cage by deviation of the deflection of the rolled
products behind the output cage from the specified value elim-
inates the oscillatory nature and reduces the time of the transi-
tion process on its tension, which is caused by the reverse of
the stacker. This control mode makes it possible to reduce the
task of tensioning the rolling stock between the output cage
and the winder to rational values and almost completely get rid
of the local tightening of the rolling stock profile.

4. The application of the method of controlling the actual
tension of the rolled steel according to its free deflection behind
the output cage to improve the rolling tension control system
during its winding with a winder allows solving the problem of
minimizing dynamic changes in the tension of the rolled steel
behind the output cage to technologically acceptable values.

5. To prevent a conflict between the channel for setting the
tension of the rolling stock due to the setting of the current of
the winder electric drive and the circuit for correcting the
speed of rotation of the output cage for the deviation of the
current deflection of the rolled product behind the output cage
from its set value, it is advisable to turn on this circuit at the
moment of reversing the stacker and turn it off when the de-
flection of the rolled product increases to values correspond-
ing to the upper limit of the zone of elastic deformation of the
rolled product, for example, 10 N/mm?.
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MinimMizanis AMHAMIYHUX 3MiH HATATY
COPTOBOTrO MPOKATY 32 BUIYCKHOIO KJIITTIO
NpH Hi0ro BUPOOHHUITBI B MOTKAX
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Meta. OOrpyHTYBaHHSI TEXHIYHUX pillleHb LIOAO 3HM-
SKEHHST aMITTITYIX Ta 3MEHIIEHHS TPUBAJIOCTI TMHAMIYHUX
3MiH HATATY MPOKATy Ha BUXOJi BUITYCKHOI KJIiTi IpH Iepe-
XOJIi 0 HAMOTYBAaHHSI HOBOTO IlIapy MOTKa 10 TIPUMHSATHOTO
PiBH$I, 3 TOYKU 30py MO0 BIUIMBY Ha PE3yJIbTYIOUMii MPodiab
MpOKaTy, 3a paxyHOK KEPYBaHHS YaCTOTOI OOEpTaHHSI BH-
MYCKHOT KJIiTi.

Meronuka. IlpoBeneHe mociimkeHHs 0a3yBajocsl Ha
KOMIUIEKCHII Mojei mpolecy HaMOTYBaHHSI MPOKATy MO-
TajJKo TUIy ['appeTa i HaTIATY MPOKATY Ha TiISHIL BUITYC-
KHa KJIITb—MOTaJjIKa. 3a/j1 KOHTPOII0 (haKTUYHOI BEJTMYMHU

HATSTy Ha BUXOIi BMITYCKHOI KJIiTi 3alpOIOHOBAHO BUKO-
PUCTOBYBATU BEJIMYMHY BiTbHOTO MPOTHHY MPOKATy 0e3Mmo-
CcepeaHbO 3a KIITTIO. JIOCiIKEeHHS! TTPOBOAUINUCS LIISIXOM
MOJIEJTIOBAHHSI MPOIIECy HAMOTYBAHHS MPOKATY 32 6a30BOIO
CXEMOIO KEpYBaHHS Ta CXeMaMM KepyBaHHs, 1110 repeadaya-
I0Th BIUIMB Ha MPUBiM, 1K MOTaJIKH1, TaK i BUITYCKHOI KJIiTi, 3a
(hakTMYHOIO BEJIMUMHOIO HATATY Y Pi3HUX KOMOiHAalIisIX 3 TTO-
JaJIbIIIMM aHaJ1i30M i TOPiBHSIHHSIM OTPUMAaHMX Pe3y/IbTaTiB.

PesyabraT. BctaHoB€HO, 1110 KOPEKILisl MO BiIXUJIEHHIO
(haKTUYHOTO HATSATY ITPOKATY Ha AJISTHIII YMCTOBA KJIIThb—MO-
TaJKa Bill 3aJaHOI BEJIMYMHU CTPYMY 3MOTYBAaHHSI €JIEKTPO-
MPUBOJIA MOTAJIKY TIPAKTUYHO HE yCYyBa€ PUBKU HATSTY MPO-
KaTy Tpu Iepexolli Ha HAMOTYBaHHSI HACTYITHOTO IIapy i
KOJIMBaJIbHY (hOpMY MEpPEeXiTHOTO Mpoliecy, SKi XapaKTepHi
17151 6230BOi CXeMM 3MOTYBaHHSI MTPOKATy. Y CBOIO Yepry Ko-
PpeKilisl YacTOTU 00epTaHHS MPUBOJY BAJIKIB BUITYCKHOI KJIiTi
3HMKYE aMIUTITYly pUBKa HaTATy MpPoOKaTy Maiixe BABiYi, 3
OTHOYACHUM CKOPOYEHHSIM Yacy TIepexiIHOTO Mpoliecy i me-
peperyJloBaHHs TpW Iepexolli Ha HaMOTYBaHHSI HOBOTO
apy MoTKa.

HaykoBa HoBM3HA. Ymepiie MOKa3aHO, 110 BBEAEHHS
KOHTYpPY KepyBaHHSI HATSITOM IPOKATy LUISIXOM KOPEKIIil
LIBUIKICHOTO PEeXMMY MPOKAaTKM BUITYCKHOI KJIiTi 3a0e3rme-
Yyy€e MiHiMi3allilo AMHAMIYHUX 3MiH HATSTY MPOKaTy Mpu Ie-
pexofii 10 HaMOTYBaHHSI HOBOTO IIapy MOTKA Ta 3HMXXEHHS
MMOBIPHOCTI JIOKAJIBHOTO YTATHEHHS MPOdiito IMpoKary.

IIpakTiyHa 3HaYuMicTb. BUKOPUCTaHHS ONMMCAHUX TeX-
HIYHUX pillleHb Y CUCTEMi KepyBaHHS IiSTHKOIO HAMOTYBaH-
HS COPTOBOTO IPOKAaTy JApPiOHOCOPTHO-IPOTSIHOTO CTaHy
JOCAC 250/150-6 TTAT «ApcenopMirran Kpusuii Pir» 3a-
Oesrnevye MiIBUILIEHHS TOBAPHUX BJIACTUBOCTEN MOTKA IMPO-
KaTy, 110 BUPOOJISIETHCS HA TIPOKATHOMY CTaHi.

KiniouoBi cnoBa: momanka, namse npokamy, KepyeawHs
CMPYMOM 3MOMYBAHHSL, KePYBaHHS WBUOKICHUM PeHCUMOM Npo-
Kamku
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