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Abstract: The control of the asymmetric shape of strips has always been an important and difficult
part of the production of cold rolling strips. In this paper, the S6-High cold rolling mill is taken as
the research object. A finite element model of this mill is constructed using ABAQUS 2022 software,
and a multistage working condition simulation analysis is carried out. The independent effects of
asymmetric Intermediate Roll Bending (IRB) and asymmetric Intermediate Roll Shifting (IRS) on
the strip shape are investigated by constructing an asymmetric convexity evaluation index. The
equivalent relationship between the asymmetric roll bending and the asymmetric roll shifting was
determined by analysing the coupling effect of the benchmark bending and shifting rollers on their
asymmetric shape control characteristics. The on-site application shows that optimizing the amount
of preset asymmetric shape control can significantly improve the asymmetric situation of the shape,
providing theoretical guidance for the asymmetric shape control of the S6-High cold rolling mill.

Keywords: S6-high mill; finite element analysis; asymmetric flatness; convexity evaluation;
control efficiency

1. Introduction

Multiroll mills with small working roll diameters and a high thinning capability have
emerged as the primary equipment for producing thinner, stronger, and flatter strips in
the cold rolling process. The S6-High cold rolling mill, the focus of this article, serves as
the key apparatus for manufacturing high-strength steel. Similar to the 6-High cold rolling
mill, it incorporates the Intermediate Roll Bending (IRB) and Intermediate Roll Shifting
(IRS) methods for strip flatness control [1–3]. Nevertheless, during production, the issue of
asymmetric strip flatness frequently arises due to variations in input material performance
and inadequate dimensional accuracy of the mill, which cannot be effectively resolved
using conventional symmetric control. This problem significantly compromises the quality
of the strip product and, in severe cases, can lead to runout and strip breakage, causing
irreparable damage to the mill. Consequently, achieving asymmetric flatness control has
become a major concern for S6-High mills, prompting the development of a range of
effective asymmetric strip shape control strategies [4,5].

Multiroll mills can be divided into tower roll systems and composite roll structures
according to the roll system arrangement, and the representative models are twenty-roll
mills and eighteen-roll mills [6]. The current research on multiroll mills is becoming
increasingly in-depth as production needs increase. Valigi M. C. et al. [7] studied the
“chatter” of strip steel during rolling by analysing the characteristics of an eighteen-roll
mill using vibration analysis. Wu et al. [8] constructed a dynamics simulation model for
the longitudinal and transverse coupling of a twenty-roller mill by modelling the rolling
force fluctuations. Wang et al. [9] calculated the interroll contact stresses and combined
forces in the static process and in the rolling condition by analysing the assembly angle
of the roll system of a twenty-roll mill. Zhou et al. [10] used ABAQUS 2022 software to
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construct a finite element model of a 20-roll mill and investigated the combined regulation
characteristics of segmental press down and intermediate roll tampering roll down. The
existing multiroll mill rolling process research is mainly focused on mill vibration and finite
element analysis and mainly focuses on 20-roll mills, while 18-roll mills are less studied. As
a representative model of the composite roll system, the S6-High mill, as one of the 18-roll
mills, inherits the linear roll system arrangement of the four and six roll mills and uses the
side support roll system to press against the working rolls to reduce the deflection of the
small-diameter working rolls, so it is widely used in the rolling process of high-strength
steel and stainless steel.

Research on the control of complex strip shapes such as asymmetric shapes has become
increasingly mature, and its control mainly relies on asymmetric control means, such as
roll tilting, asymmetric roll bending, asymmetric roll shifting, and online dynamic roll
adjustment techniques. Zhang et al. [11] used finite element simulation to construct a
finite element model of a six-roller mill and investigate the effect of asymmetric shape
regulation mechanisms such as intermediate bending rolls and intermediate shifting rolls
on the section shape and proposed an asymmetric shape control strategy. Yan et al. [12]
used a hybrid particle swarm algorithm to simulate the thickness distribution in the rolling
process and analysed the effect of asymmetric working roll bending on the strip section
profile. Wang et al. [13] analysed the efficiency factor matrix of the roll tilting actuator
in a UCM mill and established a self-learning model of the actuator efficiency coefficient.
Prinz et al. [14] developed a feedforward automatic thickness control system to compensate
for the asymmetry of the cross-sectional profile during hot rolling. Alvarez et al. [15]
constructed a monitoring system to detect and correct uneven thickness on both sides
during the hot rolling process. The current research on asymmetric shape control focuses
on four-high mills used in hot rolling and six-high mills used in cold rolling processes, and
the equivalent and mutual effects of bending and tilting rolls have not been fully accounted
for. At the same time, while the tower roll system in an S6-High mill with a small working
roll diameter of the multiroller mill has a certain effect on improving the roll deflection,
due to its own susceptibility to high levels of secondary deflection, research on controlling
the asymmetric plate shape in an eighteen-roller mill still needs to be further expanded.

This study focuses on improving the asymmetric shape control of a 1450 mm S6-
High cold rolling mill through the use of asymmetric IRB (Intermediate Roll Bend) and
IRS (Intermediate Roll shifting). A finite element simulation was constructed using
ABAQUS 2022 software to assess the effectiveness of the asymmetric control methods
and to study the interaction and equivalence of the bending and shifting rolls. The results
showed that optimizing the preset asymmetric shape control parameters significantly im-
proved the strip’s asymmetry, reducing material wastage and improving product quality
and efficiency.

2. Finite Element Modelling and Validation

To clearly analyse the strip deformation behaviour under asymmetric control, this
paper constructs a static implicit finite element model of a 1450 S6-High mill based on
ABAQUS 2022 software. The model contains seven components: a back-up roll, intermedi-
ate roll, work roll, side support roll, back-up bearing roll, a core shaft, and a strip. The rolls
and back-up bearing roll are elastomeric, and the strip is constructed using an elastoplastic
model [16]. Since the side support roll system is assembled in a separate frame, the core
shaft is set as a rigid body. The parameters of the roller system are given in Table 1. To
improve the accuracy of the finite element calculation, the positions of the contact zone
between the rolls and the contact zone between the rolls and the strip have been refined.
For load application, the rolling force is applied in the same way as in the real world, and
the rolling simulation is performed by pressing down. For the application of bending roll
forces, the effect of asymmetric bending rolls is considered. Therefore, four positions, WS
(work side), DS (drive side), the upper roll system, and the lower roll system, are applied
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separately. The IRS are assembled according to a fixed spatial relationship between their
positions. The model as a whole is shown in Figure 1.

Table 1. Roller system parameter configuration.

Roll Length/mm Diameter/mm

Back-up Roll (Body/Neck) 1450/580 1200/690
Intermediate roll (Body/Neck) 1720/450 370/230

Work Roll (Body/Neck) 1450/335 170/120
Side Support Roll (Body/Neck) 1450/90 168/90

Back-up Bearing Roll 75 × 15 150
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Figure 1. Finite element model assembly.

The movement of the model is divided into several steps: pressing down, applying
bending rolls and tension, and rotating the roll. The main purpose of the model is to
simulate the real rolling process of pressing down, building tension, and rolling after
threading. The strip after the rotary rolling is taken as the research position. The specific
rolling parameters of the model are shown in Table 2, where taper coverage refers to
the size of the tapered part of the roll covering the edge of the strip during the interme-
diate roll shifting. The rolled steel grade is 65 Mn with a more prominent asymmetric
shape problem.

Table 2. Rolling parameters.

Rolling Parameters Value Rolling Parameters Value

Rolling Pass 1 Strip width (mm) 1250
Rolling Force (kN) 8455 Strip thickness (mm) 4.3

IRB (kN) 180 Front unit tension (MPa) 3.5
Taper coverage (mm) 100 Back unit tension (MPa) 12.1

Simulation and validation of the model: In this paper, the accuracy of the model was
verified by means of two verification modes: strip thickness reduction and side support
roll pressure. For the actual production requirements, the required thickness reduction
tolerance is usually within 10 µm. The actual thickness reduction was 0.579 mm, and the
model simulation result was 0.571 mm, showing an error of 1.4%.

The same needed to be verified for the side support roll system, which is unique to
the S6-High mill. Firstly, we constructed the numerical force model of the S6-High rolling
mill roll system, as shown in Figure 2.



Metals 2024, 14, 507 4 of 16

Metals 2024, 14, x FOR PEER REVIEW 4 of 16 
 

 

The same needed to be verified for the side support roll system, which is unique to 
the S6-High mill. Firstly, we constructed the numerical force model of the S6-High rolling 
mill roll system, as shown in Figure 2. 

 
Figure 2. Schematic diagram of side support, work roll positions, and forces. 

Through calculations, the coordinates of the work roll positions for the S6-High roll-
ing mill can be determined as shown in Equations (1) and (2) due to the control mecha-
nisms. 

( ) 1
1

( )cos( )cos arcsin w
s s w

s w

R hx R R
R R

αα
  −

= + −   +  
 (1)

1tan( )s sy x hα= +  (2)

where sx  and sy  is the centre position of the work roll; wR  is the radius of the work 

roll in millimetres; sR  is the radius of the side support roll in millimetres; h is the thick-
ness of the strip at the exit in millimetres; and 1α  is the angle between the side support 
axis and the horizontal in degrees. 

Simultaneously, based on the overall force balance of the roll system and the local 
force balance of the work roll, the force exerted on the side support can be calculated as 
shown in Equation (3). 

( ) ( )22
1 0 1 1 2

1
2 2

cos
cos( )

RF T T RF
N

γ ϕ α
α

γ ϕ

 + − − + =  − 
 

 (3)

where RF  represents the rolling pressure, kN; 1T  is the exit tension, kN; 0T  is the 
entry tension, kN; 1γ  denotes the work roll shifting angle; 1ϕ  is the angle between the 
line connecting the radius of friction circle between the intermediate roll and the work roll 
(N1) and the vertical; 2α  represents the angle between the rolling support reaction force 
and the perpendicular line; 2γ  is the angle between the line connecting the centre of the 
work roll and the centre of the side support roll and the horizontal line; and 2ϕ  is the 
angle between the line connecting the radius of friction circle between the side support 
roll and the work roll (N2) and the horizontal. 

In the actual production, the force of the side support roll is 223 kN, the finite element 
simulation result is 207 kN, and the numerical simulation result is 214 kN. The finite ele-
ment simulation�s error is 7.2%. This indicates that the model can effectively represent the 
unique work roll shifting of the S6-High rolling mill during the rolling process. It is 

Figure 2. Schematic diagram of side support, work roll positions, and forces.

Through calculations, the coordinates of the work roll positions for the S6-High rolling
mill can be determined as shown in Equations (1) and (2) due to the control mechanisms.

xs = (Rs + Rw) cos
(

α1 − arcsin
(
(Rw − h) cos(α1)

Rs + Rw

))
(1)

ys = xs tan(α1) + h (2)

where xs and ys is the centre position of the work roll; Rw is the radius of the work roll in
millimetres; Rs is the radius of the side support roll in millimetres; h is the thickness of the
strip at the exit in millimetres; and α1 is the angle between the side support axis and the
horizontal in degrees.

Simultaneously, based on the overall force balance of the roll system and the local
force balance of the work roll, the force exerted on the side support can be calculated as
shown in Equation (3).

N = cos α1


√

RF2 + (T1 − T0)
2(γ1 − ϕ1) + RFα2

cos(γ2 − ϕ2)

 (3)

where RF represents the rolling pressure, kN; T1 is the exit tension, kN; T0 is the entry
tension, kN; γ1 denotes the work roll shifting angle; ϕ1 is the angle between the line
connecting the radius of friction circle between the intermediate roll and the work roll (N1)
and the vertical; α2 represents the angle between the rolling support reaction force and the
perpendicular line; γ2 is the angle between the line connecting the centre of the work roll
and the centre of the side support roll and the horizontal line; and ϕ2 is the angle between
the line connecting the radius of friction circle between the side support roll and the work
roll (N2) and the horizontal.

In the actual production, the force of the side support roll is 223 kN, the finite element
simulation result is 207 kN, and the numerical simulation result is 214 kN. The finite
element simulation’s error is 7.2%. This indicates that the model can effectively represent
the unique work roll shifting of the S6-High rolling mill during the rolling process. It is
capable of studying the variation in the effectiveness of asymmetric control power with
actual strip shape control parameters. The model’s accuracy meets the requirements of
the simulation.

3. Evaluation of Asymmetric Shape

Asymmetric flatness control methods can achieve nonuniform control of the cross-sectional
shape by changing the shape of the roll gap. To quantify the effect of an asymmetric bending
roll on the strip shape, Chebyshev polynomials were applied to achieve a separation of the
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various order components of the shape fit. The width was normalized to [4,5], where the
x = −1 direction corresponds to the DS and the x = 1 direction corresponds to the WS.
Additionally, the small working roll diameter of the S6-High mill makes it susceptible to
high-order deflection. Therefore, the effects of fourth-order fitting and sixth-order fitting
were separately compared for a given operating condition, as shown in Figure 3.
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It is more evident from the above figure that the degree of fit of the shape is much
higher for the six-fit than for the four-fit, so the specific fitting formula is determined as
shown in Equation (4) [17].

h(x) = h0 + Cw1x + Cw2(2x2 − 1) + Cw4(8x4 − 8x2 + 1)
+Cw6(32x6 − 48x4 + 18x2 − 1)

(4)

where x is the normalized strip width, h0 is a constant term, and Cw1, Cw2, Cw4, Cw6 are
the Chebyshev polynomial primary, quadratic, quadratic, and hexadratic coefficients,
respectively, representing the components of each order of the fitted section shape.

For Cw1 in this fit, the trend in its variation can be obtained directly by fitting the full
width of the section’s shape, while in actual production, it can be compensated for by roll
tilt control. However, for an even number of components in the fitting process, it is difficult
to assess the shape asymmetry, so the mirroring method is used. The actual shape on the
DS is mirrored to the WS for fitting, the actual shape on the WS is mirrored to the DS for
fitting, and the asymmetry of the strip can be found from the difference between the two
fits. The calculation method is shown in Figure 4, and the even-order asymmetric convexity
term is calculated as shown in Equation (5).

∆Cwn = CWS
wn − CDS

wn (n = 2, 4, 6) (5)

where ∆Cwn is the asymmetric convexity, CWS
wn is the WS postmirror convexity, CDS

wn is the
DS postmirror convexity, and n is the order of fit.

Metals 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 4. Schematic diagram of asymmetric shape fitting. 

4. Control Effect of Asymmetric IRB and IRS 
Asymmetrical IRB and asymmetrical IRS are important means of regulating the uni-

formity of the strip section�s profile [18]. By applying the control variable method to ana-
lyse the independent effects of these two means, the trends in the strip section�s profile 
can be more clearly characterized. 

4.1. Control Effect of Asymmetric IRB 
The IRB is an important means of improving the strip shape, which can be controlled 

by changing the roll deflection. The shape of the strip is inseparable from the profile of the 
strip after it has been rolled, so analysing the shape trend under different bending roll 
forces is a useful way of characterizing their controllability [19]. The IRB of an S6-High 
cold rolling mill is applied in such a way that the bending roll force is applied to the same 
side of the intermediate roll by means of a hydraulic cylinder. Therefore, although the 
intermediate roll shape in the assembly is anti-symmetric up and down when asymmetric 
bending rolls are applied to the WS and DS, respectively, this is not the case for the roll 
shape asymmetric as the standard that is usually applied. 

In this paper, the WS bending roll force is the base bending roll force, and the base 
intermediate roll tampering roll coverage is 100 mm. The working condition is set by 
changing the bending roll force. Because the limit value of bending roller force is −200~300 
kN, at the same time, to ensure the existence of a difference in the bending roller force on 
both sides, the benchmark bending roller force will be 100 kN, the range will be −100~200 
kN, and the range of the bending roller force difference on both sides will be determined 
as being between −100 and 100 kN; the calculation formula can be seen in Equation (6), 
and the specific working conditions are shown in Table 3. 

WS DSIRB IRB IRBΔ = −  (6)

where IRBΔ  is the difference in IRB between the two sides, WSIRB  is the IRB of the WS, 

and DSIRB  is the IRB of the DS. 

Table 3. Asymmetric IRB working conditions design. 

IRB/kN DIRB/kN 
−100 −100, −50, 0, 50, 100 

0 −100, −50, 0, 50, 100 
100 −100, −50, 0, 50, 100 
200 −100, −50, 0, 50, 100 

The above working conditions were simulated, and the shape of the rolled section 
shape is shown in Figure 5. 

Figure 4. Schematic diagram of asymmetric shape fitting.



Metals 2024, 14, 507 6 of 16

4. Control Effect of Asymmetric IRB and IRS

Asymmetrical IRB and asymmetrical IRS are important means of regulating the unifor-
mity of the strip section’s profile [18]. By applying the control variable method to analyse
the independent effects of these two means, the trends in the strip section’s profile can be
more clearly characterized.

4.1. Control Effect of Asymmetric IRB

The IRB is an important means of improving the strip shape, which can be controlled
by changing the roll deflection. The shape of the strip is inseparable from the profile of
the strip after it has been rolled, so analysing the shape trend under different bending roll
forces is a useful way of characterizing their controllability [19]. The IRB of an S6-High
cold rolling mill is applied in such a way that the bending roll force is applied to the same
side of the intermediate roll by means of a hydraulic cylinder. Therefore, although the
intermediate roll shape in the assembly is anti-symmetric up and down when asymmetric
bending rolls are applied to the WS and DS, respectively, this is not the case for the roll
shape asymmetric as the standard that is usually applied.

In this paper, the WS bending roll force is the base bending roll force, and the base
intermediate roll tampering roll coverage is 100 mm. The working condition is set by
changing the bending roll force. Because the limit value of bending roller force is −200~300
kN, at the same time, to ensure the existence of a difference in the bending roller force on
both sides, the benchmark bending roller force will be 100 kN, the range will be −100~200
kN, and the range of the bending roller force difference on both sides will be determined as
being between −100 and 100 kN; the calculation formula can be seen in Equation (6), and
the specific working conditions are shown in Table 3.

∆IRB = IRBWS − IRBDS (6)

where ∆IRB is the difference in IRB between the two sides, IRBWS is the IRB of the WS,
and IRBDS is the IRB of the DS.

Table 3. Asymmetric IRB working conditions design.

IRB/kN DIRB/kN

−100 −100, −50, 0, 50, 100
0 −100, −50, 0, 50, 100

100 −100, −50, 0, 50, 100
200 −100, −50, 0, 50, 100

The above working conditions were simulated, and the shape of the rolled section
shape is shown in Figure 5.

As seen from the above figure, with the application of the asymmetric IRB, the section
profile of the strip also clearly shows a higher level of asymmetry. As the WS IRB is selected
as the reference point, the variation in the DS section profile per unit of bending roll force is
significantly greater than that of the WS, while the difference between the WS thickness
reduction and the DS thickness reduction under different asymmetric bending roll forces
shows a trend of decreasing and then increasing with the 0 kN bending roll force as the
reference point. At a reference point of −100 kN, the direction is the same as the direction of
the applied rolling force. When the reference is 100 kN, the bending roll force is equivalent
to the resistance to deflection caused by the rolling force, so the difference between the two
sides is more obvious at negative values. However, at a base bending roll force of 200 kN,
the change in the thickness reduction on the WS is reduced to almost zero as the ratio of
the asymmetric bending roll force to the base bending roll force decreases.
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Two of the paired bending rolls with equal summed forces were selected for com-
parison, as shown in Figure 6. In the case of equal total bending roll forces, the shape is
perfectly symmetrical between the WS and DS after symmetrical increase and decrease,
and the change in the total bending roll force value only changes the overall convexity of
the section profile and does not change the asymmetry of the WS and DS.
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There is a clear difference in the asymmetric regulation efficacy under the action of
different reference bending roll forces. To more accurately show the effect of asymmetric
bending roll forces on the strip section profile, the asymmetric bending roll convexity regu-
lation efficacy under different operating conditions can be defined as shown in Equation
(7) [20]. The results are shown in Figure 7.

Kn∆IRB =
∆(∆Cwn)

∆(∆IRB)
(n = 1, 2, 4, 6) (7)

As shown in the above graph, asymmetric bending rolls have a noticeable adjustment
effect on both primary convexity and secondary asymmetric convexity. The overall distri-
bution is essentially linear, and the values do not exhibit significant deviation from each
other. Simultaneously, the asymmetric control capacity of the unit’s asymmetric bending
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roll gradually declines with an increase in the reference intermediate roll bending force,
which is attributed to the gradual decrease in the ratio of the asymmetric bending roll force
to the reference bending roll force. With regard to the four-times asymmetric convexity and
six-times asymmetric convexity, the adjustment efficiency presents a strongly nonlinear
distribution with an increase in the reference bending roll force, which is difficult to de-
scribe through specific indicators but is approximately 10−2 of K1∆IRB and K2∆IRB, with the
application effect being negligible.
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4.2. Control Effect of Asymmetric IRS

Variations in the amount of roll tampering alter the distribution of the contact force
and the form of the roll gap. For an S6-High mill, IRS predominantly modifies the taper
coverage of the strip, as illustrated in Figure 8a [21]. As such, the benchmark for taper
coverage is established from the upper roll system, and the amount of roll tampering in
the lower roll system is then adjusted accordingly. This is defined by Equation (8). During
actual production, the taper coverage typically ranges approximately 100 mm, depending
on the steel grade; hence, asymmetric taper coverage was used as the control indicator. The
specific working conditions were designed as shown in Table 4 for a base IRB of 0 kN. The
profile of the section after rolling is shown in Figure 8b–d.

∆S = Sup − Sdown (8)

where ∆S is the difference in taper coverage between the upper and lower roller systems,
Sup is the taper coverage of the upper roller system, and Sdown is the taper coverage of the
lower roller system.

Table 4. Asymmetric IRS working conditions design.

Coverage of IMR Taper/mm Coverage Difference/mm

70 −20, −10, 0, 10, 20
100 −20, −10, 0, 10, 20
130 −20, −10, 0, 10, 20
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IRS has a greater impact on the secondary convexity shape of the strip, as evidenced
by the total secondary convexity gradually transitioning from negative to positive values as
the amount of taper coverage increases. Furthermore, since the amount of asymmetric IRS
is defined such that it is similar to the amount of asymmetric roll bending, the modifications
to the cross-sectional profile on the WS are less pronounced than those on the DS. To more
clearly express the effects of asymmetric scrap volume on the strip’s cross-sectional profile,
the scrap volume control characteristics are defined as illustrated in Equation (9). The
calculation results are presented in Figure 9.

Kn∆S =
∆(∆Cwn)

∆(∆S)
(n = 1, 2, 4, 6) (9)
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Based on the above graph, it can be seen that changes in the amount of asymmetric
IRS have a linear effect on the primary convexity and secondary asymmetric convexity.
Nonetheless, its control efficiency is different from that of asymmetric IRB and exhibits an
opposite trend. This is due to the definition of asymmetric IRS in this study, which is not
the actual amount of IRS but the amount of taper coverage. It has an inverse relationship
with the actual amount of IRS. For fourth- and sixth-order asymmetric convexity, their
variations also exhibit significant nonlinearity, with the overall numerical values being
relatively small. By comparing with the control efficiency of asymmetric IRB shown in
Figure 7, it can be concluded that the unit asymmetric IRS has a greater ability to modify
the nonsymmetric convexity of the strip.

5. Combined Effect of Asymmetrical IRB and IRS

As stated in the previous section, the influence of asymmetric bending rolls on the
cross-sectional shape of the strip is primarily concentrated on the primary convexity and
secondary asymmetric convexity. To control the primary convexity, the roll tilting control
mechanism is commonly utilized in practical production processes. Therefore, the focus
should be shifted to the control of secondary asymmetry. In addition, a coupling effect
between the amounts of IRB and the IRS exists in the strip shape control mechanism of
rolling mills [22]. Consequently, the coupling relationship between the impact of varying
IRS amounts on asymmetric IRB and that of different IRB on asymmetric IRS should
be analysed. Afterward, the counteraction and superposition of asymmetric IRB and
asymmetric IRS can be studied through control efficiency analysis.

5.1. Influence of IRB and IRS on Asymmetric Shape Control

Changes in IRS amount will alter the distribution of contact stresses between rolls
and, consequently, affect the bending roll’s ability to control the strip shape. Therefore, it
is necessary to analyse the impact of asymmetric bending rolls on asymmetric secondary
convexity under different IRS amounts. The control effects of asymmetric bending rolls
will be designed separately at positions with base taper coverage of 70 mm, 100 mm, and
130 mm, as shown in Figure 10.
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The change in the amount of baseline taper coverage will change the length of contact
between the intermediate roll and the working roll and the back-up roll, giving the bending
roll force more room for regulation. However, as seen from the above graph, the upper and
lower limits of the regulation of the asymmetric intermediate roll bending force are basically
the same for ∆Cw2 with different benchmark taper roll amounts, which also indicates that
the evaluation system established in this paper can separate the amount of asymmetry
from the secondary convexity. The graph also demonstrates that the change in the amount
of roll tampering can cause a change in the regulation efficacy of the asymmetric bending
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roll, but the overall change is not significant. The difference between the highest point is
approximately 0.0011 mm, and the lowest point is 0.0018 mm, which has almost no effect
on the asymmetry of the strip section profile.

Next, the variation in the regulation range of the amount of asymmetric IRS for
different IRBs is analysed, as shown in Figure 11.

Metals 2024, 14, x FOR PEER REVIEW 11 of 16 
 

 

Changes in IRS amount will alter the distribution of contact stresses between rolls 
and, consequently, affect the bending roll�s ability to control the strip shape. Therefore, it 
is necessary to analyse the impact of asymmetric bending rolls on asymmetric secondary 
convexity under different IRS amounts. The control effects of asymmetric bending rolls 
will be designed separately at positions with base taper coverage of 70 mm, 100 mm, and 
130 mm, as shown in Figure 10. 

 
Figure 10. The control ability of asymmetric IRB under different IRS. 

The change in the amount of baseline taper coverage will change the length of contact 
between the intermediate roll and the working roll and the back-up roll, giving the bend-
ing roll force more room for regulation. However, as seen from the above graph, the upper 
and lower limits of the regulation of the asymmetric intermediate roll bending force are 
basically the same for 2wCΔ  with different benchmark taper roll amounts, which also in-
dicates that the evaluation system established in this paper can separate the amount of 
asymmetry from the secondary convexity. The graph also demonstrates that the change 
in the amount of roll tampering can cause a change in the regulation efficacy of the asym-
metric bending roll, but the overall change is not significant. The difference between the 
highest point is approximately 0.0011 mm, and the lowest point is 0.0018 mm, which has 
almost no effect on the asymmetry of the strip section profile. 

Next, the variation in the regulation range of the amount of asymmetric IRS for dif-
ferent IRBs is analysed, as shown in Figure 11. 

 
Figure 11. The control ability of asymmetric IRS under different IRBs. 

This graph reveals a remarkable change in the regulation capacity of asymmetric IRS 
with varying IRB. Specifically, the regulation range is the smallest at the 0 kN position and 
gradually increases as the bending force value rises. The difference between the highest 
point and the lowest point is approximately 0.0067 mm and 0.0086 mm, respectively. 

Figure 11. The control ability of asymmetric IRS under different IRBs.

This graph reveals a remarkable change in the regulation capacity of asymmetric IRS
with varying IRB. Specifically, the regulation range is the smallest at the 0 kN position and
gradually increases as the bending force value rises. The difference between the highest
point and the lowest point is approximately 0.0067 mm and 0.0086 mm, respectively.

5.2. Equivalence of Asymmetric IRB and IRS

The modulation efficiency of asymmetric IRB and IRS, calculated in Section 4 of this
research, is utilized to randomly select working conditions where both asymmetric IRB
and IRS have positive and negative values of ∆Cw2 at different levels. Figure 12 illustrates
the regulation ability of asymmetric secondary convexity through the asymmetric flatness
regulating mechanism under such defined working conditions, as specified in Table 5. The
simulation results of this study are presented in Figure 13.
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Table 5. Equivalent IRS and IRB working conditions design.

Working Condition IRB/kN DIRB/kN S/mm DS/mm

A1 0 −40 100 6
A2 −100 −50 100 8
A3 100 −80 100 11
A4 200 −90 100 12
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From the above graph, it is evident that under the same baseline amount of IRS, the
uneven sectional contour caused by asymmetric IRS can be compensated for by asymmetric
IRB. Therefore, it can be assumed that the effects of the asymmetric IRB and IRS are
mutually independent. To further verify this idea, in practical production, asymmetric
bending rolls and asymmetric roll shifting are often used in combination as a means of
asymmetrical strip shape control. However, a single asymmetrical control parameter that is
too large often leads to excessive torques and equipment damage. Therefore, based on the
previously proposed independent characteristics of asymmetric bending and roll shifting,
this research studied the changes that occurred under the combined effect of these two
rolls with the same asymmetrical secondary convexity values. Two working conditions
were selected: one where both IRB and IRS were varied, and on where only IRS was varied.
The working conditions are shown in Table 6, and the strip shape after rolling is shown
in Figure 14. It is evident that the strip shapes after the rolling’s asymmetrical secondary
convexity are roughly equivalent.

Table 6. Superimposition relationship of asymmetric IRS and IRB working conditions design.

IRB/kN DIRB/kN S/mm DS/mm Theory DCw2/mm

0 60 100 10 ≈0.017
0 0 100 19 ≈0.017
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Therefore, taking the benchmark taper coverage of 100 mm and the benchmark IRB
of 0 kN as an example, the calculation of the equivalent relationship between asymmetric
lateral shifting rollers and asymmetric bending rollers is performed. The computational
results are presented in Figure 15.
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From the above figure, it can be observed that the equivalent coefficient gradually
approaches 0.15 as the asymmetry value increases. In other words, a change of approxi-
mately 0.15 mm in asymmetrical IRB (1 kN) corresponds to the asymmetrical secondary
convexity due to the asymmetrical IRS. Simultaneously, the distribution pattern resembles
a power-exponential function. Taking the zero point as the boundary, it exhibits a symmet-
ric distribution. As the asymmetry value approaches the vicinity of zero, the equivalent
relationship between the asymmetrical IRB and IRS tends towards infinity, indicating the
difficulty in distinguishing the relationship between the two at that point. However, with
the gradual increase in the asymmetry value, the equivalent relationship becomes more
stable, and the independence of the IRB and IRS gradually emerges.

6. Application

The results of the research were applied to a 1450 S6-high cold rolling mill production
line to observe the shape and count the number of incoming and outgoing strips during the
production process and to analyse the asymmetric phenomenon, as shown in Figure 16. In
the process of producing 65 Mn strip steel, it is difficult to move the rolls using the online
control system during the rolling process due to excessive rolling forces. Therefore, the
amount of asymmetric IRS was preset according to the historical production data, and
the asymmetric strip shape was then controlled by the online strip shape control system.
The incoming strip shape and the finished strip shape before optimization are shown in
Figure 17a. According to the equivalent relationship between strip flatness and section
profile [23], the main design condition is that the taper coverage of the lower roll system
is less than 15 mm of the upper roll system, and the asymmetric IRB is automatically
controlled by the automatic shape control system. The optimized finished flatness is shown
in Figure 17b.
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As seen from the above graph, the asymmetric strip shape problem has clearly been
improved, and in the production process, no production accidents occurred, which proves
that the superimposed effect of asymmetric IRB and IRS can effectively improve the flatness
situation. Similarly, the asymmetric shape problem in the production of other high-strength
steels such as DP780 and DP980 was studied and a the research method in this paper was
applied to them, and the asymmetric shape was significantly reduced.

7. Conclusions

1. A simulation model of an S6-High mill was constructed and validated using the
ABAQUS software. When simulating with actual production process parameters,
the amount of error in the thickness reduction was 1.4%, while the error in the side-
supported roll system’s force, unique to the eighteen-roll mill, was 7.2%, serving as a
validation reference. The model has a high simulation accuracy.

2. An evaluation index of asymmetric shape was constructed using the method of
subtracting the amounts of WS and DS thickness reduction after mirroring. The model
was applied to simulate multiworking conditions, analysing the independent and
coupled effects of asymmetric IRB and IRS. The asymmetric shape control method has
a linear relationship with first- and second-order asymmetrical convexity changes but
exhibits a significant nonlinear relationship with fourth- and sixth-order asymmetrical
convexity changes when adjusting asymmetric IRB and IRS.

3. The variation trend of the effectiveness of the asymmetric shape control mechanism
under different baseline shape controls is analysed. The results show that increasing
the baseline IRS amount does not have a significant impact on asymmetric IRB’s
control ability. However, the control ability of the asymmetric IRS exhibits substantial
changes with the variation in the IRB. Furthermore, the equivalent relationship be-
tween asymmetric IRB and IRS was constructed and it was proved that, under the
same baseline conditions, the two means are equivalent in either cancelling each other
out or being added together.

4. The calculation results were applied in the field to analyse the historical incoming
strip shape and the finished strip shape, and the simulation results are combined
with the predetermined amount of asymmetric IRS. The application results show
that the asymmetric IRB and IRS can solve the primary and secondary asymmetric
shape problems in the production process of the mill and prove the validity and
accuracy of this paper’s research, which can provide theoretical guidance for the
actual production process.
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