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Analysis of Regenerative Chatter
in Tandem Cold Rolling Mills

Regenerative chatter in tandem cold rolling mills poses a significant challenge to process
stability and productivity, arising from complex interactions between process dynamics
and structural vibrations. In this paper a novel stability criterion for regenerative chatter
based on linear analysis tools is introduced, offering a more precise and computationally
efficient alternative to other methods present in the literature to compute the critical speed
starting from a linear chatter model. The criterion serves as the foundation for gener-
ating multi-parametric stability charts that provide valuable insights into the underlying
phenomena and help clarify discrepancies reported in previous studies. Furthermore, an
innovative parameterization is introduced to investigate the effects on regenerative chatter
of structural modifications on the stands, revealing that aligning the resonance of the
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1 Introduction

Cold rolling is a metalworking process that yields high-volume strips, but has long been plagued by self-excited vibrational issues.
These phenomena, collectively termed chatter, degrade the surface finish, induce thickness variations, and force unplanned slow-downs
[1,2]. Given the high capital investment required for the construction of such machinery, maximizing productivity and preventing
unplanned slowdowns is of great interest, as they significantly impact the cost of the final product [3]. Extensive research efforts [4]
have resulted in the classification of chatter phenomena into three principal categories: third-octave, fifth-octave, and torsional chatter.
Specifically, the third-octave mode is the most serious chatter type [5-7], as it leads to severe gauge variation and, in severe cases, to
strip rupture or even mechanical damage to the rolling mill.

As pointed out in various studies [8—11], third-octave-mode chatter can be generated by means of model matching, negative damping,
mode coupling, and regeneration effects. These mechanisms are all self-excited in nature, but they differ in the physical feedback path
through which mechanical energy is supplied to the vibration. Negative-damping chatter arises when the process related to mill vibration
induces further vibrations, thus amplifying oscillations rather than dissipating them. In this case, stand vibration yields variations in the
roll-gap height, which, in turn, generate rolling-force perturbations containing a component in phase with the vibration velocity. As a
result, the rolling process performs positive work over a vibration cycle and behaves as a negative equivalent damping acting on the
chatter structural mode. This effect was first illustrated by Tamiya et al. [1] and Tlusty et al. [2], and later captured in a homogeneous
process—structure model by Hu et al. [12]. In contrast, mode-coupling chatter takes place through the interaction of two structural
vibration modes (e.g. horizontal and vertical roll motions), thereby creating new instability regions. Here, the rolling process couples the
two modal coordinates: the motion associated with one mode modifies the roll-gap, contact conditions, or rolling force, and the resulting
force perturbation excites the other mode. Instability may therefore occur even if each mode would be stable when considered separately,
because energy is transferred between the coupled modes through the process dynamics. Yun [13] and Yun et al. [14] first introduced this
analogy from metal cutting. Later, Hu and Ehmann embedded it within a full transfer-matrix framework [15]. Model-matching chatter
is a more subtle instability associated with the closed-loop coupling between the rolling-process model and the mill-structure model.
Even when the isolated process and structural subsystems are stable, their dynamic interaction can generate destabilizing equivalent
stiffness and damping contributions if their frequency responses are poorly matched. In this sense, model matching is a system-level
process—structure instability. It can be difficult to detect in reduced input-output representations because pole-zero cancellations may hide
relevant internal dynamics in play [8]. Finally, regenerative chatter in rolling occurs when surface ripples left by one stand modulate the
entry thickness to the next, hence creating a self-exciting feedback loop. Unlike the previous mechanisms, regeneration is intrinsically
related to the memory of the strip surface and to the transport of thickness undulations between consecutive stands. A vibration in an
upstream or downstream stand leaves a periodic thickness imprint on the strip. After a finite transport time, this waviness modifies
the entry thickness and rolling force of a neighboring stand. The resulting force fluctuation can then generate new surface waviness,
closing a delayed feedback loop. In contrast to single-stand mechanisms, regenerative chatter requires at least two consecutive stands
because the feedback loop is closed by the transport of strip waviness from one stand to another. Given their relevance to the scope of
the present work, and because negative damping represents one of the most direct mechanisms of instability [16], negative-damping and
regenerative chatter mechanisms are schematized in Fig. 1. Chefneux et al. were among the first to recognize that chatter in a tandem
mill arises not only from each stand individually but also from the way successive stands interact [17]. They described two coupling
pathways: (i) a delayed interaction, in which the thickness profile leaving one stand re-enters the next after a transit delay; and (ii) an
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Figure 1 Schematic representation of the negative-damping and regenerative chatter mechanisms. Dashed arrows
indicate the local energy-feeding path associated with negative damping, whereas solid arrows indicate the delayed
regenerative path mediated by transported strip waviness. For clarity, only the interaction between two consecutive
stands is shown. The upstream stand may also experience its own negative-damping mechanism, and the down-
stream stand may, in turn, interact regeneratively with the following stand.

immediate interaction, where any change in strip velocity instantly alters the inter-stand tension. Yun embraced the idea of regeneration
from machining—where surface waviness left by a cutting tool re-excites the tool on its next pass—but pointed out that a direct analogy
fails in rolling, since the roll does not re-contact the same material point [13]. Thus, in rolling, the regenerative effect should not
be interpreted as the same material point being cut or rolled again, but rather as a stand-to-stand feedback mechanism mediated by
transported strip waviness and inter-stand tension dynamics.

Experimental evidence consistently points to the regenerative mechanism as the dominant cause of third-octave instability in actual
tandem mills. In situ measurements on production stands have repeatedly revealed the characteristic wave-pulse modulation and single,
narrow-band spectral peak—typically within the 100-250 Hz range—that mark a self-excited regenerative process. Niroomand et al.
documented these features in a series of full-scale investigations [16,18-20], where accelerometer and acoustic recordings showed
coherent third-octave components propagating along consecutive stands with delays matching the strip transport time. Such delayed
correlation is incompatible with pure single-stand negative-damping models and instead confirms the presence of a feedback loop through
the strip. Consequently, while traditional models have emphasized local instability mechanisms, plant data indicate that regenerative
chatter governs the onset and evolution of third-octave vibrations, effectively setting the practical stability limit for high-speed tandem
cold rolling.

Formulating an effective stability criterion for the regenerative effect, and in particular for the delayed interaction, has been proved
nontrivial. Moreover, the influence of various operating parameters on the rolling process remains unclear to date [21]. In fact, the
work by Yun [13] did not explore how the finite transport delay itself affects stability, choosing instead to treat the mill as a whole.
Another attempt to investigate stability of tandem mills with the regenerative effect was made by Hu et al. [7], but again the transport
delay term was neglected to use classic root locus techniques for stability analysis. The first actual attempt to evaluate stability of a
rolling tandem with delayed interaction was carried out by Zhao and Ehmann [21]. They employed an integral approach based on the
stability of delay differential equations. Despite the valuable insights provided by their method, the integral approach is computationally
intensive. Regenerative chatter remains a loosely sketched concept without a unified dynamic model or concise design rules. This gap
prevents practitioners from predicting regenerative thresholds or designing targeted dampers for modern high-speed, multi-stand mills.
Because regenerative chatter is arguably the most critical instability in cold rolling, a more efficient tool is essential to develop reliable
mitigation strategies.

The aim of this work is to introduce a novel stability criterion for regenerative chatter in tandem cold rolling mills. The proposed
approach separates the delay-free local interaction between neighboring stands from the strip-transport delay, which is treated separately
as the mechanism closing the regenerative feedback loop. This enables the use of standard frequency-domain linear analysis tools
while retaining the physical meaning of the delayed regenerative mechanism. In addition, we present a case study of the regenerative
mechanism and explore its relationship with some of the most critical process parameters. Moreover, this work makes, for the first time,
a structured attempt to clarify how mill design choices influence susceptibility to regenerative chatter.

The paper is structured as follows. First, a general mathematical model capable of capturing regenerative chatter phenomena is
developed from first principles. It has the goal of summarizing and clarifying the distinct interactions between the process dynamics,
single-stand behavior, and the coupling mechanisms that arise in a tandem configuration—all of which can contribute to system
instability. Next, the proposed stability criterion is presented and its predictive accuracy is evaluated by comparing its results against
detailed time-domain simulations. Finally, the criterion is employed in a parametric stability analysis, focusing on variations of the
friction coefficient and structural modifications to the mill. This last step leads to meaningful insights for chatter-resistant design
strategies.

The subject of process or structure modeling strategies is beyond the scope of this paper. To best contextualize our work within the
current state of the art, the results herein are benchmarked against the model and data employed by Zhao and Ehmann [21]. Nevertheless,
the proposed criterion is designed with general applicability in mind, ensuring adaptability and usage across a broad range of scenarios
beyond the specific case considered here.
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Figure 2 Rolling process schematization for the ith stand. h;,; and hoy,; are entry and exit strip thicknesses, uj, ;
and ugyt,; are the entry and exit strip speeds, o; and o;,1 are the upstream and downstream strip horizontal stresses,
hc,; is the minimum gap height, v;; is the work roll peripheral speed, Fy ; is the vertical rolling resultant force.

2 Chatter model

A chatter model is a mathematical representation capable of capturing the onset and evolution of chatter phenomena. Such a model
is composed of mechanical states, which describe the structural dynamics of the stand, and process-related states, which characterize the
rolling operation itself.

In the following sections, the development of the chatter model is presented in a structured manner. First, the model describing
the rolling process in isolation is introduced. Subsequently, the coupling between the rolling process and the structural dynamics of a
single stand is detailed. Finally, the interaction among multiple stands operating in tandem configurations is addressed, highlighting the
mechanisms by which instability may propagate throughout the mill.

2.1 Process model. Process models are often quite complex and of nonlinear form and can be derived using several modeling
techniques and assumptions. Generally, the ith vertical rolling bite model takes the boundary inter-stand stress values o; and o041 as
inputs, the gap height and its rate of change h¢ ; and hc,i, and the entry thickness &;, ;. Conversely, it yields the following outputs: entry
and exit speeds uj, ; and uey,;, rolling force Fy ; and exit thickness hout,; (see Fig. 2). For the latter, it is usually convenient to assume
its value equal to the gap height A¢ ;. This assumption corresponds to neglecting elastic recovery and other local thickness corrections
at the roll exit, so that small variations of exit thickness are directly related to small variations of the minimum roll gap. In compact
form, the nonlinear rolling-bite relation for the ith stand can be expressed as

Uin,i
Uout,i

Fy ; =®; (hC,i’ hei> 07, Oig1, hin,i; Ri, pi, v i, pmat,i) s (1)

out,i

where ®@;(-) denotes the generic nonlinear process function associated with the selected rolling model. The variables before the
semicolon are the process quantities retained as dynamic inputs of the local bite model. The quantities after the semicolon are operating
or technological parameters defining the steady rolling condition: R; is the work-roll radius, y; is the strip—roll friction coefficient, v; ;
is the work-roll peripheral speed, and pmat,; collects the material parameters required by the selected rolling law, such as the flow-stress
model and elastic properties.

For stability analysis purposes, it is common to derive a linearized form of the process model, resulting in a matrix of coefficients
relating each one of the inputs to each one of the outputs:

[ 8”in,i a”in,i a’4in,i 8”in,i a”in,i |

dh¢ ; Ohe i th,- ooy 004 ahin,i dh¢ ;

duin,i Pr Py Py Py Ps Cl Ouout,i C()Moutli Ouout,i  Ouout,i  Ouout,i Cl

dugwi| _[01 Q> 03 04 05| |Ue : ’ : : ||
dFouttt = Fl F2 F3 F4 F5 doj | = | Ohe; Ohe.; do; 0041 Ohin ; doi @

dho}lll’tli 11 02 03 04 05 ‘ doiq OFy,; OFy,; dFy, ;i 0Fy,; OFy,i doiq

’ " Ldhin,i Ohei  dhe, doj d0iy1 Ohin; dhin,i

1 0 0 0 0 | op

These coefficients correspond to the local partial derivatives of the nonlinear process function evaluated at the steady rolling condition
(op). Thus, the P; coefficients are the local sensitivities of the entry speed, the Q; coefficients are the local sensitivities of the exit
speed, and the F; coeflicients are the local sensitivities of the vertical rolling force with respect to the five dynamic process inputs. The
linearization is performed with respect to hc ;, hc.i, 07, 041, and hin,; because these are the variables through which the rolling bite
exchanges perturbations with the stand structure and with the adjacent strip spans. In contrast, R;, u;, vr,;, and the material properties
are treated as operating parameters that define the steady point around which the dynamic model is linearized. When parameter studies
are performed, these quantities are varied from one operating point to another and the coeflicients in Eq. (2) are recomputed accordingly.
All variables in Eq. (2) denote small perturbations around the steady rolling condition.

In the present formulation, the specific nonlinear rolling model used to compute these coefficients is not the focus. Rather, Eq. (2) is
used as a general linear interface between the rolling process and the structural/tension dynamics.

Furthermore, the inter-stand relationship should be set, namely to couple two adjacent stands through the corresponding strip span. The
strip spans couple neighboring stands through a delayed interaction, transferring the strip-thickness perturbations between consecutive
bites, and through the strip-span stiffness, which relate strip-velocity perturbations to the evolution of inter-stand stress perturbations. To
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account for the former, a transport-delay operator =50 s usually introduced. The delay A; represents the time required for a thickness

perturbation generated at the exit of stand i — 1 to reach the entry of stand 7, and is defined as

L; L;
Aj=——=— 3)

Uout,i—1 Uin,i

For the strip-span stiffness model it is common to consider the strip segment between two stands as having an equivalent longitudinal
stress stiffness E/L, where E represents the rolled material Young’s modulus and L the stand spacing, which is usually constant in a
tandem. This relation can be obtained by treating the inter-stand strip span as a lumped longitudinal elastic element; In other words, the
inter-stand stress is assumed to be spatially uniform within each span and to respond instantaneously to the velocity mismatch between
its two boundaries. Consider the strip segment between two consecutive stands, with undeformed length L and cross-sectional area A.
Its incremental axial elongation d¢ produces an average longitudinal strain perturbation

_dt

de .
L

“
Assuming linear elastic behavior of the strip span around the steady operating condition, the corresponding stress perturbation is
E
do = Ede = —d¢, %)
L
thus leading to the time derivative
E .
r=—¢. 6
o=7 (0)
The elongation rate £ is given by the difference between the velocities imposed at the two ends of the strip span. Therefore, for the

upstream span of stand i, £ = duip,; — dugyy,i—1, whereas for the downstream span, ¢ = duin i+1 — duoyt,;- This leads directly to the
stress-evolution law reported in Eq. (7).

. _E i E
i = 7 (ditin; = duouii-1): w1 = = (ditin i1 = diout,i)- O
Since the state variable is the strip stress rather than the axial force, the cross-sectional area does not appear explicitly; if force were
used instead, the corresponding axial stiffness would be EA/L. As a first approximation, constant boundary strip velocities are imposed,
which in the variational formulation means that the perturbations of the velocities imposed by the adjacent stands are set to zero:

duout,i—l =0, dbtin,iﬂ =0. ®)

Hence, the dynamics of the neighboring stands can be excluded from the single-bite process formulation, as they only provide fixed
velocity boundaries for the upstream and downstream strip spans. Under this assumption, Eq. (7) is reduced to

oi | _E| dup,
[é'i+1] T L [_duout,i ®)

Substituting the corresponding expressions of the entry and exit strip-velocity perturbations, du;, ; and dugy,i, from Eq. (2) into
Eq. (9) yields the state-space representation of the single-bite process model. In this formulation, the entry and exit stress perturbations,
do; and dojy, are the state variables, while the bite-condition perturbations, dh¢ ; and dhc,i, act as inputs. The resulting vertical
process-force perturbation, dFy ;, is the model output. The final state-space equations are reported in Eq. (10).

oi |_E| P3Py doj | E| P Py |dhei| E|Ps| .
O+l L |-03 —Q4l. doiy L |[-01 —in dhe,i I _Q5i in,i

(10)
dFy,,' _ s Fy do; + Fi F d/.lc,i + Fs dhy, ;
dhout,i 0 0], |dois L0}, |dhe,i 0], ’
For later use, the linearized process model in Eq. (10) can be rewritten in compact state-space form
oi | _ | doy | dhe, ]
do; dhe;
dFyl—Cpi[do_ill] pi[dhz’; + Ly idhin ;. (1
do; dhe i
o = [0 0] 070 |+ (1 0] |G| <0

In Eq. (11), inputs and outputs are split into more parts to make the subsequent coupling with the stand structural model and the
regenerative input—output formulation seamless.
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Figure3 Block diagram of the coupled process-structure model for stand / and its adjacent strip spans. The process
model relates the bite-condition perturbations, dh; and diwc,,-, and the entry/exit stress perturbations, do; and doj. 1,
to the vertical rolling-force perturbation, dFy ;, and to the entry/exit strip-velocity perturbations, duj,; and dugyt,;-
The upstream and downstream strip spans couple stand i with the neighboring stands through the transport-delay
operator A and through the strip-span stiffness model E/L.

2.2 Single stand model. The process interacts with the structure dynamics by accepting the work roll states as inputs and producing
the rolling vertical force as output. The complete model of a single-stand is schematized in Fig. 3. A general state-space form for the
vertical structural dynamics of the ith stand is introduced in Eq.(12):

Xg; = Ag,iXs,i +Bg dFy,is
(12)

dhe ;
o

where Xg ; is the structural state vector of the vertical stand model, Ag ;, Bs; and Cs,; are the corresponding state-space matrices, and
dFy ; is the perturbation of the vertical rolling force acting on the roll stack. The output vector contains the roll-gap perturbation dhc,;
and its rate of variation d hc,i, which are the structural variables supplied to the rolling-process model. The outputs are structural states
of the system, therefore, no direct feedthrough term is introduced i.e., D5 ; = 0

By coupling this vertical structural model with the compact process model, a state-space model can be established with the process—
structure behavior, entry-thickness perturbation dh;, ; as input and exit thickness perturbation Zoyt,; as output:

[X;_;l _ [As,i"'Bs,iDp,iCs,i Bs,iCp,i Zgo’_ll + Bs,in,i] dh
) = B. . C.; A G, ; in,i»
O+l P, s, p,t d0-i+1 p,t
(13)
Xs,i
dhout,i = [[1 0] Cs,i [0 0]] doy
doit

When matched with the structural model, the process is known to affect the stand dynamics following two mechanisms: model
matching and negative damping. Mode coupling is not considered here because the structural dynamics is restricted to the vertical
direction. In the model-matching mechanism, the rolling process modifies the apparent dynamic properties of the stand through its
linearized force sensitivities. In particular, the coefficient F, which relates rolling-force perturbations to roll-gap variations, acts as an
equivalent process stiffness and shifts the effective stiffness and natural frequency of the vertical chatter mode. More generally, model
matching refers to the closed-loop interaction between the process dynamics and the structural dynamics, by which the process-induced
stiffness and damping contributions modify the poles of the coupled single-stand system.

In contrast, negative damping is associated with the phase of the rolling-force perturbation relative to the work-roll motion. When
fluctuations of the process states, such as inter-stand stresses and strip speeds, generate a force component in phase with the work-roll
velocity, the rolling process performs positive work over a vibration cycle. The stand vibration then becomes progressively less damped
as rolling speed increases, until the negative process-induced damping exceeds the sum of the positive bite damping and the inherent
structural damping of the stand. At this point, the single stand becomes unstable. It must be noted that lower chatter frequencies
adversely affect stability. This occurs because forces associated with fluctuations in the process states depend on the gap oscillations in
an integral manner—as expressed in Eq. (10)—resulting in amplified inter-stand stress oscillations for longer vibration periods.

2.3 Multi-stand model. The interaction between two consecutive stands in a tandem configuration is characterized by two key
features:

* Shared process state. The horizontal stress between two stands is influenced by the exit speed of the upstream stand and the entry
speed of the downstream stand and affects both stands simultaneously.

» Chatter marks on the strip. Vibrations in a stand cause surface undulations, which travel with the strip and excite the downstream
stand after a transport delay A, directly proportional to the stand spacing L and inversely proportional to the inter-stand strip speed.

The model for a tandem configuration of two or more stands can be schematized as the sequencing of multiple blocks like the one
shown in Fig. 3. For a tandem of two stands, the compact process formulation of Eq. (10) can be extended to two neighboring bites
by writing the same set of equations for stand i — 1 and by enforcing the continuity of the inter-stand stress shared by the two bites. In
particular, the exit stress state of stand i — 1, namely do7, is also the entry stress state of stand i. Therefore, the two single-bite process
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models can be merged into a single tandem process model with three stress states, do;_1, doj, and doj,.

equations for a tandem of two stands i — 1 and 7 are in Eq. (14):

The process state space

gi-1] g [ P3i- Pyi-1 0 ][doi-1
Oi | =5 |703,i-1 —Qai-1+P3; Pa; || doy
il 0 03, —Q4,il ldois
Py - Py 0 0 0
E | "Li-l 2i-1 \ldhe ;| E dhe;|  E
+7 -01,i-1 —02,i-1 [dhc‘f i] t7 Pri Py [dhw +7 Ps; | dhin;»
0 0 o= =01, —Q2 o -0s,;
doj_y
dhg i
dFy ;= |F3i-1 Faic1 O] | doy |+ [Fric1 Faio1] [dhc’{ ]], a4
doit ci-1
doi-i dhe.i
dFy ;=10 F3; Fa;|| doi |+[Fi; Fal [dh |+ Fsidhin i,
do; 1
i+1
_ dhc,i—l
dhout,lfl = [1 O] [dhc,i—l .
For compactness, the two-bite process model can be rewritten by grouping the coefficient matrices as follows:
-1 doj-j dh. - dhe ;
[ Oi | = Appi-1:i | doi | +Bpp i [dhCl : +Bpp,i [dhc’l' + Gypp,idhin i,
T+l doiy & o
doi_)
dhe ;-
dFy,i—l = Cpp,i—l dO'j +Dpp,i—1 [dhc’l,i] N
doiy o
15)
doi-i dhe i
dFy,; = Cpp,i do; + Dpp,i [dhc,i + Lpp,idhin i
T+l ’
_ dhe,i-
dhout,l—l = [1 0] [dhc,i—l

The subscript pp is used to distinguish these matrices from the single-bite process matrices

defined above. The structural models

of the two neighboring stands presented in Eq. (12) can now be coupled with the two-bite process model in a manner analogous to
that used to obtain Eq. (13). By substituting the structural outputs into the two-bite process model and by feeding the two rolling-force
perturbations back into the corresponding structural models, the tension-coupled tandem model is obtained in Eq. (16):

Xs,i—1
Xs,i As,i—l +Bs,i—1Dpp,i—1Cs,i—1 0 Bs,i—lcpp,i—l
Oi-1 | = 0 As,i + Bs ;Dpp i Cs i Bs, i Cpp,i
Oy Bpp,i—lcs,i—l Bpp,ics,i pp.i—1:i
O+l
Xs,i—1
X, i
dhoui-1 = [[1 0] Csi—1 0 0] |doj_y
do
doit

which can be equivalently represented by the following single-input single-output (SISO) transfer function:

H(s) = dhout,i—1(5)
dhin,i(s)

Here, H(s) denotes the instantaneous tension-mediated coupling between two neighboring

Xs,i—1

Xs,i 0

doj_1| + |Bs,iLpp,i | dhin i,

do; Gpp, i

doiy
(16)
an

stands, while its input and output are

selected to describe the delayed regenerative path by which the exit-thickness perturbation dhgy ;-1 is transported along the strip and
becomes, after the delay A;, the entry-thickness perturbation dh;, ; of the downstream stand; Hence, the autonomous form schematized
in Fig. 4 would represent the complete internally delayed model of a tandem of two stands. This comprehensive model still displays
negative damping on the single stands, with the only difference that now each stand has a dynamic boundary condition for the strip
speed, dictated by the adjacent stand model. In this case, the phenomenon is addressed in literature as multi-stand negative damping
effect [8,21]. But most importantly, through the strip transport effect, this model can also exhibit regenerative chatter. Marks generated
by vibrations in the upstream stand travel with the strip and, after the transport delay A;, enter the bite of the downstream stand. This
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dhin i dh

out,i—1

H(s)

Figure4 Autonomous two-stand regenerative chatter model. The block H (s) represents the local two-stand transfer
function from the entry-thickness perturbation of the downstream stand, dh;, ;, to the exit-thickness perturbation of
the upstream stand, dhq; ;_1- The delay block A; models the strip transport between stands: the thickness waviness

generated at the exit of stand i — 1 is convected with the strip and re-enters stand i after the transport time A;, thereby
closing the regenerative feedback loop.

Displacement

Time

Wave pulses

/

Displacement

Time

Figure 5 Qualitative schematic of the wavetrain behavior in regenerative vibrations. The top plot illustrates a stable
case, where successive wave pulses separated by the transport delay A decrease in amplitude. The bottom plot
illustrates an unstable case, where the wave pulses grow from one regenerative passage to the next.

interaction induces variations in the entry speed of the downstream stand and consequently alters the shared process state, which in
turn excites further chattering in the upstream stand. Subsequently, new chatter marks are generated, and the process repeats; if each
iteration displays greater vibration than the previous one, the pair of stands is unstable. The occurrence of regenerative chatter is readily
identifiable by a wavetrain pattern exhibited in the mill vibration, as sketched in Fig. 5. This phenomenon is commonly referred to
as modulation [21]. It is worth noting how the negative damping mechanism plays its role in the regenerative chatter by reducing the
damping of vibrations in the individual stands.

3 Stability criterion

The multi-stand model of Fig. 4 is essentially an internally delayed system. Stability analysis of internally delayed systems has been
the subject of numerous studies [22,23]. In particular, the work of Zhao and Ehmann [21] represents the first instance in which stability
analysis in tandem rolling—specifically regarding the regenerative chatter mechanism—was investigated through the application of an
integral criterion. However, while these methods provide rigorous tools for general internally delayed systems, the regenerative chatter
mechanism as modeled here has a specific input—output structure that can be exploited to derive a simpler frequency-domain condition.
In particular, the local two-stand model was reduced to a SISO transfer function whose input and output are the same physical quantity
delayed in time. This formulation converts the regenerative chatter problem from the analysis of a general internally delayed multi-state
system into the gain analysis of the loop composed of the local transfer function and the delay operator: H (s)e‘SAf .

This structure can be directly related to the small-gain theorem, which provides a sufficient stability condition for feedback intercon-
nections in terms of the input—output gain of the open loop [24,25]. In the present SISO linear setting, this argument states that the
delayed regenerative feedback is stable if the He, norm of the open-loop regenerative gain is smaller than unity, namely

[rsrems2]| <1 (18)
For a SISO linear time-invariant system,
HH(s)e_SA"H = sup |H(ja))e_j‘”A" . 19)
o0 w
Since the delay operator has unit magnitude at every frequency:
|e—iwAf’ =1, 20)
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Figure 6 Pulse-by-pulse representation of the autonomous two-stand regenerative chatter model under the large-
delay assumption. Starting from the closed-loop form of Fig. 4, the loop can be unfolded because consecutive per-
turbations are assumed not to overlap in time. Each block H (s) represents one passage through the local two-stand
model, while each delay A; represents the strip transport time that maps the exit-thickness perturbation dhg ;_1 into
the next entry-thickness perturbation dhjy ;.

and it follows that

“H(s)e_SA"

| = suplH (o). @

Therefore, the condition

sup |H(jw)| < 1 (22)

is a robust sufficient stability condition for the regenerative loop. Conversely, the violation of Eq. (22) as an instability indicator is not,
in general, an exact necessary and sufficient condition for arbitrary delayed feedback systems, since the phase of the loop also affects the
location of the closed-loop characteristic roots.

Nevertheless, it will be shown that, under some operating conditions, the proposed magnitude-based criterion remains robust also
as a sufficient condition for instability. Let us consider the extreme case in which A; is sufficiently large for two consecutive system
perturbations to remain independent in time, i.e., for their transient responses not to overlap. Hence, a large-delay condition is here
intended as

Ai > Teet, (23)

where Tgeye denotes the characteristic settling time of the coupled two-stand system. Physically, this means that the transport time required
for a strip-thickness perturbation generated at the exit of stand i — 1 to reach the entry of stand i is sufficiently long for the dynamic
response caused by the previous perturbation to have essentially vanished. As qualitatively shown in Fig. 5, the initial part of the response
may be approximated as a large-delay case, since consecutive wave pulses are sufficiently separated. , regarding the unstable case, as
the regenerative mechanism amplifies the wave pulses, the effective settling time may become longer. Consequently, initially separated
pulses can progressively overlap. The large-delay assumption should therefore be interpreted as a useful limiting case for deriving the
pulse-amplification criterion, but not as a condition that remains necessarily valid throughout the entire unstable evolution.

Under this assumption, each wave pulse can be treated as independent regenerative passages as depicted in Fig. 6. The evolution of a
harmonic component at angular frequency w is obtained by evaluating the previous relation at s = jw:

k . . 0),.
dnly) . () = H(w)*dn}) (jw). 24)
Taking the magnitude gives
k . . 0),.
). gw)‘ = |H(jw)[* ‘dhfn’igw)) . ©5)

This expression shows that the amplitude of each frequency component is multiplied by |H (jw)| at every regenerative passage. Conse-
quently, if there exists a frequency such that

|H(jw)| > 1, (26)

any initial perturbation containing a nonzero component at that frequency is amplified from one wave pulse to the next, therefore growing
with k. The pair of stands i — 1 and i is thus classified as susceptible to regenerative chatter. The effectiveness of this latter instability
criterion when the large-delay hypothesis is relaxed will be examined in the next section.

4 Stability analysis

The two-stand case is here considered, using data from stands 4 and 5; For simplicity, parameters and results pertaining to stands 4
and 5 will henceforth be denoted with subscripts 1 and 2, respectively.

Performing a stability analysis in this context involves identifying the maximum operating speed—typically expressed as the peripheral
speed of the work rolls in the last stand, v, p—at which the condition in Eq (22) is fullfilled for the two-stand tandem system. This
threshold serves as a practical upper bound for safe operation and is particularly insightful when evaluated across a range of process and
structural parameters, as it reveals the system’s sensitivity to variations in those parameters and highlights regions of potential instability.

More specifically, for each selected combination of parameters the rolling speed of the downstream stand vy was progressively
increased. For each imposed value of vy 5, the upstream roll speed vy ; was computed iteratively from the nonlinear rolling-process
model by enforcing inter-stand strip-speed continuity, namely uoy,1 = ujn2. At each point, the identified process parameters were
substituted into the nonlinear rolling-process Eq. (1), and the process model was linearized about the corresponding steady operating
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Figure 7 On the left: Comparison of the downstream friction u, dependent stability margin computed with the
proposed criterion against that evaluated through time simulations, for three different values of the delay term A.
Critical speed values computed with the proposed criterion are linearly interpolated for visualization purposes. On
the right: Visualization of the time simulation result at the working point denoted by the asterisk on the left plots.

point as in Eq. (2) to obtain the local coefficients F__5, P15, and Q5 for both stands. These coefficients were then used to assemble
the local transfer function H(s) for the selected operating condition as in Egs. (16) and (17). The frequency response of H(s) was then
computed by discretizing the frequency interval 1-500 Hz with a frequency step of 1 Hz. More specifically, the transfer function was
evaluated at the discrete frequencies f = 1,2,...,500 Hz by substituting s = j27 f. This interval was selected to cover the third-octave
chatter range of the coupled stand—process system. In all investigated operating conditions, the maximum magnitude of H(s) relevant to
the proposed criterion was found in correspondence with this structural chatter mode, which lies within the selected frequency interval.
According to the proposed criterion, the system was classified as certified stable when

H(j2 1. 27
fen,“é%’é] HZI (G2nf)l < 27

For each set of paraemters, the target critical rolling speed vy 5 it Was therefore identified as the first value of v, 5 for which Eq. (27)
was no longer satisfied. After the first threshold crossing, all subsequent higher-speed points were checked to verify that the stability
condition remained unsatisfied.

To obtain meaningful quantitative results, a specific model for both the process and structure must be selected together with an input
data set. As anticipated in Section 1, the rolling process model employed herein is that one presented by Zhao and Ehmann [8,21] (the
detailed derivation of which is provided in [26]). This allows for a better contextualization of this work with the state of the art for
comparative purposes. The process parameters are the typical ones for a modern five-stand tandem rolling mill, as reported by Kimura et
al. [27]. Two structural models are used, depending on the analysis purpose: a simplified vertical-symmetric single-degree-of-freedom
(1-DOF) model and a more realistic vertical-symmetric 3-DOF model. The former is the one used by Zhao and Ehmann in [21], whereas
details of the latter are reported in Appendix A.

4.1 Comparison against time-domain results. As a first step, it is essential to verify the effectiveness of the proposed stability
criterion by comparing its predictions with results obtained from time-domain simulations. To this end, a stability analysis is conducted
across a range of values for the downstream stand’s strip-roll friction coefficient uy. This preliminary evaluation employs a simplified
1-DOF structural model. The choice of both the parameter to be swept and the simplified structural representation is intentional, as
it mirrors the conditions used by Zhao and Ehmann in the validation of their integral criterion [21], thereby enabling a consistent and
meaningful benchmark for comparison. Moreover, to test the criterion robustness when the large delay condition is not met, the study
is repeated for several decreasing values of A. Keep in mind that the strip transport delay is inherently a function of the strip speed and
the inter-stand length; varying A while disregarding these parameters is physically unrealistic.

4.1.1 Method. To verify the stability boundary predicted by the proposed frequency-domain criterion, an independent time-domain
simulation was performed over the same parameter grid. The sweep was performed over uy € [0.010,0.025] with a step of 0.001, while
the downstream rolling speed was varied over v 5 € [19,31] m/s with a step of 0.2 m/s.

For each value of the downstream-stand friction coefficient u», the critical speed was identified following the methodology illustrated
in the introduction of Section 4.

Concerning time domain analysis, for each grid point the open-loop transfer function H(s) was closed with a pure transport delay as

H(s)

Gals) = T His)e—sh"

(28)
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Three values of the transport delay were considered: A = 0.24 s, 0.05 s, and 0.01 s. The first value corresponds to the delay computed
from the nominal process data, whereas the latter two values were intentionally selected as artificially small delays to test the robustness
of the criterion under increasingly severe regenerative-feedback conditions. The transfer function in Eq. (28) was simulated in MATLAB
using the lsim command over 0 < ¢ < 5 s, with a uniformly sampled time vector and a sampling interval of Ar = 1 us. The excitation
was imposed as a finite-duration entry-thickness perturbation applied at the inlet of the downstream stand:

10 um, 0 <t <0.1 ms,

2
0, t > 0.1 ms. (29

Ohin (1) = {

The monitored output was the roll-gap variation state dh¢ ;. Stability was assessed by comparing the response amplitude in two
consecutive time windows at the end of the simulation. The peak amplitudes were defined as

At = max  |dhe. 1(2)], A = max dh. 1(2)|. 30
last 5—2A<t<5| e.1 (D prev 5—4A<t<5—2A‘ 1 (1) (30)
The system was classified as unstable when

Ajgst > Aprev  and  Aprey > 10 nm, 3D

where the second condition avoids classifying numerical noise as a growing response. Otherwise, the simulated point was classified as
stable.

The purpose of this comparison is not to use time-domain simulation as the primary stability tool, but to verify that the boundary
predicted by the proposed frequency-domain criterion corresponds to the transition between decaying and growing delayed responses.
The time-domain classification is therefore intentionally based on a simple growth criterion applied over the final delay periods of the
simulation.

4.1.2  Results. The results of this analysis are reported on the left side of Fig. 7 (where the critical speeds computed with the
proposed criterion were linearly interpolated for visualization purposes only). For all the tested delay values, no time-domain instability
was observed below the stability limit predicted by the proposed criterion. This confirms the use of the criterion as a conservative stability
condition: when the maximum frequency-response magnitude remains below unity, the delayed regenerative response is predicted to
remain stable. The efficacy of the proposed criterion as an instability predictor is evident in the first case of large transport delay, because
the criterion-based stability limit coincides with what was observed through time simulations. This delay value is the actual transport
delay computed from the process parameters of the investigated case, rather than an artificial value, supporting the practical relevance
of the large-delay interpretation in the present operating condition. Still, in the other cases of shorter delay, instability was not detected
immediately above the formulated critical speeds. In fact, in some instances interactions between subsequent wave pulses (right side
of Fig. 7) appeared to mitigate the regenerative effect even above the computed critical speed. Therefore, for short transport delays,
exceeding the unity-gain threshold should be interpreted as the onset of a potentially unstable regenerative condition rather than as a
sufficient indication of divergence in the time response. This observation might be misleading, as it could suggest that shorter delays
improve stability. Nevertheless, as previously mentioned, the only means to decrease the transport delay in reality would be to increase
the strip speed or reduce the inter-stand length, both of which would have an adverse effect on tandem stability [21].

These results clarify the role of the proposed criterion. In the general case, the criterion provides a sufficient condition for stability.
Conversely, its use as a condition for instability is robust only when the strip transport delay is sufficiently large, i.e., when the delayed
wave pulses are sufficiently separated so that they do not interact. The proposed stability margin is closely in agreement with the one
formulated by Zhao and Ehmann through the integral criterion. A further advantage of the present approach lies in its computational
efficiency. While Zhao and Ehmann report that the integral criterion may require up to a full day of computation on a 3 GHz CPU to
map stability boundaries over a fine parameter grid [21], the present method only involves the evaluation of a linear frequency response
function and can therefore be executed within minutes.

4.2 Friction effect on stability. Chatter is closely related to friction conditions in roll bites. However, its influence is not yet
clearly understood, and the conclusions reached in the literature are sometimes contradictory [27]. In this section, a stability analysis of
regenerative chatter with respect to friction conditions of both upstream and downstream stand is conducted, and an attempt is made to
elucidate these discrepancies. To obtain more meaningful results, the more realistic 3-DOF structural model is employed.

4.2.1 Method. As discussed in Section 2, variations in process parameters affect the stand dynamics via model matching and negative
damping. In other words, friction variations influence stability directly through the negative-damping effect and indirectly by altering
the stand-chattering frequency, as schematically illustrated in Fig. 8. To isolate the direct effect of friction, the model matching effect
can be eliminated by assigning a fixed value to F, while all other coefficients are kept dependent on the process parameters. Since
F| represents the rolling-contact stiffness contribution, fixing this coefficient prevents the friction-dependent shift of the stand chatter
frequency, while preserving the dependence of the process damping, tension coupling, and velocity perturbation terms on the operating
point. This maintains a constant stand-chattering frequency. In the fixed-frequency case, the value of F; was therefore kept equal to
its nominal value, whereas the remaining process coefficients F,—Fs, P1—Ps, and Q—Q5 were updated at each point of the parameter
grid. The same analysis was also repeated in nominal conditions, i.e., with all process coeflicients recomputed as functions of the local
friction and speed values.

The stability map was computed on a two-dimensional grid of upstream and downstream friction coefficients. The upstream friction
coeflicient | was varied in the range [0.012,0.028], while the downstream friction coefficient y) was varied in the range [0.010, 0.022],
both with a step of 5 x 10™%. These intervals were selected as neighborhoods of the corresponding nominal operating friction values.
For each pair (1, u2), the downstream rolling speed v, » was swept from 15 to 40 m/s with a step of 0.1 m/s.

At each point of the parameter grid, the critical speed was identified following the methodology illustrated in the introduction of
Section 4. The resulting value of vy » .;i; Was then stored and plotted over the (i1, u2) plane. For visualization purposes only, the stored
values of vy 5 ¢riy Were rendered as a continuous surface using MATLAB surface with a linearly interpolated face coloring. The contour
lines were obtained from the same discrete grid. No interpolation was used to determine the critical speeds, which were extracted directly
from the discrete parameter sweep.
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Figure 8 Friction effect on stability through negative-damping (top path) and model-matching (bottom path).

4.2.2  Results. Stability charts presented in Fig. 9 and 10, respectively, depict the friction effect on stability without and with the
model matching effect. Through several simulations performed on different models, it is observed that the behavior depicted in Fig. 9
tends to be more consistent across cases, whereas the overall effect shown in Fig. 10 varies from one case to another. This variability
is likely due to the sensitivity of the chatter frequency to process stiffness, which strongly depends on the adopted structural model.
From an engineering point of view, this means that the direct negative-damping contribution of friction is relatively robust, whereas the
indirect contribution associated with frequency shifting is model-dependent. It is evident for example that the impact of the process
stiffness variation on the dynamics of a simple 1-DOF structural model differs markedly from that of a more realistic higher-order model.
Therefore, although oversimplified models offer ease of analysis for chatter studies, they should be used with caution. They may correctly
reproduce the qualitative destabilizing role of process damping, but they can distort the stabilizing or destabilizing effect associated with
the displacement of the chatter mode through model matching.
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Figure 9 Upstream (u4) and downstream (u») friction coefficient effect on the critical rolling speed of the stand pair
through negative-damping only (fixed chatter frequency).
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Figure 10 Upstream (u¢) and downstream (u,) overall friction coefficient effect on the critical rolling speed of the
stand pair.

The chart in Fig. 9 can be discussed in greater detail. For a fixed structural dynamic, the stand pair appears to be monotonically more
stable with higher friction in the downstream stand, while a critical friction condition is observed in the upstream stand. This asymmetric
behavior is a direct consequence of the different roles played by the two stands in the regenerative loop: the downstream stand receives
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the transported thickness perturbation, whereas the upstream stand is responsible for generating the exit waviness that closes the feedback
path after transport. The rationale behind this behavior is that, under lower friction conditions, an individual stand is known to be more
susceptible to negative damping. However, in the upstream stand 1, although low friction enhances self-excited chatter, it simultaneously
reduces the stand’s receptivity to exit inter-stand stress variations, which are critical for the regenerative mechanism. In other words,
the friction coefficient does not only change the local tendency of the stand to self-excite; it also changes how efficiently perturbations
are transmitted through the inter-stand tension and converted into new thickness waviness. This phenomenon explains the increased
regenerative chatter stability observed for low friction in stand 1 and the emergence of a critical friction condition. The resulting stability
boundary should therefore not be interpreted as a simple monotonic effect of friction on local chatter tendency, but as the outcome of
two competing mechanisms: local negative-damping amplification and regenerative coupling efficiency.

4.3 Structure dynamic effect on stability. The chatter frequency of a stand, f.,, i.e., the frequency at which self-excited vibration
occurs, plays a central role in determining system stability in both single- and multi-stand configurations. In this work, f.p, is defined
as the resonance frequency of the locally coupled stand—process system, namely the structural dynamics of the stand including the
rolling-contact stiffness contribution associated with Fj. Therefore, it should not be interpreted as the free natural frequency of the
stand alone, but as the effective resonance frequency after the process stiffness has been included. While it is partially influenced by the
strip-roll contact stiffness (model matching effect, as discussed in Section 2), it is predominantly governed by the dynamic properties
of the mill structure and thus emerges as a direct consequence of mill design. In the case of single-stand chatter, a common design
recommendation is to maximize vertical stiffness to shift the natural frequencies away from instability-prone regions. However, when it
comes to tandem rolling, systematic design guidelines to enhance multi-stand stability—particularly in relation to inter-stand dynamic
coupling—remain largely undeveloped.

In the following, a parametric stability analysis is carried out for a pair of coupled stands in the plane defined by the upstream and
downstream stand chatter frequencies (fen,1 and fcp 2), with the goal of identifying favorable design regions and clarifying how relative
frequency placement can be leveraged to mitigate regenerative chatter.

4.3.1 Method. As in the previous analyses, the critical strip speed is computed for each point in the parameter space. In this case, all
process-related parameters, except for the strip speed, are held constant at the nominal operating condition. The purpose of the analysis
is to isolate the influence of the relative placement of the upstream and downstream stand chatter frequencies on the regenerative stability
limit.

The two-dimensional parameter space is defined by the chatter frequencies of the upstream and downstream stands, denoted as fp, |
and fcp 2, respectively. Both frequencies were varied in the range 150-250 Hz with a step of 2.5 Hz. These frequency variations were
introduced by scaling the mass matrix of the structural model through the scalar gain g, as described in Appendix A.

At each frequency pair (fch,1, feh,2), the critical speed was identified following the methodology illustrated at the beginning of
Section 4.

The resulting value was stored and plotted over the (feh, 1, fch,2) plane. For visualization purposes only, the stored values of vy 5 crit
were rendered as a continuous surface using MATLAB surface with linearly interpolated face coloring. The contour lines were obtained
from the same discrete grid. No interpolation was used to determine the critical speeds, which were extracted directly from the discrete
parameter sweep.

4.3.2  Results. Results are presented in Fig. 11. This study confirms that the system exhibits greater stability at higher chatter
frequencies, a phenomenon attributed to the negative damping effect being more pronounced at lower frequencies. From a physical
standpoint, lower chatter frequencies correspond to longer vibration periods, allowing larger inter-stand stress perturbations to build up
from the velocity mismatch induced by the roll-gap oscillation. As a result, the process-related force component that feeds energy into
the vibration becomes more effective at low frequencies. Nonetheless, it is of more interest to examine the impact of a relative variation
in chatter frequency between the two stands. Two optimal zones are identified; they can be attributed to the decoupling of resonance
peaks within the stand pair. Specifically, starting from any point along the diagonal (same frequency condition), a decrease in a stand’s
resonant frequency results in an enhanced negative damping effect, although the beneficial impact of resonance peak decoupling is most
pronounced at the onset of this variation. This indicates that the first-order benefit does not come from simply lowering or increasing
one chatter frequency, but from preventing the two stands from responding strongly at the same frequency. In engineering terms, two
identical or nearly identical stands behave as efficient receivers and transmitters of the same disturbance, whereas a frequency mismatch
weakens this regenerative exchange.

However, it is apparent that the upper-left optimal zone where fu, 2 < fch,1 yields higher critical speeds compared to the lower-right
zone where fon 2 > fen,1- This behavior is due to the presence of an anti-resonance in the system that relates process forces on the work
rolls to chatter vibrations. This anti-resonance consistently occurs closely above the resonant frequency [28]. If the resonant frequency
of stand 2 coincides with the anti-resonance of stand 1, a significant mitigation of regenerative chatter can be achieved, as the chatter
marks exiting stand 1 are directly generated by the chatter in that stand. In this configuration, the downstream stand tends to excite the
upstream stand at a frequency for which the upstream force-to-gap response is locally minimized. The thickness waviness generated
at the exit of the upstream stand is therefore reduced, weakening the delayed feedback path that sustains the regenerative mechanism.
Notably, this phenomenon is not reciprocal i.e., when the resonance of stand 1 overlaps the anti-resonance of stand 2. Specifically, the
entry strip thickness variation in stand 2 can directly induce inter-stand stress vibrations without the mediation of chatter vibrations.
Thus, the anti-resonance of the downstream stand does not attenuate the same physical quantity in the same position of the feedback loop.
This explains why the two off-diagonal stability regions are not symmetric, even though they both arise from a relative shift between the
two structural chatter frequencies.

The key finding of this analysis is that avoiding identical mill structures can be advantageous in mitigating regenerative chatter. A
comparison with the analogous regenerative effect encountered in metal-cutting machines further supports this observation. While in
turning machines the marks created by a system re-enter the same system, in a rolling mill the marks generated by a stand do not
re-enter the same stand. Still, they re-enter an identical one, thereby transmitting vibrations via inter-stand tension. Consequently, it
is reasonable to assume that stands with differing characteristics will not interact in the same manner as two identical stands, thereby
potentially inhibiting resonant behavior. The practical implication is that structural tuning should not aim only at shifting all stand modes
to higher frequencies. A deliberate detuning between neighboring stands, especially when the downstream resonance is placed close to
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Figure 11 Upstream (fy, 1) and downstream (fyy, o) stand-chattering frequency effect on the critical rolling speed of
the stand pair.

the upstream anti-resonance, can be more effective in reducing the regenerative loop gain. This result also highlights why conclusions
drawn from overly simplified structural models should be treated carefully: if the model does not reproduce the relevant anti-resonance
pattern, it may miss the most favorable tuning condition.

5 Conclusions

This work has presented a novel stability criterion for regenerative chatter in tandem cold rolling mills, addressing one of the primary
bottlenecks in cold rolling productivity. By leveraging linear analysis tools, this approach provides an efficient and precise alternative
to the state-of-the-art integral method. The proposed formulation recasts the regenerative mechanism as a delayed SISO feedback loop,
where the local two-stand transfer function is coupled with the strip-transport delay. Within this framework, the criterion provides a
robust sufficient condition for stability, consistently with a small-gain-type interpretation. Its use as an instability indicator is instead
justified by the pulse-amplification interpretation and becomes particularly reliable when the strip transport delay is sufficiently large
for successive wave pulses to remain well separated. The criterion is designed for general applicability and was validated against
the state-of-the-art benchmark model and corresponding data for a modern five-stand tandem rolling mill. Time-domain simulations
confirmed that the proposed stability criterion is effective, particularly when the strip transport delay is sufficiently large. Therefore, the
criterion should be interpreted primarily as a certified-stability condition, while the loss of this condition identifies operating points that
are potentially susceptible to regenerative instability. Under large-delay conditions, this susceptibility closely corresponds to the actual
onset of regenerative chatter observed in time-domain simulations.

The proposed criterion has been employed to generate multi-parametric stability charts that not only validate its effectiveness but also
shed light on inconsistencies reported in previous studies, where it was observed how different assumptions on the structural model can
lead to very different results for parametric stability analysis for the regenerative case. Notably, such evaluations could be completed
in a matter of minutes, compared to the full-day computational times reported by previous works without any loss in the accuracy of
instability prediction. This computational advantage makes the method suitable for repeated parameter sweeps and preliminary design
studies, where the objective is not only to verify a single operating condition but also to understand how stability margins evolve with
process and structural parameters.

Furthermore, a parametrization strategy was introduced to investigate the impact of structural modifications in the stands and to identify
favorable design configurations capable of mitigating regenerative chatter. The analysis revealed that aligning the resonance of the
downstream stand with the anti-resonance of the upstream stand can significantly improve the stability of the system for the regenerative
case. This result suggests that regenerative chatter mitigation should not be pursued only by increasing the natural frequencies of
individual stands, but also by deliberately tuning the relative dynamic placement of neighboring stands. In particular, structural detuning
can reduce the effectiveness of the delayed feedback path by weakening the transmission of chatter-induced thickness waviness from one
stand to the next.

Future works will focus on exploiting these insights to develop targeted strategies for monitoring and reducing regenerative chatter in
cold rolling operations, ultimately leading to improved process stability and productivity.

Nomenclature

i = stand index
k = wave-pulse index
t =time
s = Laplace variable
j = imaginary unit
f = frequency
w = angular frequency
d(-) = small perturbation around the steady operating condition
h¢ = roll-gap height
he = roll-gap height rate of change
hi, = entry strip thickness
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hout = exit strip thickness/chatter mark
uj, = entry strip speed
Uoyt = eXit strip speed
vy = work-roll peripheral velocity
Uy ¢rit = critical work-roll peripheral velocity for regenerative chatter
Fy = vertical rolling force
o = inter-stand strip stress
u = friction coeflicient between strip and roll
Pmat = material-parameter vector of the selected rolling law
R = work-roll radius
E = rolled material Young’s modulus
L; = distance between stands i — 1 and i
A; = strip transport time delay between stands i — 1 and i
Tsett = characteristic settling time of the two-stand tandem system
Jfeh = coupled stand—process chatter frequency

P1, ..., P5 = linearized sensitivities of entry strip speed
Q1,...,05 = linearized sensitivities of exit strip speed
Fy,...,F5 = linearized sensitivities of vertical rolling force

® = generic nonlinear rolling-bite process function
H(s) = local SISO transfer function of the two-stand tandem between entry- and exit-thickness perturbations
G (s) = closed-loop delayed regenerative transfer function
6hip » = entry-thickness perturbation applied to the downstream stand for time-domain simulation
Ajast> Aprev = peak response amplitudes in the last and preceding time windows of the time-domain simulation
Xs = structural state vector
A, B, C, D = generic state-space matrices
Ag, Bg, C = structural state-space matrices
Ap, Bp, Cp, Dp, Gp, Lp = single.—bite process state-space ma.itrices
App, Bpp, Cpp, Dpp, Gpp, Lpp = two-bite process state-space matrices
gm = structural mass scaling factor
() = quantity associated with the kth regenerative passage
(-)op = quantity evaluated at operating point op
Il - lloo = Hoo norm

Appendix A: 3-DOF structure model

The more realistic vertical-symmetric 3-DOF structural model, representing a six-high mill stand, is schematized in Fig. 12. Its
lumped mass and stiffness parameters are listed in Table 1. Such parameter values are commonly used in the literature for similar
models. It is worth noting that the numerical accuracy of the structural model is not critical for the purposes of this paper. The mass
and stiffness matrices are reported in Eqs. (A1) and (A2) where the gain gn, is used to modulate the stand resonant chatter frequency.
The damping matrix is modeled via the modal damping technique, considering a damping ratio of 0.005.

Mpyr O 0
M = [ 0 Mmiy 0 }gm (A1)
T
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Table 1 Mechanical parameters of the rolling system

Parameter Value Unit
kq 69 MN/m
k> 121.44  MN/m
k3 1357  MN/m
kg 14.5 MN/m

Mpyr 60 - 103 kg
i 9.2-103 kg
e 8.3-103 kg
k] + k2 —kz 0
K=| -k ko + k3 —k3 (A2)
0 —k3 k3 +ky
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