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Abstract: This paper investigates quasi-periodic oscillations of roll system in corrugated rolling mill
in resonance. The two-degree of freedom vertical nonlinear mathematical model of roller system
is established by considering the nonlinear damping and nonlinear stiffness within corrugated
interface of corrugated rolling mill. In order to investigate the quasi-periodic oscillations at the
resonance points, the Poincaré map is established by solving the power series solution of dynamic
equations. Based on the Poincaré map, the existence and stability of quasi-periodic oscillations from
the Neimark-Sacker bifurcation in the case of resonance are analyzed. The numerical simulation
further verifies the correctness of the theoretical analysis.

Keywords: corrugated rolling mill; resonance; quasi-periodic oscillation; Poincaré map; Neimark-
Sacker bifurcation

1. Introduction

The corrugated rolling mill is a multivariable, strongly coupled, multi-constrained
and time-varying non-linear system. The phenomena of resonance may occur during the
rolling process of composite plates due to the sinusoidal roll profile curve of the corrugated
roller and the nonlinear damping and stiffness between corrugated roll and flat roll. The
resonance will cause the fluctuation of roll gap and further affect the bonding strength of
the composite plates and reduce the online service time of rolls. It is of great theoretical
and practical significance to research the vibration behavior of rolling mill in resonance.

Over the past several decades, many researchers have investigated the vibration and
the bifurcation phenomena of rolling mill. However, there are many factors affecting rolling
mill vibration, which is a crossing research topic of vibration theory, rolling theory and
bifurcation control. Therefore, it is still challenging for the research of the vibration of the
rolling mill. Johnson and Qi [1] analyzed the influence of the nonlinearity of contact inter-
face between the work roll and the supporting roll on the rolling mill dynamics and found
that the nonlinearity could cause high frequency harmonic vibration. Swiatoniowski [2]
investigated the dynamic behavior of vertical vibration of rolling system by considering
the elastoplastic deformation as nonlinear elastic force. Yarita et al. [3] proposed a two-
degree-of-freedom vertical vibration system and studied the parameter excited resonance
by analyzed the fluctuating variation of stiffness between rollers. Kapil et al. [4] developed
a nonlinear parameter excited vibration single-degree of freedom model of the rolling mill
and obtained the amplitude-frequency vibration characteristics and unstable region of
the rolling mill. Li and Wen [5] established a nonlinear vibration mechanical model by
considering the clearance and vibration boundary of the main drive system of the rolling
mill and investigated various dynamic responses such as periodic, quasi-periodic and
chaotic vibrations. Huang and Zang [6] established the dynamic equation of the main
drive system of the rolling mill by considering nonlinear friction resistance and obtained
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the necessary and sufficient conditions of Hopf bifurcation in the system. Hou et al. [7,8]
established the torsional vibration equation of the main drive system of the rolling mill by
considering the nonlinear factors, such as piecewise nonlinearity, clearance, and nonlinear
friction damping of the roll system, and investigated a variety of dynamic behaviors of the
system. Liu et al. [9,10] studied the sliding bifurcation of a horizontal-torsional coupled
main drive system of rolling mill and Hopf bifurcation control of a coupled nonlinear
relative rotation system with time-delay feedbacks. Aiming at the difficulty to establish
accurate traditional mechanism model for cold rolling vibration, Zhou et al. [11] established
the gradient boosted decision tree model to perform vibration energy regression by using
production data measured on site. Qian et al. [12] established the 4 DOF mechanical hy-
draulic coupling model based on the analysis of the coupling effect of rolling mill hydraulic
and mechanical systems. Qi et al. [13] investigated the influence of the mill modulus control
gain on the vibration in hot rolling mills through experiments and numerical simulations.

Neimark-Sacker bifurcation is a second Hopf bifurcation of the original system. The
typical solution of Neimark-Sacker bifurcation is the quasi-periodic torus solution. Many re-
searchers pay attention to the Neimark-Sacker bifurcation of various mechanical systems in
non-resonant case. Chatterjee and Mallik [14] investigated the quasi-periodic vibro-impact
behaviors of a class of self-excited oscillators. Budd et al. [15] considered a vibro-impact
oscillator with a single stop to analyze the effect of frequency and clearance variations
on the system and proved that the quasi-periodic motion cannot occur in such systems.
Cui et al. [16] studied the existence of quasi-periodic solutions of the Van der pol-Duffing
oscillator by HAM method. Wen et al. [17] addressed the anti-controlling quasi-periodic
impact motion of an inertial impact shaker system by developing a linear feedback control
method. However, there are few studies on Neimark-Sacker bifurcation at the resonance
point of a mechanical system. Guo and Xie [18] investigated Neimark-Sacker Bifurcation
of an oscillator with dry friction in 1:4 strong resonance. To the authors’ best knowledge,
there is no literature focused on studying quasi-periodic oscillations from Neimark-Sacker
bifurcation at the resonance point for roll system of corrugated rolling mill.

The main purpose of the present paper is to investigate the quasi-periodic oscillations
from the Neimark-Sacker bifurcation in resonance for the roll system of the corrugated
rolling mill. In Section 2, the two-degree of freedom nonlinear vertical vibration mathe-
matical model is established by considering the nonlinear damping and stiffness within
corrugated interface of corrugated rolling mill. The Poincaré map is derived by solving
the power series solution of dynamic equations in Section 3. Based on the Poincaré map,
the existence of the Neimark-Sacker bifurcation and the stability of quasi-periodic oscil-
lations in strong resonance and weak resonance are analyzed, and theoretical analysis is
verified by the numerical simulation in Section 4. A conclusion is drawn in Section 5.

2. The Mechanical Model and Dynamic Equation of Corrugated Rolling Mill

The roller system of a corrugated rolling mill with the nonlinear damping and nonlin-
ear stiffness within the corrugated interface of a corrugated rolling mill can be simplified
into a two-freedom-degree vertical nonlinear vibration model, as is shown in Figure 1.
The m; and m; represent the equivalent mass of the corrugated roll and the equivalent
mass of the flat roll, respectively; k; and c; are the stiffness and the average damping
value between the corrugated roll and rack, respectively; k, and ¢, are the stiffness and the
average damping value between the flat roll and rack, respectively, and kg and cg are the
average value of stiffness and the average value of damping in steady state of corrugated
rolling mill, respectively. Fy sinwt is approximately the rolling force during the rolling
process. The F is rolling the force amplitude, and w is the rolling force frequency. The
damping between the corrugated roll and flat roll caused by the roll shape curve is defined
asco+co(y1 — yz)z. The ¢y represents the nonlinear damping coefficient of roller systems.
The stiffness between the roller system and rack is defined as k; + k';y? (i = 1,2). The
k'; represents the nonlinear stiffness coefficient of roller systems. The initial position for
system (1) is set to the zero position.



Mathematics 2021, 9, 3201 3o0f12

k, + K[y} l
o b+ k]

G

Corrugated Roll

Cladding

Substrate

Figure 1. The rolling diagram of corrugated rolling mill: (left) the mechanical model; (right)
two-freedom-degree vertical nonlinear vibration model.

The nonlinear parameter excited vibration equations of the roller system can be
established as follows:

mijy (1) + (o + oy (8) = ya(0)) (i1 (1) = 92() + exiny (8) + (ka + Ky (8)n (1)
+k0(]/1 (t) — yz(t)) — Fysinwt =0

mais () — (€0 -+ o(ya(8) — ya(®))?) (1 (8) — 98)) + caia() + (k2 + Ky3(0)) ()
—ko(y1(t) = y2(t)) + Fosinwt = 0

)

As the roller system has approximate symmetry, we suppose that m; = mj and
y1(t) = —y2(t). Thus, system (1) can be simplified as follows:

maiiy (£) + (2c0 + 1+ 20 (2y1(8) )i (8) + (i + Ky () )y (8) + 2Koya (1) — Fosinawt = 0 )
If wi = Zk?,:kl, &= zc?,:cl, B = %, v = ,’,‘7/1, F= ,%01, and 6 = wt, system (2) can be
written as follows:
i (8) + oy (8) + (w4 Bys(1) )in (1) + yi (1) — Fsin(9) = 0 ©)
Using the transformation [ Z 123 ] = [ 0 ! —(c)uo } [ 222 }, system (3) is trans-
formed into the following standard form:

Xl(f) = —C(JQXQ(t) (4)
xa(t) = woxr (1) — (a+ P (1)) xa(t) + Zxd (1) — £ sin(6)

3. The Poincaré Map
When the quasi-periodic oscillations of the system (4) in resonance is studied,

the derivative of 6 with respect to time t is 6 = nwg(n =3, 4, 5) . Through introduc-
ing the new time 7 and scaling the original time by t = T/wy, system (5) with respect to T
are given by
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ar 7x2(T)

Far = x(0) — g (a4 B () x2(1) + (1) — e Fsin(0) (5)

o _

dt

Suppose that —7- = pu, —wﬁo =a, % =D, —% = ¢, system (5) can be written
0 0
as follows:

x1(7) = —x2(7)
%2(T) = x1(T) + pxo(7) + ax3 (1) x2(7) 4 bx}(7) + esin(6) (6)
0=n

where the dot (.) denotes the derivative with respect to 7.
In order to establish Poincaré map, let z(7) = x1(7) + ix2(7), and then, let system (6)
be changed into

2(1) = iz(1) +yw +a<Z(T) 42-2(7))2(2(7) ;Z(T)) +ib(Z(T)JZFZ(T)>3 + iesin(8) @)

According to continuous dependence on the parameters of the solution, the solution
to system (7) is expanded as a Taylor series in the parameters y and ¢ as:

z(1, T, me) = zo(n,T) + pz10(17, T) +ezo1(n, T)+ @®)
pezyy (1, 7T) + 3pP200(1, T) + 36%202(1, T) +

which satisfies the initial value condition z(#,0, jt, &) = 7.
Substituting solution (8) into system (7) and collecting coefficients of primary and

quadratic terms of y and ¢, we can obtain

ib

zo(n,7) = izo(n,T) + g(zo +20)*(20 — Zo) + g(zo +%)° )

t0(7,7) = iz0(y,7) + 252 + & (20 + o) (20 — %) (210 + Z1o) .
+4(20 +20)* (210 — Z10) + % (20 + Z0)* (z10 + Z10)
zo1(n,T) = izo1(1,T) + (20 +Z0)(z0 — Z0) (201 + Z01)

_ _ _ - (11)
+2(z0 +20)*(zo1 — Zo1) + 22 (20 +Z0) (zo1 + Zo1) + i sin(6)

z11(n,7) = iz11(1, T) + @ + %(2’01 +501)(Zo —fo)(zlo +Z10)

200(1,T) =  z00(17,T) + (210 — Z10) + &(z10 +flo) (20— Z0)+
+1(20 +20) (210 — Z10) (210 + Z10) + §(20 +Z0) (20 —Z0) (220 + Z20)
+45 (20 +20)° (220 — Z20) + 3 (20 + Z0) (210 + Z10)°
+32 (20 + Z0)* (220 + Z20)

(13)



Mathematics 2021, 9, 3201 50f12

200(1,7) = hzoa(17,T) + (201 + Zo1)*(20 — Z0) + & (20 +Z0) (zo1 — Zo1) (zon + Zon)
+8 (20 +20) (20 — Z0) (202 + Z02) + % (20 + Z0)* (202 — Z02) (14)
+30 (29 +Z0) (201 + Zo1)” + 32 (20 + Z0)* (z02 + Z02)
The solutions zo(#, T), z10(1, T), z01(1, T), z11(4, T), 220(1, T), and zgp (7, T) of Equa-
tions (10)—(15) are also expanded as Taylor series in the initial values 77 and 7 as:

Ly Lyip

20(1,7) = Loy + LouT] + 3272 + Lol + 5277+ B2® + Bl + S 5)
BT + St + BT+ T+ T + T ()

z10(n, ) = Aron + Ao + (--.) (16)

201(17, T) = Boo + B1on + Boa 77 + (.- -) (17)

z11(17,T) = Coo + C10n + Co177 + (.. .) (18)

z20(17,T) = D17 + Don? + (.- .) (19)

z2(n,T) = E1o + Eo? + (- -.) (20)

where L;j, Ajj, Bjj, Cjj, D;; and E;; are the abbreviations for L;;(7), A;i(7), Bij(7), Cij(7),
Djj(t), and E;(7), respectlvely

As the cases of 1:3, 1:4 and 1:5 resonances are analyzed in the system, it is enough
that zo (77, T) is expanded to fourth order terms of the initial value. Since z19(7, T), zo1 (%, T),
z11(1, T), z20(17, T), and zpa (1, T) are multiplied by small parameters, it is enough that
their series solutions are expanded to first order terms. Substituting Solution (15) into

Equation (9) and collecting coefficients of corresponding terms of 77 and 7, we have

Ligp = iL1o, Loy = iLo1, Loo = iLog, L11 = iL11, Loo = iLop,

3ib — 3a-3 9ib—3a_. -2 9ib + 3a

3ib + 3a
1 Loy + 1 LioLg; +

Lol + 22525,

L30 =il3y+

Loy = iy + 33878 Thg + 35225 Loy + 3822 140L1 Lo

3ib 3ib 2 3ib+3.
“FITHL]()LOlLQl + l4+a L10L10 + %LIOLM

Lip = iLyp+ 33300 Loy + 382110 Lyo + 2572 Loy Lo Loy
_,’_3ib+a LOlfloLlo + 3iz+a L(z)lz(n + 3ibi—3a L%1L10

3ib — 3a-3 9ib —3a. -2 9ib+3a_, — 3ib + 3a
1 Ly + 1 Lo1Lyp + TLglLlo + TLgl

. . o 72 J— o 72 . — —
Lyg = iLg+ 91172 da Lo Lo + 9zb2 3a Lo1Log + (9lb - 3a)L02L10L01
+(9ib + 3a)LogL1oLoy + 252213 Lo + 2552212 Lo

Loz = iLos +

P 9ib—9a72 T 9ib—3a 72 9ib—3aT T
L3; = iLlg + =772 Loy L1 + 272 Lyy L1n + %52 L11 Lo Lo
9ib+3 F o, 9b-9aT T T . . 9%b-9ar T T
+22592 111 LyoLot + 22572 LigLooLon + 22722 Lo1 Lo Loy
9%ib—3aT 1 T . 9ib43 T 9ib+3ay2 7. . 9ib+9a12
+ 228 LigLao Lot + 2222 Loy Lao Loy + 252 L3 L1y + 2222 LT, L1y

+238T 0 LoaLag + 22 Log Lo Lo + 2522 Lo Lo Lao + 22422 Loy Lao Lo
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4

+3il]27_aZQOLlozo1 + 3i172+a Loleoz(n + (3119 — a)fnLOlfm + (3ib+a) L11 L(nf(n

Ly = ilyp+ Wﬁﬁm + 32T Loy + (3ib — 3a) Ly LipLor + (3ib — a) iy LigLoy

+@ﬁofoz + 3ﬂfaﬁoLzo + (3ib —a)L11L1gL1g + (3ib+a)Ly1 LigLyg

T . _ . s
+38-aT 0 Loy L1o + 32 Lo Loy Lyg + 312 Tog + 3253212 1oy

+(3ib+a)L11 Lo L1o + (3ib+3a)L11 Loy L1 + 34212 Top + 33812 15

' ; ib—9aT2 T 9ib—3a 72 9ib—3aT T

Liz = iliz+ 2572 0Ly + 2272 0Ly + 22532 L1 Loy Ly
9ib+3 F oL 9%-9aT T F. . 9b-3ar T. T

+ 22598 111 Loy Lo + 225722 Lot Loo L1o + 22722 Lo Loo Lo

9ib—3aT 1 T. | 9ib+3 T, 9ib+3a72 T.. ., 9ib+9ay2
+ 2032 T o LopLyg + 222 LygLoo Lyg + 22212 Thy + 222212 Lyy

A — — : - 9ib+3a7 9ib+9
ML LooLor + 22422 LigLao Loy + 22722 L1 Loa Lot + 22422 LigLoa Lon

- . b0a=2 — 322 . S
Log = iLos + 26593 L5,Log + 2257311 Lop + (9ib — 3a)LagLo1 L1o

+ (9Zb + 3a)L02 mew + 9ib;—3a L%lzzo + 9ib2—9a L%l Lo

which satisfies the initial value condition as:
L1o(0) =1, Lo1(0) =1, Lxo(0) =1, L11(0) =1, Le2(0) =1,
L3o(0) = 0, Ly1(0) =0, L12(0) = 0, Loz(0) =0,
L4p(0) =0, L31(0) =0, Lp(0) =0, L13(0) =0, Lo4(0) = 0.
Through solving the differential equations on L;;(T), we obtain
L1o(t) = Lot (1) = €7, Ly(T) = Lop(7) = €7, Ly1(7) = €',
Lso(t) = ((0.94i +0.757)a + (0.94 4 2.25iT)b)e’™ — 0.19(b + ai)e 3T
—(1.13b 4 0.38ai)e ' 4 0.38(b — ai)e>™
Lo3(T) = La1(7) = L12(T) = Lao(7),
Lyo(t) = ((5.63i +4.57)a + (5.63 + 13.5i7)b)e'T — 1.13(b + ai)e 3T
—(6.75b +2.25ai)e T + 2.25(b — ai)e3iT
L04(T) = L31 (T) = L13(T) = Lzz(T) = L40(T).

Letting sin(0)= sin(nt) (n = 3, 4, 5) and substituting the above series solution of
zo(17, 7) in Equations (10)—(14), the coefficients of series solutions on z19(#, T), zo1(%, T),
z11(1,T), z20(17, T) and zgp (7, T) are obtained as:

T P
Ay = A1 = 7T4+ Loit _ Lot
Byo = e/ *idT/z’sin(nT)ef —idtgr 4 CemJ *idT(n =3,4,5),Byp(0) =0
By = By = €,

Coo = e~/ —H7 / Mef —iTgr 4 CemJ 7HT(n = 3, 4, 5),Cpo(0) = 0

2T+1 i
PlT — LIt

:C =
Cio 01 1 1

212 — 142t .. 1 _;
D10:D01 = 77 8+ TZEIT+§ -t

e
7

Epp = e/ —idt / Quoe! “"Tdr + e~/ ~T(n = 3, 4, 5), E1(0) =0
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-2 3 'b_ —_ e P . J—
Q1o = Boo[ WO T + 2 ”Llo} + (731172 9T10 + 22 LlO) BooBoo
+B2, {3:’}7{@10 + 3(ib4+u) L10}

Egy = ¢/~ / Quiel @t + Ce~/ ~T(n = 3, 4, 5), Eg1(0) =0

-2 3 'b_ — o P . J—
Qo = Boo[ WO Ty + 2 “Lod + (7312:2 OTo1 + 22 Lm)BooBoo
braT |, 3(ib
+Bo (2 Loy + 25 Ly

Substituting the above results of Lij, Aij, Bij, Cij, Djj, and E;; into the solution (8),
we obtain the series solution to Equation (7). Based on the series solution, when the
Poincaré section is chosen as T = 27" (n =3, 4, 5), the Poincaré map in the case of resonance

can be presented as:

= z(n, 3 pe) = zo(n, ) + w0 (n, 3F) +ezo1 (1, 3F) + pezna (1, %)

+3#P200 (1, 3F) + 362202 (17, B ) +..

= e (g +7) + p (AT — § 2"ﬂ) 74+7) +eel s (7 +7)

+€Boo+V€C00+H5(4n+mel " - e 1217”)(;7+;7) + 50 (21)
w(ﬁ%%ﬂ*7+%%ﬁw+mAfwm+%ﬁ

_|_ € (E1017+E0117)+g111717+g°2 =2 ggon3 5,21772;7 8%2;7,7
T + St G+ S+ SR + G 4ol )

Due to Gy, pe) = (z(n, 2%, u,€) — 1] |77:0’ v=0,e=0 = 0 and

£G(y, u s)‘ = "—1 # 0 (t=%(n=3,4,5)), the map (21) has
=0, u=0, e=0

a fixed point as denoted by #*, which continuously depends on parameters u and ¢
according to the implicit function theorem.

Theorem 1. By solving the power series solution of dynamic equations and using the transformation
of coordinate { = n — n*, the Poincaré map for system (6) is established as follows:

Er ¥ (Epe) = (E+E) +p (e — 4o ) (E+8) +eel T (E+0)

+V€<4ﬂ+me —1 717) (E+¢) + 3€2(E10¢ + En) + 3282 + g118¢ )
_|_§‘u (W# 1—+1 —17)(§+§)+ &EZJrgﬂf? gAgZE

_‘_8%6324_26&6 +840§4 831€3€+ 822(:25 +g13§§ +804§ +0( )

where, go0 = Lo, §11 = L11, o2 = Loz, 830 = L30, §21 = La1, 12 = L1z, §03 = Log,
840 = Lo, 831 = L31, §22 = L, §13 = L13, 04 = Loa-

It follows from the map (22) that the eigenvalue has the following form:

= 8 (e (45
1

2 ; _j4n —jr
+(87r+146#+ n)y2+%E10e 5 e? +o(...)>

(23)

The eigenvalue (23) can be simplified as

A(jie) = el (1+/\y+o( )) (7\— (4”4J;i” —ie—i“f» (24)
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4. Neimark-Sacker Bifurcation in Resonance
4.1. 1:3 Resonance
When Neimark-Sacker bifurcation in 1:3 strong resonance occurs in the roll sys-

tem, through using the appropriate transformation and letting sin(6)= sin(3t) (n = 3),
the map (22) can be transformed into the normal form as [19]:

72 —
C = @1(E, 1) = AL +1C +ag2+0(|¢°) (25)
Through calculation, some coefficients at = 0 of map (25) can be obtained as:

A0) = *% + ?i, 7(0) = gozz(o) = —i + ?i,

_ 2
a(O) = 2A(%)?(($)7A1(0))311(O)gZO(O) + ‘ﬂ%‘) + g212(0)
= 0.75 — 1.01i + (—0.96 + 0.26i)a — (1.9 4+ 0.29i)b

(26)

Lemma 1. [20] If %M(y)” 0= Re (7\) > 0, a stable invariant cycle (corresponding to
‘],[:

a stable quasi-periodic oscillation of the original roll system) can appear through a Neimark-Sacker
bifurcation when yu > 0 if Re(a(0)/A(0)) < 0, and an unstable invariant cycle arises in the
system when p < 0 if Re(«(0)/A(0)) > 0.

When the parameters ¢ = —0.1, a = —1.5, b = 0.6 are taken as an example and
substituted into the expressions (24) and (26), we have %|A(y)| 0 = 126 >0 and
V:

Re(a(0)/A(0)) = —1.88 < 0. This means that the map (25) has a stable fixed point when
p < 0, as is shown in the left-hand sketch of Figure 2, which corresponds to a stable
periodic oscillation of the original roll system (6) as shown in the right-hand sketch of
Figure 2. When p > 0, the fixed point loses its stability, and a stable invariant cycle appears
through Neimark-Sacker bifurcation, as is shown in the left-hand sketch of Figure 3, which
corresponds to a stable quasi-periodic oscillation of the original roll system (6) as shown in
the right-hand sketch of Figure 3.

0.3 0.04 . ———— "
s h
0.03| |
02 /
0.02
a5 001 .‘/ -
0 : -0.01 /
-0.02| |
0.1}
-0.03| -
— )—-/
02 004 .
0.2 0.1 0 0.1 02 0015 001 0005 0 0005 001 0015
b X
Figure 2. The stable periodic motion in 1:3 resonance when y = —0.01: (left) the stable fixed point;

(right) the stable periodic motion.
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0.25 0.3
02}
0.2+
015+
0.1
0.1
i -
= 005 = 0r
0
0.1
0.05F
02}
0.1}
0.15 03
0.2 -0.1 0 0.1 0.2 0.2 0.1 0 0.1 0.2
X X

1 1

Figure 3. The stable quasi-periodic motion in 1:3 resonance when y = 0.01: (left) the stable invariant
circle; (right) the stable quasi-periodic motion.

4.2. 1:4 Resonance

Using the appropriate transformation, the map (22) in 1:4 resonance can be trans-
formed into the normal form as [19]:

= | o753
C = @a(0, 1) = AL +00T+ 5 +0(|¢I°) 27)
Some coefficients at 1 = 0 of map (27) are calculated as:
_ g(0 0)/2 |g02(0)[? 2A(0)—1
A0) =1, 7 (0) = %+ lf%(O‘) + z(Af((g)(—X‘(o)) * 2A(O)((l—)\(o))g“(O)gm(o)

= (—0.75 + 0.59i)a + (—1.77 + 0.75i)b — 1.5

0 0 0
BO) = sy n (0)02(0) + 5B + 250

= (—0.25 +0.2i)a + (—0.59 + 0.25i)b — 0.5i

(28)

Lemma 2. [20] If ’Im(%) > ‘% , there is no period 4 orbit bifurcating from the fixed point of

map (27). The stable invariant circle can bifurcate from the fixed point when Re(a(0)/A(0)) < 0.
The unstable invariant circle can bifurcate from the fixed point when Re(a(0)/A(0)) > 0.

Lemma 3. [20] If ‘Im(%)‘ < ‘%

map (27). Furthermore, if |o| > |B|, the period 4 orbits exist on one side of the critical value of
parameter, and at least one of them is unstable. If || < |B|, the period 4 orbits exist on both sides
of the critical parameter, all of which are unstable.

, the period 4 orbits can bifurcate from the fixed point of

Choosing ¢ = —0.15, 2 = —5.5, b = 0.1 and according to the expressions (24) and (28),
we obtain ‘Im(%) ‘ — ‘%’ =4.32 > 0and Re(x(0)/A(0)) = —4.66 < 0. Based on Lemma 2,
we assert that the map (27) has a stable invariant circle. According to the expression (23),
we can calculate that % [A(u)] ‘ o 0.79 > 0. This means a stable fixed point as shown in
the left-hand sketch of Figure 4 exists in the map (27) when u < 0, which corresponds to
the stable periodic motion of the original system, as is shown in the right-hand sketch of
Figure 4. When y > 0, there exists a stable invariant circle as shown in the left-hand sketch

of Figure 5 bifurcating from the fixed point, which corresponds to the stable quasi-periodic
motion of the original system, as is shown in the right-hand sketch of Figure 5.
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Figure 4. The stable periodic motion in 1:4 resonance when y = —0.02: (left) the stable fixed point;
(right) the stable periodic motion.
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Figure 5. The stable quasi-periodic motion in 1:4 resonance when y = 0.02: (left) the stable invariant
circle; (right) the stable quasi-periodic motion.

4.3. 1:5 Resonance

Using the appropriate transformation, the map (22) in 1:5 resonance can be trans-
formed into the normal form as [19]:

§ > s(g, 1) = A0 +05% +0(I¢F) 29)

Some coefficients at y = 0 of map (29) are calculated as:

A0) = cos<2§> + isin(25n>

_ 2
4(0) = gryratay s (O)gan(0) + BLBL + £
= —0.06 — 1.29i + (—0.53 + 0.76i)a + (—1.45 + 1.25i)b

Lemma 4. [20] If Re(«(0)/A(0)) < O, the stable invariant circle can bifurcate from the fixed point
of map (29). The unstable invariant circle can bifurcate from the fixed point for Re(«(0)/A(0)) > 0.

The parameters ¢ = —0.1,a = —2.5 and b = 0.8 are chosen as an example. It follows from
the expressions (30) and (23) that Re(x(0) /A(0)) = —2.06 < 0 and %\/\(y)\ 0= 048 >0
’,[:

are obtained. Based on Lemma 4, the map (29) has a stable fixed point as shown in the
left-hand sketch of Figure 6 when u < 0, which corresponds to the stable periodic motion
of the original system, as is shown in the right-hand sketch of Figure 6. There exists a stable
invariant circle, as shown in the left-hand sketch of Figure 7, bifurcating from the fixed
point when y > 0, which corresponds to the stable quasi-periodic motion of the original
system, as is shown in the right-hand sketch of Figure 7.
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Figure 6. The stable periodic motion in 1:5 resonance when y = —0.01: (left) the stable fixed point;
(right) the stable periodic motion.
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Figure 7. The stable quasi-periodic motion in 1:5 resonance when y = 0.01: (left) the stable invariant
circle; (right) the stable quasi-periodic motion.

5. Conclusions

The quasi-periodic oscillations in 1:3, 1:4 and 1:5 resonances have been studied in
the roll system of a corrugated rolling mill. The Poincaré map has been established
through deriving the series solution of vibration equations. The existence and stability of
quasi-periodic oscillations from the Neimark-Sacker bifurcation in resonance have been
analyzed. The numerical simulations have been carried out to show the stable quasi-
periodic oscillations in the roll system and validate the feasibility of the theoretical method.
The results can provide some useful information for structural optimizing design of the
roller system of the corrugated rolling mill.
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