www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Control of large amplitude limit
cycle of a multi-dimensional
nonlinear dynamic system

of a composite cantilever beam

Lin Sun, Xu Dong Li & Xiaopei Liu**

For the first time, a control strategy based on Fuzzy Sliding Mode Control is implemented in the
control of a large amplitude limit cycle of a composite cantilever beam in a multi-dimensional
nonlinear form. In the dynamic model establishment of the investigated structure, the higher-
order shearing effect is applied, as well as the second-order discretization. Numerical simulation
demonstrates that a multi-dimensional nonlinear dynamic system of the investigated structure is
demanded for accurate estimation of large amplitude limit cycle responses. Therefore, a control
strategy is employed to effectively suppress such responses of the beam in multi-dimensional
nonlinear form.

At present, composite materials are favored by research and development personnel for their characteristics of
high strength and lightweight. Thus, they are widely used in high-tech industries such as aircrafts’, high-speed
trains?, and ships®, and become the ideal materials for the fabrication of various types of cantilevered structures
in engineering fields. However, such structures are prone to large-amplitude vibration triggered by external
excitation, which affects the operation of these structures in engineering. Thus, controlling the large amplitude
vibration of such structures is important.

Over decades, scholars have done research on various large amplitude vibrations of cantilever structures,
including the limit cycle. Zhang et al.* established the governing equations of a cantilever beam under combined
parametric and forcing excitations assuming that the cantilever beam is an Euler-Bernoulli beam; the conditions
of the limit cycle stabilization were given by Hopf bifurcation analysis, and chaotic dynamics of the cantilever
beam was analyzed with a global perturbation method. Bouadjadja et al.> analyzed the large deflection response
of composite cantilever beams using the Euler-Bernoulli beam theory and verified it experimentally. Fu et al.®
investigated the thermal buckling and post-buckling of laminated composite beams based on the Timoshenko
beam theory. Nguyen et al.” considered Timoshenkos beam theory to derive the governing equations of compos-
ite beams considering multi-shape memory alloy layers under concentrated tip-load conditions, and primarily
discussed how the temperature and layer number influence the deformation of the cantilever structure. Li et al.®
investigated the free vibration of laminated composite beams according to the third-order shear deformation
theory and found that the length of the cantilever beam has a significant effect on the vibration mode shape. Based
on a refined third-order shear deformation theory and von Kdrmdn theory, Amabili et al.’ derived a nonlinear
model of a self-healing composite cantilever beam through large amplitude vibration experiments. It is important
to note that some of the above studies were conducted based on one-dimensional systems of cantilever beams*.
Even in 2023, one-dimensional systems are still often used to describe periodic vibrations, bifurcations, and
quasi-periodic oscillations of cantilever beams.

Naturally, many scholars have applied multi-dimensional systems to study composite cantilever structures!’.
In 2013, Zhang et al."* developed a two-dimensional system of a composite laminated cantilever plate under the
in-plane and moment excitations and analyzed its bifurcation and chaotic motions. In 2020, Guo et al."* analyzed
the dynamical behaviors of a two-dimensional system of a laminated composite plate including jump, periodic,
and chaotic motions. In 2022, Liu'* established a two-dimensional system of an axially moving composite lami-
nated cantilever beam and discussed the influence of different axially moving rates on the tip amplitude of the
axially translating structure. In the following year, Liu and Sun'® analyzed the chaotic responses of a composite
cantilever beam in a two-dimensional form. Furthermore, in recent years, some scholars have attempted high
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dimensional nonlinear dynamic systems of composite cantilever structures. In 2019, Ghayesh investigated the
nonlinear vibrations of functionally graded cantilevers undergoing large-amplitude oscillations using a six-mode
approximation'$; in the same year, Ghayesh also studied the large-amplitude vibrations of axially functionally
graded microcantilevers in nonlinear regime using a five-mode approximation'’; in 2022, Amabili et al. even
applied a 16-mode approximation in the numerical study on the nonlinear vibration of self-healing composite
cantilever beams®. However, there are few studies on the limit cycle of multiple-dimension nonlinear dynamic
systems of composite cantilever structures.

Regarding nonlinear vibration controls in the presence of uncertainties including parametric uncertainties
and external uncertainties, there have been many control strategies, and among these control strategies, Optimal
Linear Feed Back Control (OLFC), State Dependent Riccati Equation Control (SDREC), Sliding Mode Control
(SMC) and other nonlinear vibration control strategies are still popular research objects so far'®2!. In 2013,
both OLFC and SDREC were implemented to suppress the chaotic vibration occurred in the nonlinear dynamic
system of an atomic force microscope'®, and the sensitivity to parametric uncertainties was examined for both
the control strategies; in the next year, SDREC was demonstrated to be more robust to parametric error than
OLFC in nonlinear motion control of the nonlinear dynamic system of a microcantilever probe in an atomic force
microscope'?. In 2016, OLFC was proved to be not only effective in nonlinear control of an electronic circuit of
a resonant MEMS mass sensor but also robust in the presence of parametric errors®. In addition to OLFC and
SDREC, SMC was proposed by Utkin in 1992%, and it is widely used to control vibration together with other
SMC-based strategies. In 2009, the SMC was applied to chaos control of systems with nonlinearities plus para-
metric uncertainties?; in 2018, Amin et al.** proposed a robust SMC to eliminate chattering in a one-dimensional
nonlinear system of the functionally graded and homogeneous nanobeams; in 2021, Youssef and Ayman utilized®
an integral SMC to suppress the twin-tails buffeting of a fighter aircraft. In 2006, conventional SMC was combined
with fuzzy rules to alleviate the impacts of uncertainty in dynamic systems, and an innovative control method,
fuzzy sliding mode control (FSMC), was proposed for Duffing system synchronization®. In 2016, Arun et al.?’
implemented FSMC for Switched Reluctance Motor speed control, which has superiority over conventional PI
controllers; in the next year, FSMC was validated in the nonlinear response suppression of spinning beams?.
On the basis of FSMC, in 2007, an adaptive FSMC was developed for the control of chaotic responses discovered
in Sprott’s systems?; additionally, Ma et al.** proposed an ant colony optimization-FSMC to reduce the speed
chattering of pumps and compressors to enhance the cooling effect of the battery thermal management system
(BTMS). It may be mentioned that the above control strategies are mostly used for one-dimensional nonlinear
dynamic systems. However, to the best of the authors’ knowledge, there are few active control strategies for the
control of the limit cycle of cantilever beams in multi-dimensional nonlinear dynamic form.

In this research, to control the large amplitude limit cycle of a laminated composite cantilever beam in multi-
dimensional nonlinear dynamic form, an improved active control strategy is implemented. The equation of
motion of the beam subject to distributed external load is firstly derived by following Hamilton’s principle, and
then non-dimensionalized. The second-order Galerkin discretization is employed to obtain a two-dimensional
nonlinear dynamic system. Then, the contribution of the first two vibration modes is examined, on the response
of the cantilever structure. Lastly, an active control strategy available for multi-dimensional dynamic systems is
employed to suppress the large amplitude limit cycle of the investigated structure.

Model development

Figure 1 shows the schematic of the triple-layer composite cantilever beam: [, b, and h denote the length, breadth,

and thickness of the beam; a Cartesian coordinate is placed at the fixed boundary of the cantilever structure.
Without deformation, any point (x, z) on the cantilever structure is expressed as,

r = xi+ zk,

in which i and k are the unit vectors along the directions of x and z.
Following the higher-order shear theory by Reddy, the displacement of any point after deformation is pre-
sented below,

Figure 1. The beam structure schematic.
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where ¢c; = 4/ (3/12), up, and wy denote the displacements along x and z in the middle plane (z = 0), and @
represents the rotation angle due to the shearing effect.
Then, the kinetic energy of the cantilever structure is obtained below,

1 /dR
T:/ (dt) av, (1)

where p denotes the density of the cantilever structure.
The von Karman strain theory based on r is presented in the following,
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Therefore, the potential energy of the cantilever structure is given as follows,
1
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where Q1 and Q13 are the elastic parameters along x and z.
The virtual work done by both the externally applied distributed load q and damping force is provided below,

= b/ qwo (x, t)dx — b/ c—wodx, (3)

where q = qosinwt, g9, and w are the amplitude and angular velocity of ¢, and ¢ is the damping parameter.
Following the Hamilton’s principle, it is presented as follows,

t
(8L 4+ §W)dt =0, (4)

5]
where L=T — U.
For an ortho-symmetric triple-layer beam, introduce Egs. (1), (2), and (3) into Eq. (4), and then the differ-
ential dynamic equations of the cantilever structure are obtained as,
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where A}, K, Dy, Fi1, Hyy, Ass, Dss, Fss, Iy, I, and I are presented in the Online Appendix Al, and,
Ji = Ii — Iipac1, Ky = (I — 2Iser + Toct), (6)
andi=(0,1,2,-,6; Qs Q; a

structure, and p“), 0pPand p® denote the densities for the three layers of the structure.
From Egs. (5a) and (5b), one can derive that,
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in which, comparing with the previous study’’, both the axially moving acceleration and the axially moving
velocity of the whole investigated composite cantilever structure in the present research is assumed to be zero
as demonstrated below,
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Introduce Eq. (7) into Eq. (5¢), it is obtained that,
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Non-dimensionalization
To validate Eq. (8)'*""%, introduce the following non-dimension variables,

@
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With the non-dimension variables above substituted into Eq. (8), the non-dimensional governing equation
of the beam is then obtained as follows,
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in which, A, B, C, D, E, F, G, and H can be found in the Online Appendix Al. For convenience, Wy, X, ¢, and g
will be replaced with wy, x, t, and g.

Galerkin discretization
wy Is expressed in terms of comparison functions in the following,

wo =Y pu(x)Wp1(0). (1)

n=1
Associated with the boundary conditions of the cantilever structure, ¢ (x) is provided as,

(chi, + cosiy) )
@n(x) = [ch(Zyx) — cos(/nx)] — m [sh(Ayx) — sin(Znx)],
where, 4 = 1.875and /, = 4.694 determined in the application of the second-order Galerkin discretization.
Based on the second-order Galerkin discretization, introduce Eq. (11) into Eq. (10) in the case of a specified
point P (x = xp = 0.75), it is derived that,

2

wp = Z @n(xXp) W1 (1) = 1.315382461wy 1 (1) + 0.27008056w,1 (1), (12)
n=1
W1,1 = W12
wip = Tuwiz + Tiowyt + Tiswan + Tuawa; + TlSWil + Tlswilwu + T17W%)1W1,1 + TlSWil + Treg
Wa1 = Wap
wap = Toywin + Toawri + Tazwao + Toawa 1 + Tzswil + Tzswilwz,l + T27W%)1W1,1 + Tzswil + Tyq
(13)

where, Ty;and T»;(i = 1,2, - - ,9) can be found in the Online Appendix Al.
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Large-amplitude limit cycle
A large amplitude limit cycle at P is discovered in numerical simulation. In numerical study, the geometric coef-
ficients of the cantilever beam are presented as follows,

lp = 0.5m,b = 0.02m, h = 0.01m, (14)
and the external load is provided as follows,
q = 3000sin(147t)Pa, c = 0.01N/((m/s)m?), (15)
and the following initial values are presented,
w1,1(0) = 0.3, w1 2(0) = 0,w,1(0) = 0.07, w,2(0) = 0. (16)

The large amplitude limit cycle discovered based on Egs. (12, 13) at P is presented in Fig. 2. The amplitude of
the limit cycle vibration is up to around 2.3, which is nearly 2.3 times the thickness of the cantilever structure.

wi,1 and wy; are displayed in Fig. 3. In Fig. 3a the largest amplitude of the first mode vibration is about 1.7,
while in Fig. 3a the largest amplitude of the second mode vibration is about 0.34. Therefore, the influence of
ws,1 on the actual vibration at P cannot be neglected. That is, multi-dimensional nonlinear dynamic systems of
composite cantilever structures are important if a precise dynamic behavior evaluation of the structure is needed.
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Figure 2. The large amplitude limit cycle at x, =0.75 without control.
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Figure 3. The vibrations for the first mode vibration and the second mode vibration: (a) wy 1; (b) w21
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Then, considering the large amplitude limit cycle in Fig. 2, a control strategy available for vibration control
of multi-dimensional nonlinear dynamic systems is required"”.

Control strategy

Based on the existing studies*®?’, the investigated systems to be controlled can be generalized as,

. j = Yit1
In=f(, ) +d(Y,t) +u (17)
Y’ =
and the corresponding reference is,
X = X
X =gX1), (18)
X2 = X

wherel <j<n—1Y = [y1y,-yn| Ter, f(Y, t) gives the description of y,,, d(Y, t) is the unknown external
disturbance imposed on the investigated system and is described as |d(Y, )| < Bpoundary € RT, u € R denotes

the control input, YO = [x0x3 - - - x?] ! (k < j) denotes the output selected in Y, and X° = [x{xJ - - - x2] "is the
reference vibration in response to Y°.

However, the control strategy shown in Eqs. (17, 18) is not applicable to a nonlinear dynamic system in mul-
tiple dimensions, such as a cantilever beam structure given in Eq. (13). The numerical results in Fig. 3, as well
as the published works'>!?, would indicate that the control strategy in Eqs. (17) and (18) cannot be applied in
the vibration control of a nonlinear dynamic system in Eq. (13). Thus, an alternate control solution is developed
by Liu and Sun'.

Following the latest study'®, if a nonlinear dynamic equation is presented below (such as Eq. (10))

W= ®(w,w,t) (19)

then, both U as the control input and AF(w, W) as the uncertain external perturbation can be introduced into
Eq. (19) as follows,

W= ®(w, W, t) + U + AF(w, W) (20)

If Eq. (11) is employed to discretize Eq. (20), a group of second-order differential equations involving U and
AF(w, W) can be derived below,

w11 = W12
w12 = G1(W, 1) +up + AL (W, 1)
Wa1 = Wa2

1"1/2,2 =T,(W,t) +up + Afz(w, t)

Wil = Wi2 @

Wwip = @i(W, 1) + u; + Afi(W, 1)

Wn1 = Wnp2
1"Vn,2 =, (W, t) +u, + Afn(w> £),

in which, @;(W, t), u;, and Af;(W, t) are the specific formulations of ®(w, W, t), U, and AF (w, w) obtained via
the application of the Galerkin method.
Thus, W in Eq. (21) can be derived in the following,

T
W = [Wiiwiawa1wan Wil Wiz« W1 Wn2] - (22)

Based on Egs. (10) and (21), the nonlinear response at the selected point P is provided below,

oo
wp =Y B (xp)Wy,1 (1), (23)
n=1
in which xp represents the position of P.
A reference is given below,
wy = W (1). (24)
U is presented as,
U="Uyq—U, (25)

where Uy and U, are given as follows,
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Table 1. The fuzzy rule of Uy,

NB NM NS ZE PS PM PB

R dUeq
Uear =ar
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@
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> Uy,

123 13 00 13 230 1
(b)

Figure 4. Memberships for control variables: (a) U, %; (b) Ugs.

Ueg = —((p — ) +xc(wp — W), Uy = ks Up. (26)

In Eq. (26), « denotes the control coefficients governing the sliding surface, ks is defined as
|AF(w,w)| < kfS e R, and Uk follows the fuzzy rule in Table 126,

Besides Table 1, the memberships for, Ue, %, and Uf; are shown in Fig. 4a,b*",

With the control strategy in Egs. (21-26), the active vibration control of the large amplitude limit cycle dis-

covered based on the governing equation in Eq. (10) is ready. Based on U and AF(w, W) in Eq. (20), the governing
equation in Eq. (10) gives the following,

2 2 2 4 2
—Ad W0+Ba (d WQ)_C3 (d Wo) DdWO

dr? ox2 \ dr? axt\ de2 ) T adr
27
L pEm /1 0N gl Z 620 4 1 L U ARG i) = 0 >
— | dx| - G— —-U-— wo, Wo) = 0.
x> o\ dx 0x* ax6 1 070
Applying the second-order Galerkin discretization, it can be obtained from Eq. (27) as follows,
Wil = Wi
Wiz = Tuwiz + Tiawiy + Tiswan + Tuuwag + Tiswi | + Tiew] jwan + Tizw3 wi

+Tigw3 1 + Tiog + t1 + AL (W, 1) (28)

W1 = Wap
wa = Tawig + Toowiy + Taswan + Taawa 1 + Toswi | + Toewi wa + Toyws wi
+Tasws, + Taoq + iz + Af (W, 1)
where, 1 and u; are derived with the second-order Galerkin discretization below,

u; = 0.7849249756U, u, = 0.4319801434U.
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Figure 5. The response of the cantilever structure at xp = 0.75 with control.
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Figure 6. The displacement comparison between the response at xp = 0.75 and the response of the reference.
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Figure 7. The vibrations for the first mode vibration and the second mode vibration with control: (a) w1 1; (b)
w2 1
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Vibration control
In this section, the control of the limit cycle at the selected point is applied via the strategy demonstrated in
the previous section. Firstly, the control strategy developed in the previous section is implemented with only
external disturbance considered; then, combined with the externally imposed disturbance, the control strategy
is applied in the presence of parametric error to examine the influence of parametric errors on the performance
of the used control design.

(i) Subject to external disturbance

The vibration control is conducted at t=1550 as shown in Figs. 5, 6 and 7, and the control coefficients are
provided as follows,

wy = 1.2sin(1.3903t), k = 0.1,k = 0.1, AF(w, w) = 0.01sin(wp). (29)

In Fig. 5, the maximum amplitude of the limit cycle at P is reduced by 52.174% from about 2.3 to 1.1, and the
actual vibration at the specified point is suppressed and controlled with w;; the synchronization process takes
about 125 non-dimensional time units.

In Fig. 6, a transverse displacement comparison is shown to examine the effectiveness of the vibration control
in detail, and it is learned: the vibration at the selected point P is close to that of w,, despite some small discrep-
ancies existing in the areas where the transverse displacement of the structure vibration is at its largest values.

Figure 7 shows the vibrations of the first mode and the second mode at the selected point P: both wy,; and
wy,1 eventually become periodic vibrations with control, and their largest amplitudes both decrease significantly.

The control input is shown in Fig. 8. Firstly, U increases to the largest value within the whole control progress
the moment the control is implemented, and its largest value is about 21. During the vibration suppression pro-
gress, which begins at the time t=1550, U gradually decreases, and finally becomes stabilized when the vibration
at P is synchronized with w;,. It is found out: after the large amplitude limit cycle is successfully suppressed, only
a relatively low control cost is required to keep vibration synchronization.

(ii) Subject to external disturbance and parametric errors

The vibration control is conducted in the presence of both external disturbance and parametric errors. While
the previous control configuration remains the same, the parameters T}; and T»; in Eq. (13) are considered to
have a random error of 8% as follows,

T5; = (1 4 0.08r1;(t)) T1j, T5; = (1 + 0.08r2i (1)) T (30)

in which,i = 1,2,...,9, and rj; and r; are normally distributed random functions based on the previous study
by Shirazi et al.*.

With T7; and T7; substituted into Eq. (13), the actual vibration at P is shown in Fig. 9. It can be seen that
the vibration at P can still be suppressed and controlled, while the synchronization process takes longer time.

> 0 e
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Figure 9. The response of the cantilever structure at xp = 0.75 with control.
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Figure 10. The displacement comparison between the response at xp = 0.75 and the response of the reference.
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Figure 11. The vibrations for the first mode vibration and the second mode vibration with control: (a) wy,; (b)
w21
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Figure 12. Control input.
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Specifically, the synchronization process takes about 170 non-dimensional time units, which is about 1/3 longer
than that of the previous case (125 non-dimensional time units).

The transverse displacement comparison in Fig. 10 shows the effectiveness of the vibration control in the
presence of both external disturbance and parametric errors. It can be seen that the vibration at the selected point
P is still close to that of w,, except some small discrepancies in the areas where the transverse displacement of
the structure reaches its largest values. Furthermore, the suppressed vibration is also similar to the suppressed
vibration of the previous case, and therefore the robustness of the used control design is demonstrated in the
presence of both external disturbance and parametric errors.

Figure 11 shows the vibrations of wy,; and w5 ;. It can be found out that both of them eventually become sup-
pressed with control applied, while more synchronization time is demanded probably due to the introduction
of parametric errors.

The control input is shown in Fig. 12. Similarly, U still quickly increases to the largest value at the beginning of
the control application, and then decreases to a relatively smaller value once the vibration is controlled. However,
in this case, the largest control input required within the whole control process is about 27, which is about 1/3
larger than the value 21 as mentioned in the previous case. In addition, the control input demanded to maintain
the synchronization is also higher than that of the previous case. That is, the control cost is higher probably due
to the introduction of parametric errors.

Conclusions

For the first time, the control of the large amplitude limit cycle of a laminated composite cantilever beam structure
is performed. In simulation, a large amplitude limit cycle of the cantilever beam is discovered, and it is demon-
strated that a multiple-dimension nonlinear dynamic system is necessary for accurate vibration estimation of the
investigated cantilever structure. Hence, the latest proposed control strategy is implemented, which is available
for such multiple-dimension nonlinear systems. The numerical simulation proves both the validity and efficiency
of the vibration control of large amplitude limit cycle vibrations in multiple-dimension nonlinear systems, while
the robustness of the used control design is demonstrated against small-range of parametric errors at the cost of
longer synchronization time and higher control input.

Future development

Based on the demonstrated applicability of the proposed control strategy in the two-dimensional nonlinear
dynamic model of composite cantilever beams in the present study, the control strategy should be further exam-
ined for high-dimensional models, such as five-dimensional models'” and even sixteen-dimensional models’.
In addition to the control of the large amplitude limit cycle of a laminated composite cantilever beam structure,
other responses of the engineering structures involving the studied structure such as buckling and chaotic
vibrations should be considered in active vibration controls to ensure the operation and structure health of
those engineering structures, and in the future control applications the control strategy employed in the cur-
rent research should also be adapted and carefully examined if necessary modification is required in the case
of buckling or chaotic vibration controls. Also, considering the fact that small-range parametric error results
in significant increase in synchronization time and control cost, the vibration control of the studied laminated
composite cantilever beam structure should also be performed to further analyze the influence of different kinds
of parametric errors on the performance of the used control design, and other established control strategies
including OLFC and SDREC may be compared in future study.

Data availability
Data is provided within the manuscript, and the detailed datasets used and analyzed in the current study are
available from the corresponding author upon request.

Received: 18 January 2024; Accepted: 8 May 2024
Published online: 10 May 2024

References

1. Jin, E S. et al. Nonlinear eccentric bending and buckling of laminated cantilever beams actuated by embedded pre-stretched SMA
wires. Compos. Struct. 284, 1-14. https://doi.org/10.1016/j.compstruct.2022.115211 (2022).

2. Wang, R. Q. et al. Sound-insulation prediction model and multi-parameter optimisation design of the composite floor of a high-
speed train based on machine learning. Mech. Syst. Signal Process. 200, 1-17. https://doi.org/10.1016/j.ymssp.2023.110631 (2023).

3. Liu, H. et al. Vortex-induced vibration of large deformable underwater composite beams based on a nonlinear higher-order shear
deformation zig-zag theory. Ocean Eng. 250, 1-16. https://doi.org/10.1016/j.oceaneng.2022.111000 (2022).

4. Zhang, W. et al. Global bifurcations and chaotic dynamics in nonlinear nonplanar oscillations of a parametrically excited cantilever
beam. Nonlinear Dyn. 40, 251-279. https://doi.org/10.1007/s11071-005-6435-3 (2005).

5. Bouadjadja, S. et al. Analytical and experimental investigations on large deflection analysis of composite cantilever beams. Mech.
Adv. Mater. Struct. 29(1), 1-9. https://doi.org/10.1155/2016/5052194 (2020).

6. Fu, Y. et al. Analytical solutions of thermal buckling and postbuckling of symmetric laminated composite beams with various
boundary conditions. Acta Mech. 225, 13-19. https://doi.org/10.1007/s00707-013-0941-z (2013).

7. Nguyen, V. V. et al. Bending theory for laminated composite cantilever beams with multiple embedded shape memory alloy layers.
J. Intell. Mater. Syst. Struct. 30(10), 1549-1568. https://doi.org/10.1177/1045389X19835954 (2019).

8. Li, J. et al. Free vibration analysis of third-order shear deformable composite beams using dynamic stiffness method. Arch. Appl.
Mech. 79, 1083-1098. https://doi.org/10.1007/s00419-008-0276-8 (2008).

9. Amabili, M. et al. Nonlinear vibrations and viscoelasticity of a self-healing composite cantilever beam: Theory and experiments.
Compos. Struct. 294, 1-11. https://doi.org/10.1016/j.compstruct.2022.115741 (2022).

10. Darban, H. Size effect in ultrasensitive micro- and nanomechanical mass sensors. Mech. Syst. Signal Process. 200, 1-11. https://

doi.org/10.1016/j.ymssp.2023.110576 (2023).

Scientific Reports |

(2024) 14:10771 | https://doi.org/10.1038/s41598-024-61661-8 nature portfolio


https://doi.org/10.1016/j.compstruct.2022.115211
https://doi.org/10.1016/j.ymssp.2023.110631
https://doi.org/10.1016/j.oceaneng.2022.111000
https://doi.org/10.1007/s11071-005-6435-3
https://doi.org/10.1155/2016/5052194
https://doi.org/10.1007/s00707-013-0941-z
https://doi.org/10.1177/1045389X19835954
https://doi.org/10.1007/s00419-008-0276-8
https://doi.org/10.1016/j.compstruct.2022.115741
https://doi.org/10.1016/j.ymssp.2023.110576
https://doi.org/10.1016/j.ymssp.2023.110576

www.nature.com/scientificreports/

11. Soares, E. et al. Bifurcation analysis of cantilever beams in channel flow. J. Sound Vib. 567, 1-21. https://doi.org/10.1016/j.jsv.2023.
117951 (2023).

12. Zhang, W. et al. Nonlinear responses of a symmetric cross-ply composite laminated cantilever rectangular plate under in-plane
and moment excitations. Compos. Struct. 100, 554-565. https://doi.org/10.1016/j.compstruct.2013.01.013 (2013).

13. Guo, X. Y. et al. Influence of nonlinear terms on dynamical behavior of graphene reinforced laminated composite plates. Appl.
Math. Model. 78, 169-184. https://doi.org/10.1016/j.apm.2019.10.030 (2020).

14. Liu, Y. Nonlinear dynamic analysis of an axially moving composite laminated cantilever beam. J. Vib. Eng. Technol. 2022, 1-13.
https://doi.org/10.1007/s42417-022-00750-2 (2022).

15. Liu, X. P. & Sun, L. Chaotic vibration control of a composite cantilever beam. Sci. Rep. 13, 1-14. https://doi.org/10.1038/s41598-
023-45113-3 (2023).

16. Ghayesh, M. H. Nonlinear oscillations of FG cantilevers. Appl. Acoust. 145, 393-398. https://doi.org/10.1016/j.apacoust.2018.08.
014 (2019).

17. Ghayesh, M. H. Vibration characterisation of AFG microcantilevers in nonlinear regime. Microsyst. Technol. 2019(25), 3061-3069.
https://doi.org/10.1007/s00542-018-4181-y (2019).

18. Nozaki, R. et al. Nonlinear control system applied to atomic force microscope including parametric errors. J. Control Autom. Electr.
Syst. 24(3), 223-231. https://doi.org/10.1007/s40313-013-0034-1 (2013).

19. Balthazar, J.M. et al. TM-AFM nonlinear motion control with robustness analysis to parametric errors in the control signal
determination. J. Theor. Appl. Mech. 52(1), 93-106. http://jtam.pl/TM-AFM-nonlinear-motion-control-with-robustness-analy
sis-to-parametric-errors-in,102195,0,2.html (2014).

20. Peruzzi, N.]J. et al. The dynamic behavior of a parametrically excited time-periodic MEMS taking into account parametric errors.
J. Vib. Control 22(20), 4101-4110. https://doi.org/10.1177/1077546315573913 (2016).

21. Poznyak, A. S., Orlov, Y. V. & Vadim, I. Utkin and sliding mode control. J. Franklin Inst. 360(17), 12892-12921. https://doi.org/
10.1016/j.jfranklin.2023.09.028 (2023).

22. Utkin, V. L. Sliding Modes in Control and Optimization (Springer-Verlag, 1992).

23. Ablay, G. Sliding mode control of uncertain unified chaotic systems. Nonlinear Anal. Hybrid Syst. 3(4), 531-535. https://doi.org/
10.1016/j.nahs (2009).

24. Amin, V. M. et al. Terminal sliding mode control with non-symmetric input saturation for vibration suppression of electrostatically
actuated nanobeams in the presence of Casimir force. Appl. Math. Model. 60, 416-434. https://doi.org/10.1016/j.apm.2018.03.025
(2018).

25. Youssef, M. & Ayman, E. B. Sliding mode control of directly excited structural dynamic model of twin-tailed fighter aircraft. J.
Franklin Inst. 358(18), 9721-9740. https://doi.org/10.1016/j.jfranklin.2021.10.017 (2021).

26. Yau, H. T. & Kuo, C. L. Fuzzy sliding mode control for a class of chaos synchronization with uncertainties. Int. J. Nonlinear Sci.
Numer. Simul. 7(3), 333-338. https://doi.org/10.1515/IJNSNS.2006.7.3.333 (2006).

27. Arun Prasad, K. M. et al. Fuzzy sliding mode control of a switched reluctance motor. Proc. Technol. 25, 735-742. https://doi.org/
10.1016/j.protcy.2016.08.167 (2016).

28. Zhou, L. W. & Chen, G. P. Fuzzy sliding mode control of flexible spinning beam using a wireless piezoelectric stack actuator. Appl.
Acoust. 128, 40-44. https://doi.org/10.1016/j.apacoust.2017.06.015 (2017).

29. Kuo, C. L. Design of an adaptive fuzzy sliding-mode controller for chaos synchronization. Int. J. Nonlinear Sci. Numer. Simul. 8(4),
631-636. https://doi.org/10.1515/IJNSNS.2007.8.4.631 (2007).

30. Ma, Y. et al. Hierarchical optimal intelligent battery thermal management strategy for an electric vehicle based on ant colony sliding
mode control. ISA Trans. 143, 477-491. https://doi.org/10.1016/j.isatra.2023.09.026 (2023).

31. Zhang, W. et al. Nonlinear dynamic behaviors of a deploying-and-retreating wing with varying velocity. J. Sound Vib. 332(25),
6785-6797. https://doi.org/10.1016/j.jsv.2013.08.006 (2013).

32. Shirazi, M. J. et al. Application of particle swarm optimization in chaos synchronization in noisy environment in presence of
unknown parameter uncertainty. Commun. Nonlinear Sci. Numer. Simul. 17(2), 742-753. https://doi.org/10.1016/j.cnsns.2011.
05.032 (2012).

Acknowledgements
This study is funded by the National Natural Science Foundation of China (NNSFC) through grant No.11602234,
and the talent scientific research fund of LIAONING PETROCHEMICAL UNIVERSITY (No. 2017X]JJ-058).

Author contributions
L.S.: conceptualization, methodology, investigation, writing—review, resources. X.D.L.: methodology, investiga-
tion, review. X.L.: conceptualization, methodology, review, supervision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-61661-8.

Correspondence and requests for materials should be addressed to X.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:10771 | https://doi.org/10.1038/s41598-024-61661-8 nature portfolio


https://doi.org/10.1016/j.jsv.2023.117951
https://doi.org/10.1016/j.jsv.2023.117951
https://doi.org/10.1016/j.compstruct.2013.01.013
https://doi.org/10.1016/j.apm.2019.10.030
https://doi.org/10.1007/s42417-022-00750-2
https://doi.org/10.1038/s41598-023-45113-3
https://doi.org/10.1038/s41598-023-45113-3
https://doi.org/10.1016/j.apacoust.2018.08.014
https://doi.org/10.1016/j.apacoust.2018.08.014
https://doi.org/10.1007/s00542-018-4181-y
https://doi.org/10.1007/s40313-013-0034-1
http://jtam.pl/TM-AFM-nonlinear-motion-control-with-robustness-analysis-to-parametric-errors-in,102195,0,2.html
http://jtam.pl/TM-AFM-nonlinear-motion-control-with-robustness-analysis-to-parametric-errors-in,102195,0,2.html
https://doi.org/10.1177/1077546315573913
https://doi.org/10.1016/j.jfranklin.2023.09.028
https://doi.org/10.1016/j.jfranklin.2023.09.028
https://doi.org/10.1016/j.nahs
https://doi.org/10.1016/j.nahs
https://doi.org/10.1016/j.apm.2018.03.025
https://doi.org/10.1016/j.jfranklin.2021.10.017
https://doi.org/10.1515/IJNSNS.2006.7.3.333
https://doi.org/10.1016/j.protcy.2016.08.167
https://doi.org/10.1016/j.protcy.2016.08.167
https://doi.org/10.1016/j.apacoust.2017.06.015
https://doi.org/10.1515/IJNSNS.2007.8.4.631
https://doi.org/10.1016/j.isatra.2023.09.026
https://doi.org/10.1016/j.jsv.2013.08.006
https://doi.org/10.1016/j.cnsns.2011.05.032
https://doi.org/10.1016/j.cnsns.2011.05.032
https://doi.org/10.1038/s41598-024-61661-8
https://doi.org/10.1038/s41598-024-61661-8
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:10771 | https://doi.org/10.1038/s41598-024-61661-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Control of large amplitude limit cycle of a multi-dimensional nonlinear dynamic system of a composite cantilever beam
	Model development
	Non-dimensionalization
	Galerkin discretization
	Large-amplitude limit cycle
	Control strategy
	Vibration control
	Conclusions
	Future development
	References
	Acknowledgements


